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Abstract

:

Unmanned aerial vehicle (UAV) vision technology is becoming increasingly important, especially in wilderness rescue. For humans in the wilderness with poor network conditions and bad weather, this paper proposes a technique for road extraction and road condition detection from video captured by UAV multispectral cameras in real-time or pre-downloaded multispectral images from satellites, which in turn provides humans with optimal route planning. Additionally, depending on the flight altitude of the UAV, humans can interact with the UAV through dynamic gesture recognition to identify emergency situations and potential dangers for emergency rescue or re-routing. The purpose of this work is to detect the road condition and identify emergency situations in order to provide necessary and timely assistance to humans in the wild. By obtaining a normalized difference vegetation index (NDVI), the UAV can effectively distinguish between bare soil roads and gravel roads, refining the results of our previous route planning data. In the low-altitude human–machine interaction part, based on media-pipe hand landmarks, we combined machine learning methods to build a dataset of four basic hand gestures for sign for help dynamic gesture recognition. We tested the dataset on different classifiers, and the best results show that the model can achieve 99.99% accuracy on the testing set. In this proof-of-concept paper, the above experimental results confirm that our proposed scheme can achieve our expected tasks of UAV rescue and route planning.
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1. Introduction


With the development of artificial intelligence technology, machine vision technology is being applied to many aspects of human life. For example, in precision agriculture, it can be used for crop farming [1]; in transportation, the use of machine vision technology enables the detection and counting of vehicles in highway scenes [2]; in human daily life, it can also detect pedestrians in surveillance videos [3] and human falls [4], etc. Due to the flexibility and portability of drones and other features, unmanned aerial vehicle (UAV) vision has also been developed to a certain extent. Drone vision technology [5] is also increasingly being noticed and applied by the research community as well as industry. Especially in the field of wilderness rescue, drones will be even more advantageous, as they can reach places that are inaccessible to humans, which makes them extremely convenient for wilderness rescue [6,7]. In wilderness environments, where the GPS, mobile, radio, or road path is not fully covered and where a few people are present or congregate nearby, there is no proper infrastructure. Indeed, most of the wilderness is forested, mountainous, or unexplored, so when one or more people are in these environments for whatever reason, there is a certain potential danger. For example, for people who love hiking [8] and for those who are lost in the wilderness, a timely drone rescue and possible path monitoring are necessary when they are in danger.



Drones flying at low latitudes can detect in real-time what is happening on the ground, and to some extent enable search and rescue in the event of a natural disaster [9,10]. Similarly, remote sensing data from satellites [11,12,13] at high latitudes can also provide multiple channels of information to humans. Satellite data can be downloaded in advance and is constantly updated if the satellite is working. It is usually of a lower resolution than the image information captured by low altitude drones, but satellite data can provide information in multiple bands [14], which is not possible with most drones. Satellite remote sensing images play an irreplaceable role in the field of earth observation, and the different combinations of multiple channels can provide mankind with a wealth of ground-based information. Satellite remote sensing has been used in many fields, such as food security in agriculture [15], water body detection [16,17,18,19], segmentation of remote sensing images [20], land-use land-cover classification [21,22], change detection [23,24,25], environmental monitoring [26], etc. Based on geographical location information, we can fuse satellite information with real-time information captured by drones at low latitudes, both of which complement each other to provide greater assistance to humans. Of course, with the development of drone technology, a part of the drone is designed to carry multispectral camera to capture information of different bands, but such sensors are far from the bands captured by satellites.



The research background of this work is for a field environment with a poor network and bad weather conditions. When humans are in the wild without the network, owing to a lack of active antenna towers and/or cable infrastructure, they can encounter some unexpected problems and must seek help from the outside world; at this time, the drone rescue is particularly important. Drones will be more efficient compared to rescue workers. In addition to the above-mentioned network problems, wilderness environments also feature poor road conditions [27]; due to the sparse population, many roads in the wilderness are not well built, are usually composed of bare soil, or there may even be no roads that can allow people to walk. At this time, if there is a rainstorm and other bad weather, then the soil roads will become very muddy, which is extremely unfavorable to human use. Considering the poor road conditions in most of the wilderness, coupled with the effects of bad weather, it is particularly important that drones can detect road conditions and plan optimal routes for humans in distress. Even if humans have maps downloaded in advance on their phones in the above environment, there is no guarantee that the downloaded maps will match 100% with the actual roads encountered, especially in the wild, as many roads are not included in the maps [28].



Based on the above research background, the main goals of this work are as follows:




	
The UAV plans an optimal route for human navigation in real-time in wildness environments with poor mobile networks and bad weather;



	
With the local road quality ensuring the probable walking or driving speed, multispectral images are combined with weather information to estimate the walking speed of pedestrians, and the throughput of the road should also be evaluated;



	
Different roads are assigned weights by geometric features, such as road length and width on the road extraction map, as well as estimated pedestrian speed and road throughput;



	
Human–UAV interaction in low latitudes by adjusting the flight altitude of the UAV to facilitate the recognition of emergency hand gesture signals and potential hazards. e.g., injured or tired persons, or vehicles with technical defects.








The main challenges to be solved to achieve the above goals are as follows:




	
The drones use extracted road network maps with different weights to navigate the user in real-time and plan an optimal route that meets the needs by weighted searching algorithms;



	
The classification of normalized difference vegetation index (NDVI) values by multispectral images allows the differentiation of different road types. The walking speed of pedestrians on the road and the road throughput can be obtained by certain analyses;



	
Road extraction allows us to obtain the length, width, and connectivity characteristics of a road. Pedestrian detection and tracking techniques allow for a theoretical evaluation of the road’s throughput. Combined with weather information and road surface materials, the walking speed of pedestrians can be estimated. In short, these are the main basis for road priority assignment;



	
The model for human–UAV interaction needs to be accurate, stable, and robust enough when there is a problem with navigation or when a human is in danger and needs to be rescued. Different models need to be compared in order to select the best and most reliable one.








In this proof-of-concept paper, we propose a technique to detect road conditions and plan the best route for humans in a field environment using UAV vision and multispectral imagery based on road extraction [29]. We use the road extraction techniques and modify the shortest path searching algorithms that have been proposed and widely used. The type of road material is detected based on multispectral information from satellites or UAVs, and the walking speed of pedestrians on different roads and the throughput of the road are evaluated in combination with weather information to plan an optimal route for humans. Based on the different flight heights of drones, drones at high altitudes can plan the optimal route for humans, and drones at low altitudes can perform human–UAV interaction. Users can interact with the drones through dynamic “Attention” and “Cancel” gestures [30] when humans encounter potential dangers or unexpected situations on the ground in the wild, such as when the best route planned according to the drones is wrong, the actual situation is that there is no more road to walk on ahead, or the user is threatened by terrorists, etc. At this point the drone can recognize emergency rescue signals and re-route the user or send rescuers directly. However, this work is limited by the accuracy of road extraction techniques, which is the main reason why we establish low-altitude human–drone interaction to assist humans in real-time. The road throughput and the assignment of road weights have not been carried out automatically.



