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Abstract

:

Distance information of an obstacle is important for obstacle avoidance in many applications, and could be used to determine the potential risk of object collision. In this study, the detection of a moving fixed-wing unmanned aerial vehicle (UAV) with deep learning-based distance estimation to conduct a feasibility study of sense and avoid (SAA) and mid-air collision avoidance of UAVs is proposed by using a monocular camera to detect and track an incoming UAV. A quadrotor is regarded as an owned UAV, and it is able to estimate the distance of an incoming fixed-wing intruder. The adopted object detection method is based on the you only look once (YOLO) object detector. Deep neural network (DNN) and convolutional neural network (CNN) methods are applied to exam their performance in the distance estimation of moving objects. The feature extraction of fixed-wing UAVs is based on the VGG-16 model, and then its result is applied to the distance network to estimate the object distance. The proposed model is trained by using synthetic images from animation software and validated by using both synthetic and real flight videos. The results show that the proposed active vision-based scheme is able to detect and track a moving UAV with high detection accuracy and low distance errors.
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1. Introduction


With the advance of technology, unmanned aerial vehicles (UAVs) have become popular in the past two decades due to their wide and various applications. The advantages of UAVs include low cost, offering a less stressful environment, and long endurance. Most important of all, UAVs are unmanned, so they can reduce the need of manpower, and thus reduce the number of casualties caused by accidents. They also have many different applications including aerial photography, entertainment, 3D mapping [1], object detection for different usages [2,3,4], military use, and agriculture applications, such as pesticide spraying and vegetation monitoring [5]. With the increasing amounts of UAVs, there are more and more UAVs flying in the same airspace. If there is no air traffic control and management of UAVs, it may cause accidents and mid-air collisions to happen, which is one the most significant risks that UAVs are facing [6]. Thus, UAV sense and avoid (SAA) has become a critical issue. A comprehensive review of the substantial breadth of SAA architectures, technologies, and algorithms is presented in the tutorial [7], which concludes with a summary of the regulatory and technical issues that continue to challenge the progress on SAA. Without a human pilot onboard, unmanned aircraft systems (UASs) have to solely rely on SAA systems when in dense UAS operations in urban environments, or they are merged into the National Airspace System (NAS) [8]. There are many factors needed to be considered for UAS traffic management (UTM), such as cost, payload of UAV, accuracy of the senor, etc. Therefore, the determination of suitable sensors in UAV SAA of UTM for objective sensing is essential.



According to how the information is transmitted, current sensor technologies for SAA can be classified as cooperative and non-cooperative methods [8]. For cooperative sensors, the communication devices need to be equipped to communicate with the aircrafts in the same airspace, such as the traffic alert and collision avoidance system (TCAS) and the automatic dependent surveillance-broadcast (ADS-B), which have been widely used in commercial airlines. In contrast to cooperative sensors, there is no need for non-cooperative sensors to equip the same communication devices to exchange data with the other aircrafts for sharing the same airspace. Moreover, non-cooperative sensors are able to detect not only air objects but also ground targets, such as light detection and ranging (LIDAR), radar, and optical sensors (cameras). One drawback of small-scale UAVs is the limitation of their payload capability. Therefore, the camera becomes an ideal sensor for object and target detection. The camera has many advantages, such as its light weight, low cost, the fact that it is easy to equip, and it is also widely used in different applications.



Computer vision is one of the popular studies for onboard systems of UAVs, which make the vehicles able to “see” the targets or objects. With the rapid development of computer vision, vision-based navigation is now the promising technology for detecting potential threats [6]. For object sense/detection, there are many approaches have be proposed, such as multi-stage detection pipeline [9,10,11], machine learning [12,13,14,15], and deep learning [16]. Deep learning is widely used in machine vision for object detection, localization, and classification. In contrast to traditional object detection methods, detectors using deep learning are able to learn semantic, high-level, and deeper features to address the problems existing in traditional architectures [17]. Detectors based on deep learning can be divided into two categories, one stage and two stage. Two-stage detectors require a region proposal network (RPN) to generate regions of interests (ROI), such as the faster region convolution neural network (R-CNN) or the mask R-CNN [18,19]. On the other hand, the one-stage detector considers object detection as a single regression problem by taking an image as input to learn class probabilities and bounding box coordinates, such as the single shot multi-box detector (SSD) or you only look once (YOLO) [20,21]. Two-stages detectors have higher accuracy when compared to one-stage detectors, but their computational cost is higher than one-stage detectors.



Vison-based object detection methods have been studied for many decades and applied in many applications. In recent years, there are many studies focused on UAV detection with vision-based methods and deep learning [22,23,24,25,26]. These studies focus on the detection of quadrotor or multirotor UAVs, commonly known as drones, but it is difficult to obtain the detector for small fixed-wing UAVs, which have higher flight speed than multirotors and will increase the challenge of the vision-based detectors. Moreover, most of these studies emphasized the development of object detectors, and there is no vision-based distance estimation for the feasibility study of SAA and mid-air collision avoidance of UAVs using a monocular camera to detect the incoming small fixed-wing UAV. Some vison-based detection approaches for mid-air collision avoidance have been proposed for light fixed-wing aircrafts. For example, an image processing of multi-stage pipeline based on the hidden Markov model (HMM) has been utilized to detect the aircrafts with slow motion on the image plane [10]. The key stages of multi-stage pipeline are stabilized image input, image preprocessing, temporal filtering and detection logic. The advantage of this approach is that it can detect a Cessna 182 aircraft in long distance. However, when the movement of the aircraft on the image plane is too fast, this algorithm will fail. In [6], the proposed long-range vision-based SAA utilized the same multi-stage pipeline. Moreover, instead of using only morphological image processing in image processing stage, deep learning-based pixel-wised image segmentation is also applied to increase the detection range of a Cessna 182 whilst maintaining low false alarms. It classifies every pixel in image into two classes, aircraft and non-aircraft. Regarding to UAVs, Li et al. proposed a new method to detect and track UAVs from a monocular camera mounted on the owned aircraft [3]. The main idea of this approach is to adopt background subtraction. The background motion is calculated via optical flow to obtain the background subtracted images and to find the moving targets. This approach is able to detect moving objects without the limitations of moving speed or visual size.