The main innovations and contributions of this paper are as follows:




	
The surface material of the roads in the wildness environment is classified using an immediate UAV-boarded multispectral camera or, additionally, the latest available satellite-based multispectral camera images. The main distinction was made between bare soil roads and concrete or gravel roads in good condition;



	
When flying at high altitude, the UAV analyzed the road conditions based on the detected road surface materials and weather information, evaluated the throughput of different roads, and assigned different weights to the roads extracted from the map for optimal route planning;



	
When the UAV is flying at low altitudes, human–UAV interaction is possible. Based on the media-pipe hand landmarks, the “ok, good, v-sign, sign for help” dataset is created to identify emergency distress signals, so that corresponding measures can be taken to re-route or send rescuers;



	
The fusion of low-altitude drone imagery and high-altitude satellite imagery allows for a wider range of search and rescue information. Drones use their flexibility for high-altitude road condition detection and extraction, low-altitude human–UAV interaction, and emergency hazard identification to maximize their ability to help humans in distress.








In the subsequent sections, Section 2 focuses on the related work, including a description of the technical background and the relevant datasets used, as well as the process of data processing and the parts that have been published and completed. Section 3 is the main implementation approach, introducing the whole system flowchart, detection of road surface materials, analysis of road conditions, and evaluation of road throughput, followed by the collection of emergency rescue dataset and training of the models. Section 4 shows the experimental results of different parts of the whole system, including the results of the detection and analysis of road conditions in the wilderness environment when the UAV is flying at high altitudes, and the results of the recognition of emergency rescue signals by the UAV at low altitudes, as well as the evaluation of the model. Section 5 and Section 6 contain a discussion section, the conclusions of this work, and an outlook for future work.




2. Related Work


2.1. Technical Background


The technical background in which this work is implemented is a GPU-equipped UAV with a NVIDIA Jetson AGX Xavier developer kit [31], along with a Parrot Sequoia+ Multispectral Camera [32]. A standalone on-board system is very important, since in the wilderness we do not have network to rely on. From Sabir Hossain’s experiments [33] on different GPU systems, it was evident that the Jetson AGX Xavier was powerful enough for this proposed system. As shown in Figure 1, the UAV can process the video information captured by the camera in real-time. The Parrot Sequoia+ multispectral camera is chosen because it is multispectral and can capture four channels of information. The details of the specifications are shown in Table 1.



In addition to information captured by UAV cameras with multispectral sensors, satellite information is also involved. Currently, the European Space Agency (ESA) [34] or United States Geological Survey (USGS) [35] has many publicly available datasets that users can download and use for free, and the channel information provided by satellites is more and more extensive. As such, UAV equipped with GPU can operate in real-time without relying on the local network. Although its flight time is affected by battery life, etc., humans are working on solving this problem, and the battery life can be predicted [36], meaning that stable energy can be provided during the disaster [37]. Thus, in special cases for emergency rescue, the flight time can be controlled according to demand. In our proposed drone system, the endurance of a GPU-equipped UAV with an NVIDIA Jetson AGX Xavier developer kit, along with a Parrot Sequoia+ multispectral camera, is around half an hour. The endurance of the drones will be improved in our system if the battery capacity is increased and if the drones are flown with rotary wings. Another solution for the constraint of the drone endurance is that drones can also work together in the wilderness, with different drones performing different tasks and collaborating with each other through communication to carry out rescue work. Indeed, UAV can revisit the wilderness after returning from the charging station, or a replacement team is activated, where the returning unit checks the proposed roads, thus, taking advantage of the return time. The training of the model for the human–computer interaction part is carried out on the ground station computer, which is equipped with an NVIDIA GeForce GTX Titan GPU and an Intel(R) Core (TM) I7-5930k CPU.




2.2. Related Datasets and Data Processing


The dataset presented in Figure 2 was captured by a drone equipped with a Parrot Sequoia+ multispectral camera, located in Biatorbágy, Hungary. The latitude of Biatorbágy is 47.470682, and the longitude is 18.820559. Biatorbágy (Wiehall-Kleinturwall, in German) is a town in Pest County, Budapest Metropolitan Area, Hungary [38]. From Figure 2, we can see that the image captured by the drone contains four bands, which are green, near-infrared, red-edge, and red. This UAV dataset was collected in 2017, and current satellite imagery from Google Maps [39] is also shown in Figure 2. Some changes in houses and vegetation can be clearly seen, but several of the main roads are unchanged.



GeoEye’s OrbView-3 satellite (2003 to 2007) was among the world’s first commercial satellites to provide high-resolution imagery from space. OrbView-3 collected 1 m panchromatic (black and white) or 4 m multispectral (color) imagery at a swath width of 8 km for both sensors. One meter imagery enables more accurate viewing and mapping of houses, automobiles, and aircraft, and makes it possible to create precise digital products. Four meter multispectral imagery provides color and near-infrared (NIR) information to further characterize cities, rural areas, and undeveloped land from space. Imagery from the OrbView-3 satellite complements existing geographic information system (GIS) data for commercial, environmental, and national security customers [40]. The data downloaded in this paper are from USGS (https://earthexplorer.usgs.gov/, accessed on 1 May 2022) [35], located in Australia, and the coordinates are −35.038926, 138.966428. Specific satellite information and information on the satellite datasets used in this paper are shown in Table 2.



In this work, we mainly used data from the Birdwood neighborhood. Birdwood is a town near Adelaide, South Australia. It is in the local government areas of the Adelaide Hills Council and the Mid Murray Council [41]. Figure 3 shows the specific information of the OrbView-3 satellite dataset used in this work, containing information in four different bands, namely blue, green, near-infrared, and red, as well as satellite information from the OrbView-3 satellite near Birdwood and satellite image information from Google Maps. Combining the information from the satellite dataset in Table 2, the area covered by the satellite is in Australia, and our study site is in the town of Birdwood in the city of Adelaide. Specific scale information and the location of the geographical coordinates of the study site, the town of Birdwood, can also be found in Figure 3. We selected the entire satellite image of Birdwood because the location is near a forested area, far from the urban center, and is mostly unoccupied in the wilderness, with both good and bad road conditions, which is consistent with the background of this work. The arrows in Figure 3 show the data selection process, and, finally, we captured the same areas on Google Maps for comparative display. Figure 3 also shows the four bands of the entire satellite map.