For the obstacle avoidance, the distance information of the target object usually plays an important role. However, it is difficult to estimate distance with only a monocular camera. Some approaches exploit the known information, such as camera focal length and height of the object, to calculate distance via the pinhole model, and usually assume that the height or width of objects are known [27,28]. The distance estimation of the objects on the ground based on deep learning has been proposed in many studies, but the deep learning-based object detection of UAVs for mid-air collision avoidance is rare according to paper survey results. There are some studies focused on the monocular vision-based SAA of UAVs [29,30]. In the study [29], an approach to deal with monocular image-based SAA assuming constant aircraft velocities and straight flight paths was proposed and simulated in software-in-the-loop simulation test runs. A nonlinear model predictive control scheme for a UAV SAA scenario, which assumes that the intruder’s position is already confirmed as a real threat and the host UAV is on the predefined trajectory at the beginning of the SAA process, was proposed and verified through simulations [30]. However, in these two studies, there is no object detection method and real image data acquiring from a monocular camera. For the deep learning-based object detection, most of the studies utilize the images acquired from UAVs or a satellite to detect and track the objects on the ground, such as an automatic vehicle, airplane, and vessel [31,32,33]. For ground vehicles, Li et al. proposed a monocular distance estimation system for neuro-robotics by using CNN to concatenate horizontal and vertical motion of images estimated via optical flow as inputs to the trained CNN model and the distance information from the ultrasonic sensors [34]. The distance estimation is successfully estimated using only a camera, but the distance estimation results become worse when the velocity of robotics increases. In [35], a deep neural network (DNN) named DisNet is proposed to detect the distance of a ground vehicle to objects, and it applied the bounding box of the objects detected by YOLO and image information, such as width and height, as inputs to train DisNet. The results show that DisNet is able to estimate the distance between objects and camera without either explicit camera parameters or a prior knowledge about the scene. However, the accuracy of the estimated distance may be directly affected due to the width and height of the bounding box.



With the rapid development in technology, UAVs have become an off-the-shelf consumer product. However, if there is no traffic control or UTM system to manage UAVs when they fly in the same airspace, it may cause mid-air collision, property loss, or causalities. Therefore, SAA and mid-air collision avoidance for UAVs have become an important issue. The goal of this study is to develop the detection of a moving UAV based on deep learning distance estimation to conduct the feasibility study of SAA and mid-air collision avoidance of UAVs. The adopted sensor for the detection of the moving object is a monocular camera, and DNN and CNN were applied to estimate the distance between the intruder and the owned UAV.



The rest of study is organized as follows: In Section 2, the overview of this study is presented, including the architecture of the proposed detection scheme and the methods to accomplish object detection. The methods of the proposed distance estimation using deep learning are presented in Section 3, and the introduction to model architecture and a proposed procedure to synthesize the dataset for training the model are also presented. Section 4 presents the performance evaluation of the proposed methods by using synthetic videos and real flight experiments. Results and discussions of model evaluation and experiments are shown in Section 5. Finally, the conclusion of this study is addressed in Section 6.




2. Detection of a Moving UAV


To develop the key technologies of mid-air collision avoidance for UAVs, a vision-based object detection method is developed using deep learning-based distance estimation processing. The developed approach is able to detect a fixed-wing intruder and estimate the distance between the ownership and intruder. However, it is important to detect the target object in both short and long distances, especially for aircrafts moving in relative high speed. In this study, since the camera is a passive non-cooperative sensor, a monocular camera was selected to be the only sensor to detect the target object in the airspace. A multi-stage object detection scheme is proposed to obtain the distance estimation of the moving targets on the image plane in long and short distances. The background subtraction method, based on the approach in [3], is applied to detect the long-range target and the moving object with a moving background on the image plane. When the target object is approaching the owned UAV, a deep learning-based model is trained to estimate the distance. Then, according to the distance estimation of the detected object on the image plane and its dynamic motion, a risk assessment of mid-air collision could be conducted to prevent mid-air collision from occurring. Figure 1 shows the flow chart of the research process of the proposed multi-stage target detection and distance estimation using a deep learning-based approach.



2.1. Object Detection


There are many approaches to achieve object detection, and machine learning (e.g., deep learning) is one of the popular methods for robotics and autonomous driving applications. For example, a histogram of an oriented gradient (HOG) descriptor is able to detect the features of an object, and the support vector machine (SVM) is utilized to classify the object. In the past decade, deep learning has attracted a lot of attention over the world, and many deep learning-based detectors, such as YOLOv3, Faster-RCNN, and RetinaNet, were proposed [18,31,36]. The deep learning-based detector is able to detect and classify objects with excellent efficiency and accuracy. In order to improve the detection range, a multi-stage object detection scheme is proposed to detect the target in long or short distances. The methods of object detection will be presented in this section. In this study, the main goal is to detect the intruder UAV and estimate the distance between the intruder and the owned UAVs. Background subtraction is utilized to detect moving and small objects, but this method is not able to estimate the distance of an unknown object. Therefore, the deep learning-based detector is used in this study to address the problem, which is able to detect and to classify objects at the same time. The detector used in this study is YOLOv3, and the advantages of this algorithm are as follows:




	
The required computing power is very low compared with the other deep-learning-based detectors.



	
Its accuracy is acceptable for most applications that require real-time onboard computing.



	
It is able to detect a relatively small objects, and the long-range targets occupy few pixels on the image plane.








YOLO is a one-stage detector, and it treats the task of detection as a single regression problem. It is an end-to-end single convolutional neural network that detects objects based on bounding box prediction and class probabilities [37]. The YOLO detector is well-known for its computational speed, and it is a good choice for the real-time applications. YOLOv3 is the third version of YOLO, which has a deeper network for feature extraction, a different network architecture, and a new loss function [36]. The new architecture of YOLOv3 boasts residual skip connections and upsampling. The most significant feature of v3 is that it makes detections at three different scales. The upsampled layers concatenated with the previous layers help preserve the fine grained features which help in detecting small objects. More details of different YOLO detectors are introduced in the literature [36,37].



Since the YOLOv3 detector is a high-speed detector, it is a good choice when real-time detection with acceptable accuracy is required for the onboard computing system of small UAVs. Because the purpose of this study is to conduct a feasibility study of active vision-based SAA for small UAVs using a deep learning-based approach, YOLOv3 is selected to be the detector for detecting the fixed-wing intruder. In order to perform the distance estimation with YOLOv3, the intruder distance is estimated at short range, where the object appearance on the image plane is larger than a few pixels. Moreover, the YOLOv3 detector was run on a personal computer to detect the object and to estimate the distance between the intruder and the owned UAV by using post processing with the synthetic images acquired from animation software and real flight tests. The computing power of the developed vision-based SAA is still regarded as a limitation to improve on for the future of real-time onboard implementation.




2.2. Object Collection


In this study, a low-cost fixed-wing UAV, named Sky Surfer X8, with a wingspan of 1400 mm, overall length of 915 mm, and flying weight of 1 kg was adopted to be the intruder. The real flight tests were conducted by using a Pixhawk autopilot to perform waypoint tracking in auto mode. In the training process, the proposed model was trained by using synthetic images of Sky Surfer from animation software. With the synthetic images, the YOLOv3 detector was pre-trained with the Microsoft COCO dataset [38] to train the feature extractor with the custom images of UAVs in this study. To train the custom YOLOv3 detector, it is necessary to collect images with target fixed-wing UAV. The software, named Blender, which is a free and open-source 3D creation suite, was utilized to synthesize the custom images. It supports the entirety of the 3D pipeline, such as modeling, animation, motion graphics, and rendering. Figure 2 shows one of the synthesis images to train the custom YOLOv3 detector, and the UAVs in each image are synthesized with a real image to be the background.



To train the model with the dataset, it is necessary to label the images in the training dataset with bounding box and class, respectively. The outputs of YOLOv3 are the bounding box information (coordinates) and classes. In this study, there is only one class, which is the fixed-wing UAV. Figure 3 shows the labeling process, and the adopted tool used to label the images is LabelImg, which is also an open-source software.




2.3. Detection Results


The detection results of the custom YOLOv3 detector are shown in Figure 4 and Figure 5. Figure 4 presents the detection result of one frame from a synthetic video with 100 frames, and the accuracy of 100 frames is also 100% with no false-positive detection. In Figure 5, 4 detection results of 4 images were obtained from 236 frames of 3 real flight videos, and the accuracy and recall rate of the custom YOLOv3 detector were 96.3% and 96.7%, respectively, with a few false-positives and false-negatives. The detections errors occurred when the aircraft’s color was similar to the background color in cloudy weather.





3. Distance Estimation


Since the detected objects on the 2D image plane could not provide the distance of the intruder, the depth of the target object is required to obtain its movement in 3D space. In this study, the distance between the ownership and intruder is estimated by deep learning-based methods to achieve SAA of UAVs. To obtain more accurate distance estimation results, two different deep learning methods are used to compare their performance of distance estimation in this study. One is CNN and the other is DNN with the DisNet regression model. From the comparison results, the better one will be applied to the videos of real flight tests in this study.



3.1. Distance Estimation Using CNN


CNN is a powerful algorithm in deep learning, and it is able to extract the different features of objects during the training process. In this study, the distance estimation is considered as a simple CNN regression problem, and the images with the target object were cropped as the inputs of the CNN distance regression model. As shown in Figure 6, the CNN distance regression model could be separated into two parts, the feature extraction network and the distance network.



3.1.1. Model Architecture


Feature Extraction Network


As shown in Figure 7, the feature extraction network is based on VGG-16 [39], which contains five convolution layers followed with a max-pooling layer, respectively. The feature extraction network is initialized with the pre-trained weights which were pre-trained with ImageNet. Then, the layer before the third pooling layer was frozen to fine-tune the remaining layers. In model evaluation, the results show that the model with no frozen layers in a feature extraction network has larger training loss (around 0.7 to 1.3) comparing to that with frozen layers in a feature extraction network (around 0.2 to 0.5). Therefore, the feature extraction network with frozen layers was chosen in this study.