In the data processing phase, the input to the proposed system is the video sequence captured by the camera of the airborne UAV in real-time. When the available UAV does not have a camera with multispectral sensors, then the multispectral satellite data downloaded in advance will play a crucial role; when the UAV’s camera has multispectral sensors, then the multispectral satellite information acquired in advance is available to be fused and used, and the two complement each other. Thus, whether through the drone data source or satellite data source, multispectral information can be accessed and used by humans. Since the UAV is equipped with an NVIDIA Jetson AGX Xavier, it can perform the processing of the video sequences captured by the camera in real-time into image sequences, which can be RGB images or multispectral images. Here, RGB three-channel images will be used as input for the road extraction part, and multispectral images will be used as input when detecting road conditions. Figure 2 and Figure 3 show the experimental data areas from UAVs and satellites used in this task, respectively. The data types and features of the specific UAV and satellite referenced experimental areas are shown in Table 3.




2.3. Road Extraction and Optimal Route Planning


This subsection describes the work that has been carried out in road extraction and optimal route planning. For the task of road extraction, there are already many publicly available datasets collected by satellite that can be used, such as the Massachusetts Road Dataset [42] and DeepGlobe Dataset [43], and different road extraction networks have been proposed for these datasets, such as U-Net [44], Seg-Net [45], LinkNet [46], etc. In this work, considering our research background and the problem to be solved, we chose D-LinkNet [47], which won the first place in the Deep Globe Road Extraction Challenge. In addition to its better precision, recall, and F1 than other networks on the same dataset, D-LinkNet can handle road characteristics, such as narrowness, connectivity, complexity, and long span to some extent by expanding the sensory field and assembling multi-scale features in the central part while preserving detailed information, which is needed in our research work. For optimal route planning, road connectivity must be considered, because the routes are continuous rather than intermittent. D-LinkNet is a LinkNet with a pretrained encoder and dilated convolution for high resolution satellite imagery road extraction. D-LinkNet can perform road extraction for the input three-channel RGB images, regardless of whether they are UAV images or satellite images. It can perform road segmentation well, labeling the roads as foreground and the other parts of the image as background. The DeepGlobe dataset also fits the context of our work, which is the field environment. D-LinkNet can solve the road connectivity problem well, and the trained model can be used directly on the on-boarded UAV.



In the optimal route planning part, we have proposed and published the corresponding solution [48]. According to the map of road extraction, different weights are assigned to different roads. The weights are assigned by the road condition information, mainly including the road surface material, the length and width of the road, the walking speed of pedestrians on that road, and the estimated road throughput combined with the weather information, etc. Finally, the road map with weights is used for route planning by the A* algorithm [49], and the best route can be planned for the user based on the road network map with different road priorities. Of course, users are required to report their starting location and the location of the destination they want to go to. Some optimal route planning results with complex road networks can be found in [48].





3. Methodology


3.1. Proposed System


The main workflow of the proposed system is to extract the road network by processing and analyzing the video streams captured in real-time using a UAV. The road surface condition is then detected in combination with pre-downloaded weather information and satellite information to assess the pedestrian speed and the road throughput. Next, the evaluation of pedestrian speed and road throughput is combined with the length and width of the road from the road extraction section to prioritize the different roads in the extracted road network. The final optimal route planning is based on the start location and destination provided by the user. When the user encounters a problem or potential danger, the user can attract the drone’s attention through dynamic emergency gestures, and the drone can communicate with the user at low altitudes by adjusting its flight altitude, thus, providing maximum assistance to humans in distress.



The flow chart of the entire system is shown in Figure 4, where satellite data and weather data can be downloaded and analyzed and processed in advance. With the continuous development of weather forecasting, the information obtained from weather forecasts is becoming more and more accurate and can be relied upon [50]. As described in the introduction to the first section of this paper, the background of this work is that of a human being in a poorly networked and weathered field environment. The input to the system is a video sequence captured by a UAV flying in real-time, and the GPU-equipped UAV can process the video sequence to obtain a resolution of 1024 × 1024 × 3 RGB images. If the UAV camera has a multispectral sensor, then the system will get four different channels of image information, namely green, near-infrared, red-edge, and red. The above steps prepared the way for the next road extraction and road condition analysis. The UAV at this stage was flown at an altitude of 50 m or more, and the RGB map obtained through data processing had a range of 512 m × 512 m.



The RGB image with a resolution of 1024 × 1024 × 3 is used as the input of the road extraction network. With the road extraction by D-LinkNet [47], we can obtain information on the length and width of the road. Based on the satellite image information corresponding to the area where the UAV flies and the weather information downloaded in advance, we can determine whether there is bad weather, such as heavy rain, dusty weather, or a snowstorm, etc. This weather can lead to problems, such as a muddy bare soil road surface, low air visibility, or smooth road surfaces becoming icy, snowy, sandy, or water-covered, which can make them difficult for pedestrians to walk on. At this point, the material of the road surface is particularly important. Having a better condition road material is beneficial for human walking in rainy weather if the low visibility of the road caused by nearby bare soil is not considered in windy weather. On the contrary, if the road surface is composed of bare soil, then it will be difficult for humans to walk after heavy rain. Roads made of concrete or gravel are not so muddy, so the weather has a great influence depending on the different road materials used in an area. For the detection of road material information, we use multispectral information from satellites or drones to assess the normalized difference vegetation index [51,52] and, depending on the classification of the normalized difference vegetation index, the road material is detected, since the normalized difference vegetation index values are different between bare soil and roads with concrete or gravel cover.



For a road, we define two basic measures over the geometrical parameters of width and slope, namely walkability (the speed of pedestrians) and transferability (the number of pedestrians able to enter or exit the road during the analysis period). Combining weather information and road surface material information, we can estimate the speed of pedestrians. With pedestrian detection and tracking we can evaluate the throughput of the road [53,54] and finally combine the road length and width information to assign priority to the road. The road map with the weights can then be used to plan the best route using the A* algorithm [48]. The system will eventually output an optimal route for the current situation to the user, thus, enabling the UAV to help humans navigate in the field.



Since, in the real world, there may be emergency situations, such as a human being encountering a threat or a route going wrong, and other special situations, communication between the drone and the human being is crucial. The drone can adjust its flight altitude, and when it lowers its flight altitude to less than 10 m, it can complete the interaction process with the human being on the ground through dynamic attention and cancellation gestures [30]. The drone will accurately identify potential dangers and emergencies, re-route humans in distress, or call SOS directly to request the intervention of rescuers.




3.2. Road Surface Detection and Road Throughput Evaluation


The normalized difference vegetation index (NDVI) is a simple graphical indicator that is often used to analyze RS measurements and assess whether or not the target being observed contains green healthy vegetation. This index will be referred to by the abbreviation NDVI throughout the rest of the paper. The NDVI [51,52,55] is derived from the red: near-infrared reflectance ratio, where NIR and RED are the amounts of near-infrared and red light, respectively, reflected by the vegetation and captured by the sensor of the satellite. The formula is based on the fact that chlorophyll absorbs RED, whereas the mesophyll leaf structure scatters NIR. Thus, NDVI values range from −1 to +1, where negative values correspond to an absence of vegetation [52]. The NDVI quantifies vegetation by measuring the difference between near-infrared (NIR) (which the vegetation strongly reflects) and red light (which the vegetation absorbs/has a low reflectance) [56]. In our Section 2.2, both the UAV dataset and the satellite dataset are present in the near-infrared band and the red band. The formula for NDVI is given as follows in Equation (1), where NIR is near-infrared light and Red is visible red light:


NDVI = (NIR − Red)/(NIR + Red)



(1)







The value of the NDVI will always fall between −1 and +1. Values between −1 and 0 indicate dead plants, or inorganic objects, such as stones, roads, and houses. On the other hand, NDVI values for live plants range between 0 to 1, with 1 being the healthiest and 0 being the least healthy [57]. Bare soils range from about 0.2–0.3 [58]. Based on the above presentation of the different NDVI values, we can determine that the value of NDVI for a road not covered by vegetation should be negative. However, if the road consists of bare soil only, then the NDVI values will be distributed in the range of 0.2–0.3 [58]. This effectively distinguishes the roads covered by concrete or gravel from those covered by bare soil.



Before evaluation of road throughput, we can estimate the human walking speed on different kinds of roads based on weather information and road surface material information. For rainy weather or just after a heavy rain, the speed of a human walking in the bare soil road is about 1.07 m/s [59]. The asphalt road or stone road will be more friendly to humans and, thus, human walking speed in rainy weather on the asphalt or stone road is about 1.2 m/s [60]. For dusty weather, which brings a reduction in air visibility, walking on asphalt-covered roads will be less dusty and faster than on bare soil-covered roads. For the snowy weather, a smooth road surface will speed up the human walking speed, so the road material is no longer the main factor affecting the human walking speed. For no adverse weather conditions, the human walking speed on different roads is the same. The speed can also be effectively estimated from other parts of the remotely sensed areas, where the situation is more definite.



After evaluating the speed of humans walking on different types of roads, the drones can see that humans are moving within and between different roads. In a limited time, for the 10 min duration of the drone analysis, the drone can evaluate the throughput of different roads and, depending on the results of the road extraction, different throughputs are obtained for different roads. Equation (2) is the definition of the road throughput. In our previous work, the UAV can count the number of pedestrians in real-time [61]. Throughput is defined as the number of distinct people able to enter or exit the road during the analysis period. To aid its interpretation, the throughput should be divided into five components according to whether or not the people entered, exited, never entered, or never exited the road during the analysis period [54]. The five categories are described as follows and shown in Figure 5. In Figure 5 we can see that a total of five categories of people are included, and each person in each category is given a specific ID. The ID of the same person is kept constant when entering and leaving the road, and the technique of assigning IDs to different people and tracking them can be found in our previous work in [61].


Through-put = N/T



(2)




where N is the number of distinct people able to enter or exit the road during the analysis period, and T is the time during the analysis period (e.g., 10 min). The five categories are as follows:



	
Human Class 1—people that were present at the start of the analysis period and were able to successfully exit the road before the end of the analysis period;



	
Human Class 2—people that were present at the start of the analysis period but were unable to successfully exit the road before the end of the analysis period;



	
Human Class 3—people that were able to enter the road during the analysis period but were unable to successfully exit the road before the end of the analysis period;



	
Human Class 4—people that tried to enter the road during the analysis period but were completely unsuccessful;



	
Human Class 5—people that entered during the analysis period and were able to successfully exit the road before the end of the analysis period.






The percent of incomplete trips will be the sum of human classes 1, 2, 3, and 4, divided by the sum of all human classes (1 + 2 + 3 + 4 + 5). Generally, higher throughputs and lower percentages of incomplete trips are desired since they reflect the productivity of the road [54]. The throughput of the road and the length and width geometrical characteristics of the road directly affect the road weights that are assigned, that is, the priority assignment problem.



The task of optimal route planning based on roads with different weights has been solved in [48]. The road weight assignment in [48] is manual and based only on the road connectivity and length–width geometric properties, and does not make an analysis and evaluation of pedestrian walking speed, road surface material, road throughput, etc. This work complements the prioritization evaluation and weight assignment part of different roads in the previous road map networks. It is important to emphasize that in the route planning and navigation section, we are assuming that humans can report the starting location and destination for the UAV.




3.3. Emergency Rescue Recognition


The main flaw of drones flying at altitudes above 50 m, as is responsible for navigation, is that they are not able to see the situation on the ground in real-time and cannot meet the needs of the user in the current situation, so it is necessary to adjust the flight height to carry out human–UAV interaction. There are many uncertainties in the wilderness environment, so the drone flying at low altitudes below 10 m can communicate with the user through dynamic gestures [30] and, once there is an emergency, it is possible for the drone to make a timely response and take measures.



The Signal for Help [62] is a single-handed gesture that can be used to alert others that people feel threatened and need help. Originally, the signal was created as a tool to combat the rise in domestic violence cases around the world linked to self-isolation measures that were related to the COVID-19 pandemic. The signal is performed by holding one hand up with the thumb tucked into the palm, then folding the four other fingers down, symbolically trapping the thumb by the rest of the fingers. It was designed intentionally as a single continuous hand movement, rather than a sign held in one position, so it could be made easily visible. As this gesture is widely spread and popularized, it is increasingly known and used as a signal for potential hazard identification in this work, and we created a dataset of the gesture by mixing the gesture into some common human gestures, and the detail of the dataset is shown in Table 4.