The reasons of freezing some layers are as follows:




	
It could reduce some parameters of the model.



	
The weights (filters) are pre-trained with ImageNet and an image database to improve the performance of the filters in feature extraction.









Distance Network


The distance network is a simple DNN for regression, and its architecture is shown in Figure 8. The output of feature extraction network is flatted to obtain a 4608 × 1 as the input, and is then passed through four fully connected (FC) layers. Each FC layer is followed by batch normalization and activation, and the output layer is the estimated distance of the target. The activation function used in the distance network is rectified linear units (ReLU) [40], and batch normalization is applied to improve the training speed with better convergence.



To decide how many FC layers, excluding the output layer, have to be used in the distance network, and to discuss whether the distance network with different amounts of FC layers affects the performance, two different architectures, three FC layers and four FC layers, were compared in this study. The evaluation results of different models with different amounts of FC layers are shown in Figure 9. GT represents ground truth. Models 5 to 8 and Models 20 to 21 are the results with three FC layers. Models 13 to 15 are the results with four FC layers. The training and validation losses of all models are able to converge at around 0.2 to 0.5, and the results show that there is no significant difference between models with three FC layers and four FC layers. However, the models with three FC layers are slightly more accurate than the others with four FC layers, and the parameters of the models with three FC layers are much smaller than the models with four FC layers, which can decrease the training time.





3.1.2. Data Collection


Because there is no existing dataset with the CNN distance regression model, it is necessary to build a dataset to train the model, which is able to estimate the distance between the ownership and intruder UAVs using the deep learning-based approach. In order to obtain a dataset with a lot of various cropped images that contain a UAV with various distances and orientations, a procedure to synthesize this dataset is proposed in this study. In contrast to the approach in [35], which is a ground-based distance estimation for railway obstacle avoidance, this study presents a air-to-air obstacle avoidance scheme, in which it is more difficult to collect the real scene image for training, because the ground truth of the estimated distance needs to be determined rigorously.



Synthetic Images


To address the previously mentioned problem mentioned, Blender software was utilized to create the desired synthetic images. For the training dataset, a small-scale UAV, Sky Surfer X8, was imported to Blender as the intruder, and then it was randomly rotated to obtain different orientations, and the camera was adjusted to acquire various distances. In this study, scenes of a UAV toward to camera were considered, and the scenarios of head-on and crossing were conducted. The rotation range of the UAV was also limited to prevent unusual attitude and overtaking case. The information regarding the dataset built to training the CNN distance regression model is list in Table 1. Figure 10 shows the interface of Blender, which is able to change the location of the intruder by setting the parameters in the red box and changing the attitude parameters in the yellow box. Figure 11 shows one of the synthetic image produced by Blender, and Figure 12 shows some cropped images of the developed training dataset.




Image Augmentation


In order to create more data for model training, the image augmentation process, which randomly changes the images before inputting them into the model according to the given parameters, was applied during model training. Moreover, the image augmentation process can also prevent the trained model from overfitting. The augmentation process used in this study includes rotations and translations of the target object, which are performed by the image processing of width shifting and height shifting. The parameters are list in Table 2. For the translation process, the factor of 0.35 means shifting at most 70 pixels of the target object with a size of 200 × 200 pixels, which changes based on the size of the input images. For the rotation process, the maximum rotating angle is 3 degrees. In the training process, the image augmentation process randomly selects a set of parameter combinations of translation and rotation for each epoch.





3.1.3. Training Result


In order to train the proposed model, the dataset was collected by using the proposed procedure to synthesize the training data as previously mentioned. The amount of the produced images—which are cropped in RGB with a distance range of from 30 m to 95 m—in the dataset for training is about 10,000. First of all, the images were normalized to increase the training speed and model robustness, and then split to an 80% dataset for training and 20% for validation. Mean square error (MSE) was chosen to be the loss function, as shown in Equation (1), where y is the ground truth and     y ^     is the prediction from the proposed model. Adaptive moment estimation (Adam) with a learning rate decay as shown in Equation (2) was chosen to be the optimizer; the model training result is illustrating in Figure 13. It took about 38 min to train the model with an NVIDIA GeForce GTX 1660 Graphics Processing Unit (GPU) card.


  MSE =  1 n    ∑   i = 1  n     (   y i  −    y ^   i   )   2   



(1)






   Learning   Rate  =   0.001   Epoch    



(2)









3.2. Distance Estimation Using DNN


In the study [35], an approach with a simple DNN regression to estimate distance is proposed, and it considers only the input image size, the bounding box of the detected object, and the size of the object. In this study, a simple DNN is also used to estimate the distance of air-to-air UAVs, but the inputs are different from the those in [35]. Figure 14 shows the distance regression model; it consists of a CNN attitude model and a DNN network with a DisNet regression model.



3.2.1. Attitude Estimation via CNN


The adopted DNN is modified from the study [35], and some parameters have been modified to obtain the attitude of the target. The first three input parameters in [35] are the information about the detected bounding box, but the remaining three parameters are the average height, width, and breadth of the object, which do not meet the requirement of this study to detect the attitude and distance of the intruder UAV. The distance of the intruder UAV is assumed to be the function of its attitude and the sizes of the detected bounding box. Hence, the last three parameters were changed to the roll, pitch, and yaw angles of the intruder. Since the attitude of the intruder UAV is unknown, it is necessary to estimate its attitude. Therefore, CNN regression is also applied to estimate the attitude of the intruder, and the architecture is identical to the CNN distance model, in which the outputs are changed Euler angles of the intruder. The training process and data collection are also similar to the CNN distance model.