The datasets were collected using a 1080P 160◦ fisheye surveillance camera module for Raspberry Pi on the 3DR SOLO UAV system. Three people from our lab participated in UAV emergency rescue gesture dataset collection, the genders were two males and one female, aged between 25 and 30 years old. We collected data for each gesture in different orientations to cover as many situations as possible, making our dataset more generalizable. Table 4 shows the details of the UAV emergency rescue recognition dataset. The acquisition of this dataset was based on media-pipe hand landmarks, where we extracted the positional information of 21 key points on the human hand and saved them in a CSV file. The data extracted for each hand gesture was taken from a different person separately, and the final amount of data for each gesture is given in Table 4.



Figure 6 shows the main process of emergency rescue recognition, which is carried out in advance at the ground base station, and the final obtained model will be deployed directly on the UAV for use. The dataset collection is based on media-pipe hand landmarks [63,64], and the first process is the extraction of 21 hand key points. We collected four gestures from different people in our lab, which are ok, v-sign, good and sign for help. This extracted hand key-point data were stored in a CSV file, after which 70% of the entire dataset was used as the training set and 30% was used as the test set to be tested on different classifiers. We tested on the following five different classifiers: logistic regression [65], ridge classifier [66], random forest classifier [67], gradient boosting classifier [68], and deep neural network [69]. The classifier with the highest model accuracy at the end will win and be deployed for use on the UAV.



The architecture of the emergency rescue recognition method is divided into three main stages. The first stage is data collection, where the 21 key points of the hand are continuously presented from the video stream of the UAV input and stored in a CSV file for later model training. The second stage is the processing of the collected data and the separation of the data set into a training set and a test set. The third stage is the training of the different classifiers and the prediction of the results.





4. Experiments and Results


This section presents the experimental results of this work and contains two main subsections. The first, Section 4.1, presents the results of the detection of road surface materials on different datasets and shows the results of optimal route planning on different types of roads as well. The second part, Section 4.2, is the evaluation of a human–machine interaction model for UAVs in low altitude flight and a demonstration of simulated emergency rescue recognition in wildness.



4.1. Road Surface Condition Detection and Optimal Route Planning Results


This subsection shows the results of the road surface material detection and demonstrates the navigation task of optimal path planning. For the UAV dataset presented in Section 2.2, we obtained the results shown in Figure 7 and Figure 8 with the proposed system. Figure 7 contains the RGB images taken by the UAV and the resulting NDVI images obtained by multi-channel image calculation. Normally, the range of NDVI is −1 to +1, but in this UAV dataset, we show the NDVI results as −0.19 to 0.94, in order to clearly distinguish some road surface materials. The NDVI image is well illustrated in Figure 7, and by comparing the analysis with the RGB image, we can see that the red area from −0.19 to 0.25 is largely uncovered by vegetation and mostly inorganic material. The orange area from 0.25 to 0.45 is mainly bare soil, while the yellow or green part above 0.45 is covered by vegetation. We zoom in on the part containing the road to show it at the bottom of Figure 7, and we can see that the main road in the middle is red, which means that the road surface is composed of non-soil gravel material, while the narrow road on the right is close to orange in color, and we can see that the surface material is mainly composed of bare soil. In this way, the different road composition materials can be effectively distinguished by the NDVI.



The material composition of the road surface can have an impact on the walking speed of pedestrians under different weather conditions. According to the analysis and description inside the methodology in Section 3, we can evaluate the pedestrian speed by walking on different road surfaces under different weather conditions. In this UAV dataset, if the user encounters rainy weather, then the road consisting of narrow bare soil is very muddy and the walking speed of pedestrians is slower, but the walking speed of pedestrians on the main road consisting of gravel is faster. After road extraction, we can obtain the geometric features of the length and width of different roads. Applying the previously deployed yolo3-tiny model [61], we can evaluate the transferability of the road and, thus, obtain the throughput of that road. It is important to note here that the throughput of the road in the real case is not tested and, therefore, is not shown accordingly in the results section. The road surface material, the length and width of the road, the walking speed of the pedestrians, and the throughput of the road are combined and evaluated to give priority to the extracted road network. Of these, road throughput according to Equation (2) is used as the main criterion and basis. The results of road extraction and road priority assignment for the UAV dataset can also be found in Figure 7. The road network included in this dataset is relatively simple and not very complex due to the relatively small area included in the UAV dataset. More complex cases and optimal route planning results can be found in our published paper [48].



Figure 8 shows the best intelligent navigation route provided by the UAV based on the starting and ending position coordinates reported by the user. It can be clearly seen that in the two path planning comparison plots on the right side of Figure 8, the value of f in the plot with road priority assignment is reduced, where f indicates the cost of the shortest path at the pixel scale. Each pixel is considered a node, except that these nodes are given different weights. Here, f (n) is the sum of g (n) and h (n), where n is the next node on the path, g (n) is the cost of the path from the start node to the n node, and h (n) is a heuristic function that estimates the cost of the cheapest path from n to the goal. Details of how the modified A* algorithm finds the minimum value of f can be found in our previously published work [48]. The minimum value of f corresponding to the best route, found using the search algorithm, is 38,610. On the contrary, if the road is given priority, the minimum value of f corresponding to the best route found by the search algorithm is reduced to 24,712. This greatly improves efficiency for the user. As can be seen in the path planning in Figure 8, the optimal route search algorithm makes maximum use of the roads marked in green, because green roads represent roads in good condition, while white roads represent roads in poor condition. To show that the algorithm for optimal path planning works well, we used the results of a more complex road network from our previous work [48] in Figure 9 to show that the UAV is able to plan the best route when there are multiple paths to choose from. The f-value of the optimal path obtained by the best route search for the road map without priority assignment in Figure 9 is 4733, and the f-value of the best path planned for the road map with the priority road, on the contrary, is 1044. It should be noted that the image used in Figure 9 is from the DeepGlobe Road Extraction dataset [40], and the images are RGB three-channel.



For the satellite dataset presented in Section 2.2, we also performed the corresponding tests. Figure 10 shows the NDVI index results for the whole satellite image and the results after classifying the NDVI. Here, similar to the processing of the UAV dataset described above, we shifted the NDVI value results from −1.0 to +1.0 to −0.2 to +1.0, displaying them with the purpose of distinguishing more clearly the material of the road surface. Based on the different values of NDVI we classified them into three categories. Those with NDVI values less than 0.2 are classified as being in good condition, which is generally inorganic in this case, and for road areas, where the surface material is composed of non-soil. On the other hand, NDVI values in the range of 0.2 to 0.4 are classified as being in a bare soil condition, and NDVI values greater than 0.4 are classified as vegetation. These three categories are shown in gray, tomato red, and green, respectively. These results can be found in Figure 10. We can see that, for roads, those with pavements consisting of bare soil are shown in tomato color, while those with pavements consisting of concrete and in good condition are shown in gray. In summary, roads with different road materials are well distinguished, which also provides the basis for the subsequent road priority assignment.



Figure 11 zooms in on the NDVI classification results of Figure 10, and we can see that the entire satellite image undergoes constant regional zooming, which allows a good distinction between the road conditions in different conditions. The entire satellite image was selected to show the results for the suburban area near Birdwood, but the rest of the road information is also well differentiated and can be compared with the actual situation in Google Maps. In fact, the classification of the whole satellite image is consistent with the information observed by Google Maps satellites as far as the places covered by vegetation are concerned. If you zoom in on the area, the information for the road is also the same as that observed by Google Maps, so the different road surface materials are effectively distinguished from each other. The last zoomed area in Figure 11 shows that the road network is clear; some roads are shown in tomato color which means that the roads are composed of bare soil, while some roads are shown in gray color which means that the surface of these roads is composed of non-bare soil, such as gravel or asphalt, and they are not very muddy after bad weather, especially after heavy rain.



Near the Birdwood area, we performed the detection and classification of the road surface material in a small area, as well as the extraction and prioritization of the roads in the area, and the related results are shown in Figure 12. According to the classification of road surface materials of the different roads shown in Figure 11, we can evaluate the walking speed of pedestrians under the influence of bad weather. After heavy rain, the road surface composed of bare soil is muddy, which is unfavorable for pedestrians to walk on. On the contrary, if the road composition is non-muddy, such as concrete or gravel, then the road is less muddy and the walking speed of pedestrians is about 1.2 m/s, which is faster than the walking speed on the muddy road. The walking speed of pedestrians also affects the throughput of that road, so it is necessary to evaluate the speed. The results of road extraction allow us to obtain the two geometric characteristics of road length and width. Similarly, by deploying the yolo3-tiny model we can analyze the throughput of each road in 10 min. Here, the corresponding results are not shown, due to the lack of real cases to test. Finally, the road weights are assigned by considering the composition of the road material, the walking speed of pedestrians, the length and width of the road, and the throughput of the road. Here, green represents roads with priority and white represents roads without priority, consistent with our previous work [48]. Theoretically, as shown in Figure 5, road throughput is obtained by counting and tracking the number and location of pedestrians on each road in real-time at low altitude by a GPU-equipped UAV [61]. The road surface material, the estimation of pedestrian speed, the road length and road width, and the road throughput assessment are the main basis for assigning road weights.



The results of the best route planning are also shown in Figure 12, where we can see that the minimum value f from the final route search is different based on the same starting position and ending position coordinates reported by the user. The blue circle in the figure represents the starting location, the yellow circle represents the destination, and the red line is the best route searched by the algorithm. We can see that the value of f in the best route search result is 35,830 when no priority is assigned to the roads and, on the contrary, that the value of f is reduced to 2978.8 when roads have priority, which means that the route is faster and more efficient than the previous one. The maps shown here for road extraction are simple. The relatively complex road extraction results and the corresponding optimal route planning results can be found in [48], which also shows that the A* algorithm with weights is effective. Since the extraction result of D-LinkNet does not match the real situation 100%, we can see that, in the road extracted image, a section of the road with bare soil on the surface is missing compared to the actual RGB image, which may cause the user to encounter some emergency situations, such as the route planned by the UAV appearing to have no road in front of it, or the route planned by the UAV is best in the model, but the user actually found a better road to walk on. These situations require the drone to communicate with the user in real-time, and emergency rescue situations are possible to re-plan the routes for the users.




4.2. Human–UAV Interaction for Emergency Rescue Recognition


Based on the dataset created in Table 4, we split the entire dataset into 70% and 30% portions, with the 30% serving as the testing set. The testing set for validating the accuracy of the model contains 4784 data points, i.e., 30% of the entire data set was randomly selected to validate the accuracy of the model. Compared to other hand gesture recognition methods, such as using 3D convolutional neural networks [70], we finally chose the hand key points as the basic feature for emergency rescue recognition. The reason is that the features of the hand key points are concise, intuitive, and easy to distinguish between different hand gestures. In contrast, 3DCNN is both time-consuming and struggles to train large neural networks. As for the classifiers, we tested on five different classifiers, namely logistic regression [65], ridge classifier [66], random forest classifier [67], gradient boosting classifier [68], and deep neural network [69]. The accuracies obtained for these classical and commonly used classifiers on the testing set of our dataset are shown in Table 5. We have retained six decimal digits for the accuracy results. We can see that the DNN results are the highest, which is why we chose to train the model with DNN at the base station and finally deploy it on the drone. The model accuracy of the DNN can reach 99.9% on the testing set, and this accuracy is crucial for the research part of this work, as the drones need to be ready to accurately identify when the user is in an emergency or when there is potential danger around them.



The DNN model has been programmed using Keras Sequential API in Python and compiled using Keras with a TensorFlow backend. There are four layers with batch normalization behind each one and 128, 64, 16, and 4 units in each dense layer sequentially. The total number of parameters included is 18,260, of which 17,844 are trainable parameters and 416 are non-trainable parameters. The last layer of the model is with Softmax activation and 4 outputs. The categorical cross-entropy loss function is utilized because of its suitability to measure the performance of the fully connected layer’s output with Softmax activation. Adam optimizer with an initial learning rate of 0.0001 is utilized to control the learning rate. Figure 13 shows the changes in accuracy and loss of the DNN model throughout the training process. We can see that the model stabilizes in accuracy and loss after 20 epochs of training and, after 100 epochs of training, the model achieves an accuracy of 99.99% on the training set and 99.92% on the testing set. Figure 14 shows the confusion matrix of the model on the testing set, which is an evaluation of the DNN model, and we can see that the predictions are concentrated on the diagonal, meaning that most of them are accurately predicted. The processing time of the DNN model was computed using the start a timer clock function in Python code. The real running time of the emergency rescue recognition framework is around 20 ms. In human interaction, the FPS value is maintained at around 5, which is in accordance with the real motion.