3.2.2. Bounding Box Rectification


The accuracy of the detected bounding box is significant because it may directly affect the accuracy of the estimated distance. To make sure the estimated accuracy, Sobel edge detection is applied to rectify the bounding box, and there is a similar approach that utilizes bounding box rectification to center the bounding box onto the detected objects [41]. Figure 15 shows the process of bounding box rectification. It is obvious that the bounding box (red one) acquired from YOLOv3 is not accurate, but it is able to obtain the right bounding box (blue one) when the edge detection is applied and has passed the threshold. However, this method does not perform well when the background is too noisy.




3.2.3. DNN Architecture


Figure 16 shows the architecture of the DNN distance model, which consists of three hidden layers with 100 hidden units, respectively. The input vector is shown in Equation (3), and the output value is the estimated distance of the object. The distance network is trained with the same loss function and optimizer in Section 3.1.3.


  v =  [   1   B h     1   B w     1   B d      ∅    θ   φ   ]   



(3)




where




	
   B h  :   height of the object bounding box in pixels/image height in pixels;



	
   B w  :   width of the object bounding box in pixels/image width in pixels;



	
   B d  :   diagonal of the object bounding box in pixels/image diagonal in pixels;



	
  ∅ :   estimated roll angle;



	
  θ :   estimated pitch angle;



	
  φ :   estimated yaw angle.









3.2.4. Data Collection and Labeling


In order to train the attitude model, it is necessary to build a similar dataset, as shown in Section 3.1.2. The dataset is also built using Blender software, and each image is named according to the parameters (roll, pitch, yaw angles) as the ground truth as shown in Figure 10 (red box). For the DNN model, the LabelImg software, shown in Figure 3, is utilized to obtain the information of bounding box (first three parameters of the DNN model), and the name of the image provides the attitude information of the intruder (last three parameters of the DNN model). In this way, it is possible to train the DNN distance model.





3.3. Comparison of the Developed CNN and DNN Distance Regressions


In this study, two deep learning-based methods, CNN and DNN distance regression models, were applied to estimate the distance of the intruder. In this section, these two deep learning methods were conducted to compare their performance of distance estimation. From the comparison results, the better one will be applied to the videos of real flight tests in this study. Figure 17 shows the comparison of CNN (green dots) and DNN (blue dots) regression models. Figure 17a,b are the distance range of the intruder flying from 60 to 30 m, and Figure 17c is the distance range from 50 to 35 m. The results show that CNN regression is better and more reliable than DNN for most frames, especially for Figure 17b. This is perhaps for the following reasons:




	
The accuracy of DNN regression is affected by the accuracy of the bounding box size.



	
The estimated attitude contains large errors.



	
The bounding box rectification does not work well when the background is cloudy and complex.








Therefore, CNN regression is selected to be the distance estimation method. The reasons why CNN regression is selected are as follows:




	
It uses only one model to estimate the distance, but the DNN regression model requires an additional attitude estimation model to estimate the attitude of the intruder.



	
From the comparison results, it is more accurate than DNN distance regression.



	
It is more robust when the background is not so clear.










4. Model Evaluation and Real Flight Experiments


After CNN distance regression is chosen to be the method to estimate the distance of the intruder, it is necessary to evaluate whether its performance could meet the requirement of this study. Two types of videos, synthetic and real flight videos, were used to verity the distance estimation for SAA of UAVs. In general, there are three different scenarios of SAA for aircrafts, head-on, crossing, and overtaking. In this study, only head-on and crossing cases are considered for the evaluation of synthetic and real flight videos. The details about how to acquire these videos are presented in the following sections.



4.1. Model Evaluation in Synthetic Videos


The synthetic videos were acquired by using Blender software as mentioned in the previous sections. The small-scale UAV, Sky Surfer X8, was simulated as an intruder and flew toward or across to the ownership UAV with a camera onboard. In the synthetic videos, only two cases were conducted, head-on and crossing. The flight speed of the synthetic UAV was assumed to be constant, and the ground truth with respect to each video frame can be determined based on this assumption. Six synthetic videos with two weather conditions, clear and cloudy, were recorded for model evaluation, as given in Table 3. The intruder in each video has different attitudes and distance. Figure 18 illustrates the synthetic videos used for model evaluation. The red boxes indicate the crossing cases, and the yellow boxes indicate the head-on cases. The arrows show the flight paths of the intruder UAV on the image plane.



The results of model evaluation with synthetic videos are given in Table 4 and Figure 19. As shown in Table 4, the synthetic videos are grouped into two sets according to their distance. Set I presents the shorter distance with a clear background, and Set II shows the longer distance with a cloudy background. The root mean square error (RMSE) of each video was calculated to compare the performance of the results. RMSE_K indicates the RMSE with the Kalman filter in the distance estimation, and the Kalman filter in one dimension, which is adopted to be a low-pass filter in this study, is applied to smooth the output of the CNN distance regression model.



Figure 19 shows the estimated distance by the CNN distance regression model, where green line indicates the raw estimation from model, the blue line indicates the estimation with the Kalman filter, and the red line indicates the ground truth of the distance in each video frame. The ground true is determined by the positions of the intruder and the related frame with a timestamp. From Table 4 and Figure 19, it is obvious that the CNN distance regression model successfully estimated the distance in each frame; the RMSEs are small for different weather condition and cases, that is, using CNN regression to estimate distance works considerably well. The encountered problems, such as jittering of the estimated distance, can be improved by applying the Kalman filter to smooth the estimation, as show in Figure 19 (blue line).