Figure 15 shows a demonstration of emergency rescue recognition. While the UAV was flying at an altitude of less than 10 m, we tried to simulate a field environment and performed a demonstration of emergency rescue recognition. It can be seen that different hand gestures are well predicted and, due to the high accuracy of the model, the model is very sensitive to the recognition of switching between different gestures, even dynamic sign for help gestures. This part of the function also assists the drone in its navigation tasks. When a human is following the route planned by the drone and suddenly encounters a situation where there is no road ahead or a better alternative route is available, then the human can interact with the drone in real-time and the drone will re-route for the human. The background environment in Figure 15 is a simulated field environment in the laboratory, where you can see the presence of some plants of about the same height as a human in the background, and object detection [61] was implemented in our previous work to give an early warning when a human is present. The first row of three images in Figure 15 shows the following normal static gestures: good, v-sign, and ok, which means that everything is normal from the user’s point of view, and we can see that the categories and probabilities of the gestures are well presented in the top right corner. The second row shows the dynamic emergency gesture (sign for help), where a warning is immediately given so that the drone can take the appropriate rescue measures, re-route for humans, or directly call a rescuer. It is important to note that the main reason we did not choose voice interaction here was due to the background of the paper, where the field environment combined with the bad weather and external noise was not conducive to verbal interaction. Therefore, gesture recognition is one of the best possible solutions. Later, UAV may interact with sharp sounds or projected phrase/signals on the ground.





5. Discussion


The main concept of this work is to propose a road condition detection and emergency rescue recognition system for people in wilderness environments with poor network and bad weather conditions. The system utilizes the flexibility of UAVs and the collaboration between low altitude UAVs and high altitude satellites to provide the most timely assistance and monitor the best routes for humans in distress. Firstly, the system’s upfront input is satellite data and weather data, and the real-time input is a video sequence captured by the drone camera. For drones equipped with multispectral camera sensors, in addition to the real-time video sequences, we can also access four channels of multispectral images. If the UAV does not have a multispectral sensor, then the detection of road material is completely dependent on the multispectral image information from the satellite. Next comes the data processing of the captured video sequences by the UAV. The UAV equipped with a GPU can segment the video sequences into image sequences in real-time, where RGB images are used as input for road extraction, and hyperspectral images are used as input for road material detection. The main backbone technologies of this work are as follows: the NDVI values are classified by multispectral images for the purpose of detecting the material composition of the road, i.e., bare soil road and non-bare soil gravel road can be well differentiated. The information on the different material compositions of the road surface is combined with the weather information entered in advance to estimate the speed of pedestrians walking on the different materials of the road surface. Based on the yolo3-tiny model previously deployed on the UAV, the throughput of each road can be evaluated. D-LinkNet is the backbone technical support for road extraction and, based on the extracted roads, we can obtain geometric characteristics, such as the length and width of the different roads. Combining all that has been described, the pedestrians walking speed, the throughput of the road, the length and width of the road, and the connectivity are all used as the main basis for giving priority to the road. Finally, roads in the road network are given different priorities and the A* algorithm with weights is applied to the starting and ending positions reported by the user for optimal route planning and ultimately for the purpose of navigation. As the optimal route planning is limited by the accuracy of the road extraction results, it is necessary for the UAV to adjust the flight altitude and have real-time human–UAV interaction with the user. Thus, a dataset for emergency rescue recognition was built and a reliable DNN model with high accuracy was trained. The model is primarily used for emergency rescue or to adjust navigation routes for the user.



The road condition detection in this work is different from the traditional road condition detection methods [71,72,73,74]. In this work, road condition detection is achieved by fusing a pre-trained road extraction model from a relevant dataset with NDVI information from different bands obtained from remote sensing information. Road extraction using D-LinkNet is then combined with advance weather information downloads to obtain the width of the road, the length of the road, the speed of pedestrians, the surface material of the road, and the throughput of the road, ultimately enabling the detection of road conditions. Most of the existing methods rely on various sensors, such as Wi-Fi, GPS, accelerometers, microphones, GSM antennae, in-vehicle standard sensors, laser sensors, stereo cameras, RGB cameras etc., which are usually deployed on ground vehicles, ground robots, or smartphones; however, the platform used as the data source for this paper is a drone with multispectral camera. The UAV platform is well-matched for aerial reconnaissance, and it has an unhindered large field of view. It allows for navigation through difficult terrains and facilitates safe and quick inspections. Some of the above-mentioned sensors will not work well in the wilderness without a network, and it is important to consider that these sensors do not affect the endurance of the drone once it is deployed. The endurance of a GPU-equipped UAV with an NVIDIA Jetson AGX Xavier developer kit, along with a Parrot Sequoia+ multispectral camera is around half an hour in our proposed system. With the development of artificial intelligence technology, the data sets collected by different sensors on different platforms are becoming more and more available, and it is in the area of autonomous driving that most applications in road detection are being made. Classification of road surface materials and the prediction of the damage to the road surface are being achieved with a high accuracy [75,76,77,78,79], but the above platforms are limited by a smaller field of view compared to drones, and the use cases are different.



The innovation of using drones for emergency rescue recognition at low altitude is the use of the latest dynamic gesture recognition technology for potential hazards (such as sign for help), avoiding interference from the external environment in the field. There are many options for using UAVs for emergency rescue, and vision technology is one of the best solutions to avoid interference from the drone rotors or external environmental noise to the voice recognition technology for search and rescue [80]. The emergency rescue recognition system proposed in this paper is a pre-trained model deployed on a UAV that runs in real-time which can then return the results to the ground base station as a projected signal or a sharp sound. There are many special and specific applications for drones for emergency rescue, such as searching for people [81], for man overboard rescue scenarios [82], etc. Most of these emergency rescue approaches incorporate machine learning methods to propose some new models with high accuracy from already existing datasets or use the collected datasets to train specified models to be deployed for use on UAVs. In this work, the core of the emergency rescue approach is to gain the attention of the drone through local dynamic gestures in order to help the user, such as in cases of re-routing. This dataset was collected in our lab and divided 7 to 3 into a training set and a testing set, respectively. The models were trained on each of the four most-used classifiers, and the winning DNN model was finally deployed for use on the drone.



The limitations of this paper are discussed based on the experimental results of the whole system as follows. In the optimal path planning section, the user is required to actively report their starting position and destination to the UAV, a process that requires the UAV to fly at low altitude, and an interaction which must be completed through dynamic interactive gestures [30]. Due to the lack of real wilderness tests, the evaluation of the walking speed of pedestrians on different roads and the road throughput is not shown in the results section, but according to our previous work proposal [61], it is theoretically possible to count and track the number and location of people in real-time by deploying a yolo3-tiny model on the UAV. The road network in the UAV dataset used in this work is relatively simple. Of course, many publicly available UAV datasets with complex road networks already exist, but these are collected with cameras that do not use multispectral sensors on board, so they do not meet the needs of road surface material detection and classification. For satellite datasets, there are many and mostly free human-accessible databases, such as the sentinel-1 dataset and sentinel-2 dataset, which are publicly available and have many bands. It is worth noting that when selecting these datasets, we need to avoid datasets with cloud cover. The system proposed in this work is limited by the accuracy of road extraction techniques, which is the reason for creating the emergency rescue recognition dataset and training the highest accuracy model. Real-time interaction at low altitude is necessary when a human is following the route planned by the UAV and there is a special situation, such as there being no road ahead or a better alternative route available where the UAV can re-route for the user. Finally, because the endurance of the UAV proposed in this paper is limited (around half an hour), the battery life of the UAV should be well predicted and controlled and, if necessary, swarms of UAVs can also be added, with different UAVs performing different tasks to ensure the successful completion of road condition detection and emergency rescue recognition through cooperation.