4.2. Model Evaluation in Real Flight Videos


For the real flight experiments, a drone was hovering in the sky as the ownership, and a small-scale UAV (Sky Surfer in this study), which is as an intruder, flew along the designed waypoints. The reason why the ownership was hovering instead of moving is that it was able to identify the distance between the ownership and intruder for model evaluation. In the real flight experiments, it is hard to obtain the ground truth of each video frame. Therefore, the measurement of the distance between the owned UAV and the intruder were determined by their positions obtained from global positioning system (GPS) and the related frame with a timestamp. Every video frame with a timestamp is considered as an input of CNN distance model, and the error of estimated distance is calculated according to the video frame rate and the log file of GPS from Sky Surfer. A 4K-capable consumer-grade drone, Parrot Anafi, was selected to be the ownership UAV. The videos were recorded by Parrot Anafi at 4k (3840 by 2160) resolution with a 30 fps frame rate, and the ownership was hovering at a fixed position in the sky to record the videos with the incoming intruder. The specifications regarding the imaging system of the ownership are shown in Table 5. The lens distortion is considered to be negligible since the videos recorded by the ownership have been corrected by its built-in software of the consumer drone, Parrot Anafi, with a low-dispersion aspherical lens (ASPH). The GPS receiver equipped on the intruder, Sky Surfer X8, has a 5 Hz sampling rate. The real flight experiments and the performance of the CNN regression model in the real flight test are given in the following sections.



4.2.1. Experiment 1


Experiment 1 is a head-on scenario with misty weather, and the fly trajectory is shown in Figure 20. The yellow arrow is the flight direction, and the black arrow is the heading of the ownership. Figure 21 shows the measurements of GPS data for model evaluation, and the distance range is from 62 m to 22 m. Figure 22 shows the results of the CNN regression model, and Table 6 shows the information of Experiment 1 and the RMSE of the estimated distance. MEAS (Measurement) denotes the measurements of GPS data and EST (Estimation) is the estimated distance.




4.2.2. Experiment 2


Experiment 2 is a crossing scenario with misty weather, and the intruder flew from the right side of ownership to the left side, as shown in Figure 23. There are fifteen measurements of GPS data for model evaluation, as shown in Figure 24, and the distance range is from 61 m to 25 m. The evaluation results are shown in Figure 25 and Table 7.




4.2.3. Experiment 3


Experiment 3 is a head-on scenario with misty weather, and the intruder flew directly toward the ownership, as shown in Figure 26. There are fifteen measurements of GPS data for model evaluation, as shown in Figure 27, and the distance range is from 70 m to 25 m. The evaluation results are shown in Figure 28 and Table 8.




4.2.4. Experiment 4


Experiment 4 is head-on case with a clear background, and the intruder flew directly toward the ownership, as shown in Figure 29. There are thirteen measurements of GPS data for model evaluation, as shown in Figure 30, and the distance range is from 71 m to 21 m. The results show that Point 3 with a star mark is calculated by interpolation because there is data loss of GPS in the log file. The evaluation results are shown in Figure 31 and Table 9.






5. Result and Discussion


5.1. Synthetic Videos


The evaluation results of CNN regression model in synthetic videos are given in Table 4. The results show that the proposed model successfully estimates the distance only from the synthesized images of the intruder. The RMSEs of the estimation results are influenced by the weather conditions and the flight trajectories. The RMSEs of estimation results are smaller in Set 1 with a clear background than Set 2 with a cloudy (noisy) background. Moreover, the crossing cases have larger RMSEs compared to the head-on cases in both sets. The attitude of the intruder in each synthetic video is totally different regardless of what case it is. In contrast to crossing cases, the intruder in head-on cases stays almost in the center of images. As shown in Figure 19, the errors of the estimated distances are smaller when the intruder flies toward the center of images, and the distance estimation is more accurate for all synthetic videos when the intruder is close to the ownership. However, there are still some factors which affect the accuracy of the proposed model:




	
The intruder is located at the center of the images in the training dataset. However, the intruder in crossing cases is always far away from the image center, but the intruder in head-on cases is close to the center of the images.



	
Most of the cropped images for the model training are in clear weather, but the synthetic videos have a cloudy (noisy) background which may affect the accuracy.









5.2. Real Flight Tests


The evaluation the results of the CNN regression model in real flight experiments are given in Section 4.2. There are three head-on cases and one crossing case in the experiments. For the head-on cases, the RMSE of the estimation results in Experiment 4 is the smallest, and the reason is that Experiment 1 and 3 are conducted in misty weather, and the color of the background is close to that of the intruder. Experiment 4 has the best results in the head-on scenario with a clear background, allowing the model can easily extract features and estimate the accurate distance. From these experiments, it is obvious that the deep learning-based distance estimation model is able to estimate the distance from real scene images successfully, which means that the proposed approach is able to estimate the object distance using only a monocular camera. In the real flight experiments, the true color of the intruder is different from that used to train the model. The intruder in experiments is brighter than that in the training data images, which means that the feature network in the CNN distance regression model is able to extract the desired features (Sky Surfer) successfully.



The results show that the developed distance estimation is more accurate in the head-on cases than in the crossing cases for both synthetic and real flight videos. In the real flight experiments, the RMSEs of the estimation in the crossing cases are larger than those in the head-on cases, and the RMSEs of estimations are larger than those in the synthetic videos. The reason is that the scale of the intruder in the training dataset images is different from that in the real flight experiments, and the model is sensitive to the change in the scale. Moreover, there is a problem regarding the estimation results in long range. The pixels occupied by the intruder in the cropped image have no significant change when the intruder is far away from the ownership, which may cause the model to misestimate in the distance estimation and subsequently affect its accuracy.





6. Conclusions


In this work, the vision-based distance estimation using the deep learning-based approach to estimate the distance between the ownership and intruder UAVs was proposed for the feasibility study of SAA and mid-air collision avoidance of small UAVs with a consumer-grade monocular camera. First, the target object on the image plane was detected, classified, and located by YOLOv3, which is a popular deep learning-based object detector. Then, the distance between the ownership and intruder UAVs was estimated using deep learning approach which only takes images as input. To verify the performance of the CNN distance regression model, two types of videos were acquiring in this study, synthetic and real flight videos. The model evaluation results show that the performance of the proposed method is viable for the SAA of a small UAV with only the onboard camera. The proposed model was evaluated with the videos acquired from the real flight tests, and the results show that the RMSE in the head-on scenario with clear weather condition is only 1.423 m, which is satisfactory for mid-air collision avoidance of small UAVs. The major achievements are summarized as follows:




	
A custom YOLOv3 detector has been trained to detect a fixed-wing aircraft with high accuracy.



	
A vision-based distance estimation approach with monocular camera is proposed to verify the feasibility of mid-air collision avoidance of small UAVs.



	
A CNN distance regression model has been trained and evaluated by using air-to-air videos acquired from real flight tests.



	
A procedure to synthesize the dataset for training and testing of the deep learning-based approach is proposed in this study.



	
The real flight experiments were conducted to evaluate the performance of the proposed approach for the application of SAA and mid-air collision avoidance of small UAVs in the near future.








However, there are still some limitations of the proposed method in this study. One limitation is that the model is very sensitive to the scale of the intruder. Therefore, the size of the intruder should be similar to that used to train the model. The other one is that the model is unable to estimate the objet in long distance since the pixels occupied by the intruder in the cropped image have no significant change and are not able to detect the distance of the intruder. Moreover, the real flight experiments conducted in this study are limited to above-the-horizon scenarios. In the future, below-the-horizon scenarios should be considered to prevent the mid-air collision of the intruder from a lower altitude, and the long-distance estimation is also required to improve the distance estimation model for high-speed UAVs.
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Figure 1. Flow chart of research process. 
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Figure 2. Synthetic image made by Blender. 
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Figure 3. Labeling image of the training dataset. 
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Figure 4. Detection results of the custom you only look once (YOLO)v3 detector on synthetic images. 
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Figure 5. Detection results of the custom YOLOv3 detector from real images. 
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Figure 6. The architecture of the convolutional neural network (CNN) distance estimation system. 
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Figure 7. Feature extraction network architecture of the CNN distance model. 
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Figure 8. The architecture of the distance regression network. 
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Figure 9. Evaluation results of the models with different amounts of fully connected (FC) layers. 
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Figure 10. Using Blender to collect images to train the model. 
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Figure 11. Synthetic image rendered by Blender. 
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Figure 12. Examples of the cropped images with different distances and orientations for model training. 
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Figure 13. Training results of 150 epochs. 
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Figure 14. The architecture of the deep neural network (DNN) distance estimation system. 
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Figure 15. Process to rectify the bounding box given by the YOLOv3 detector. 
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Figure 16. Architecture of the DNN distance network. 
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Figure 17. Comparison of CNN and DNN distance regression models: (a,b) the distance range of the intruder flying from 60 to 30 m; (c) the distance ranges from 50 to 35 m. 
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Figure 18. Synthetic videos for model evaluation. The red box indicates the crossing case, and the yellow box indicates the head-on case. 
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Figure 19. Distance estimation from six different synthetic videos. (a,c,d) are crossing cases, and (b,e,f) are head-on cases. 






Figure 19. Distance estimation from six different synthetic videos. (a,c,d) are crossing cases, and (b,e,f) are head-on cases.



[image: Remotesensing 12 03035 g019a][image: Remotesensing 12 03035 g019b]







[image: Remotesensing 12 03035 g020 550] 





Figure 20. Flight path of the intruder in Experiment 1. 
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Figure 21. Measurements of global positioning system (GPS) data to evaluate the model in Experiment 1. 
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Figure 22. Result of model evaluation in Experiment 1. 
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Figure 23. Flight path of the intruder in Experiment 2. 
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Figure 24. Measurements of GPS data for model evaluation in Experiment 2. 
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Figure 25. Result of model evaluation in Experiment 2. 
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Figure 26. Flight path of the intruder in Experiment 3. 
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Figure 27. Measurements of GPS data for model evaluation in Experiment 3. 
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Figure 28. Result of model evaluation in Experiment 3. 
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Figure 29. Flight path of the intruder in Experiment 4. 
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Figure 30. Measurements of GPS data for model evaluation in Experiment 4. 
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Figure 31. Result of model evaluation in Experiment 4. 
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Table 1. Information regarding the training dataset.
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	Information
	Size





	Image shape before being cropped
	3840 × 2160 × 3



	Cropped image shape
	100 × 100 × 3



	Attitude
	Rotation Range



	Roll angle range
	   −   15  °  ~   15  °    



	Pitch angle range
	   −   15  °  ~   15  °    



	Yaw angle range
	   −   75  °  ~   75  °    
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Table 2. Image augmentation parameters.
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	Augmentation
	Parameter





	Width shift range
	0.35



	Height shift range
	0.35



	Rotation range
	3



	Fill mode
	nearest
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Table 3. Information regarding the synthetic videos.
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Video Type

	
Case

	
Weather Condition






	
Synthetic

	
Head-on

	
Clear/Cloudy




	
Crossing

	
Clear/Cloudy
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Table 4. Estimated distance vs. ground truth.
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Set

	
Figure

	
Weather

	
Case

	
Distance Range

	
RMSE

	
RMSE_K






	
I

	
(a)

	
Clear

	
crossing

	
60 m~30 m

	
1.580 m

	
0.651 m




	
(b)

	
head-on

	
60 m~33 m

	
1.301 m

	
0.726 m




	
(c)

	
crossing

	
50 m~35 m

	
1.641 m

	
1.224 m




	
II

	
(d)

	
Cloudy

	
crossing

	
80 m~50 m

	
2.243 m

	
1.753 m




	
(e)

	
head-on

	
80 m~50 m

	
1.379 m

	
1.435 m




	
(f)

	
head-on

	
80 m~40 m

	
1.652 m

	
1.338 m
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Table 5. Specifications regarding the imaging system of the ownership.
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Sensor

	
1/2.4″ Complementary Metal-Oxide-Semiconductor (CMOS)






	
Lens

	
ASPH (Low-dispersion aspherical lens)




	
Aperture: f/2.4




	
Focal Length: 26–78 mm (video)




	
Depth of field: 1.5 m – ∞




	
Video resolution

	
4K Cinema 4096 × 2160 24 fps




	
4K Ultra High Definition 3840 × 2160 24/25/30 fps




	
Video horizontal field of view: 69°
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Table 6. Experiment 1 (estimation vs. GPS measurement).
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Case

	
Head-On

	
Weather Condition

	
Misty




	
Point

	
MEAS (m)

	
EST (m)

	
Point

	
MEAS (m)

	
EST (m)






	
1

	
62.68

	
58.67

	
7

	
41.2

	
46.24




	
2

	
59.15

	
58.35

	
8

	
37.23

	
42.4




	
3

	
55.52

	
55.41

	
9

	
33.53

	
39.35




	
4

	
51.78

	
53.34

	
10

	
29.81

	
32.55




	
5

	
48

	
48.39

	
11

	
25.74

	
24.52




	
6

	
44

	
47.24

	
12

	
22.05

	
18.68




	
RMSE

	
3.369 m
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Table 7. Experiment 2 (estimation vs. GPS measurement).






Table 7. Experiment 2 (estimation vs. GPS measurement).





	
Case

	
Crossing

	
Weather Condition

	
Misty




	
Point

	
MEAS (m)

	
EST (m)

	
Point

	
MEAS (m)

	
EST (m)






	
1

	
61.53

	
63.68

	
9

	
40.36

	
43.03




	
2

	
58.85

	
62.3

	
10

	
37.82

	
40.95




	
3

	
56.16

	
58.66

	
11

	
35.3

	
38.93




	
4

	
53.51

	
58.28

	
12

	
32.8

	
36.26




	
5

	
50.83

	
54.99

	
13

	
30.35

	
32.86




	
6

	
48.19

	
52.64

	
14

	
27.98

	
30




	
7

	
45.55

	
49.15

	
15

	
25.71

	
26.73




	
8

	
42.94

	
48.33

	




	
RMSE

	
3.445 m
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Table 8. Experiment 3 (estimation vs. GPS measurement).






Table 8. Experiment 3 (estimation vs. GPS measurement).





	
Case

	
Head-On

	
Weather Condition

	
Cloudy




	
Point

	
MEAS (m)

	
EST (m)

	
Point

	
MEAS (m)

	
EST (m)






	
1

	
70.91

	
70.66

	
9

	
45.19

	
44.86




	
2

	
67.67

	
70.14

	
10

	
41.99

	
41.41




	
3

	
64.45

	
61.47

	
11

	
38.8

	
38.53




	
4

	
61.25

	
55.73

	
12

	
35.58

	
34.26




	
5

	
58.04

	
58.04

	
13

	
32.36

	
28.75




	
6

	
54.83

	
54.85

	
14

	
29.14

	
26.01




	
7

	
51.6

	
51.4

	
15

	
25.88

	
20.65




	
8

	
48.4

	
48.81

	




	
RMSE

	
2.559 m
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Table 9. Experiment 4 (estimation vs. GPS measurement).






Table 9. Experiment 4 (estimation vs. GPS measurement).





	
Case

	
Head-On

	
Weather Condition

	
Cloudy




	
Point

	
MEAS (m)

	
EST (m)

	
Point

	
MEAS (m)

	
EST (m)






	
1

	
71.20

	
71.15

	
8

	
42.42

	
43.91




	
2

	
67.1

	
69.9

	
9

	
38.32

	
39.47




	
3

	
62.99

	
64.78

	
10

	
34.18

	
35.29




	
4

	
58.88

	
59.97

	
11

	
30.07

	
31.19




	
5

	
54.76

	
55.6

	
12

	
25.93

	
26.96




	
6

	
50.64

	
51.53

	
13

	
21.82

	
23.92




	
7

	
46.54

	
47.64

	




	
RMSE

	
1.423 m
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