The cooperation between drones and satellites is particularly important when extreme situations are encountered in the field, for example, when roads are flooded. Even if the drone is equipped with a multispectral camera, the satellite data can be downloaded in advance and used together. By downloading the satellite information in advance, we can obtain geographical information about the area, such as the terrain, road networks, rivers, etc. At the same time, research in related fields, such as water level detection by drones during floods [83] and flood detection [84], can be considered for deployment and application to drones. Similarly, reference can be made to water segmentation in very high-resolution aerial and satellite imagery [85], which indicates a problem at the same location if the results do not match the road and river information downloaded in advance from the satellite data. Solutions for river detection and flood detection can be found in our previous work [20] using the fusion MRF method. Humans in such extreme conditions will need to wait for rescue workers to be transported by boat.



Considering people from different cultures, we use hand gestures which have general meanings, so that in each context the human can communicate receiving the feedback (e.g., audio message or projected text on the surface) from the UAV board. In short, the results that can be achieved and applied in this work are the detection of road conditions and the accurate recognition of emergency signals by UAVs for human–machine interaction.




6. Conclusions


The main contributions and novelties of this paper are as following. Firstly, the information provided by the UAV itself or by the combination of both UAV and satellite enables the detection of road surface materials and use multispectral information to differentiate between different road types (bare soil roads and non-bare soil roads). Secondly, the walking speed of pedestrians on different roads was estimated in combination with the constituent materials of the road surface and weather information, and the throughput of the road was also assessed, which complements and theoretically supports our previous road weights assignment work [48]. Thirdly, drones flying at high altitudes can plan the best route for humans in distress; drones flying at low altitudes can communicate freely with humans on the ground in real-time and provide accurate recognition of emergency rescue information. Drones maximize the multi-faceted ways in which they can help users in distress. Finally, the information provided by low-altitude drones is fused with hyperspectral image information provided by high-altitude satellites to provide humans with a wider range of search and rescue information. The main challenges have been solved, as follows:




	
Drones can plan the optimal routes in real-time for humans in the wilderness with poor network conditions and bad weather;



	
Different road types are well differentiated, the walking speed of pedestrians is estimated, and the throughput of the road can theoretically be evaluated;



	
In the road extraction network map, the priority of the different roads is given on a sufficient basis, which refines our previous work;



	
Here, UAVs flying at low latitudes can perform human–machine interaction tasks very accurately.








In short, the novel features of this proof-of-concept paper are as follows:




	
Estimating the soil type from multispectral information;



	
Estimating the road quality from the weather and soil information;



	
Finding the paths/roads on the terrain;



	
Weighting the paths by walking/driving quality measure;



	
Finding the optimal routes based on the weighted route-map.








This paper has shown a tool-set for a future emergency related situation. In future work, if emergency rescue situation simulation is allowed, we will test this system in a field environment. We will also try to collect UAV multispectral datasets with complex road networks. Finally, for the A* algorithm of path planning, we will try to use and compare other related path planning search algorithms. Different algorithms for route search with weights will be further compared and optimized.
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Figure 1. Drone with on-board GPU and multispectral camera. 
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Figure 2. UAV with Parrot Sequoia+ multispectral camera dataset (The location is Biatorbágy, Budapest, Hungary). 
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Figure 3. GeoEye’s OrbView–3 satellite Dataset (The location is Birdwood, Adelaide, Australia). 
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Figure 4. Flowchart of the proposed whole system [30,47,48]. 
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Figure 5. The five categories used to assess the road throughput. 
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Figure 6. Architecture of the emergency rescue recognition method [64]. 
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Figure 7. Road surface condition detection and road extraction with weights results for the UAV dataset. 
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Figure 8. Optimal route planning results for the road maps with and without weight assignment in the UAV dataset. 
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Figure 9. Optimal route planning results for the complex road maps with and without weight assignment in the previous work [48]. 
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Figure 10. NDVI index and NDVI classes results for GeoEye’s OrbView–3 satellite dataset. 
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Figure 11. Road surface condition detection and classification results for GeoEye’s OrbView–3 satellite dataset by zooming in on white boxes. 
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Figure 12. Results of road extraction and optimal path planning on the GeoEye’s OrbView–3 satellite dataset. 
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Figure 13. Evaluation of emergency rescue recognition DNN model. 
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Figure 14. Confusion matrix with predicted labels on X-axis and true labels on the Y-axis tested in the testing set. 
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Figure 15. Demonstration of the results of simulated wilderness environments for emergency rescue recognition. 
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Table 1. Jetson AGX Xavier and Parrot Sequoia+ multispectral camera specification.
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Jetson AGX Xavier [31]

	
Parrot Sequoia +

Multispectral Camera [32]






	
GPU

	
512-core Volta GPU with Tensor Cores

	
Sensor

	
Multispectral sensor + RGB camera




	
CPU

	
8-core ARM v8.2 64-bit CPU, 8MB L2 + 4MB L3

	
Multispectral sensor

	
4-band




	
Memory

	
32GB 256-Bit LPDDR4x|137GB/s

	
RGB resolution

	
16 MP, 4608 × 3456 px




	
Storage

	
32GB eMMC 5.1

	
Single-band resolution

	
1.2 MP, 1280 × 960 px




	
DL Accelerator

	
(2×) NVDLA Engines

	
Multispectral bands

	
Green (550 ± 40 nm)

Red (660 ± 40 nm)

Red-edge (735 ± 10 nm)

Near-infrared (790 ± 40 nm)




	
Vision Accelerator

	
7-way VLIW Vision Processor

	
Single-band shutter

	
Global




	
Encoder/Decoder

	
(2×) 4Kp60|HEVC/(2×) 4Kp60|12-Bit Support

	
RGB shutter

	
Rolling




	
Size

	
105 mm × 105 mm × 65 mm

	
Size

	
59mm × 41mm × 28mm




	
Deployment

	
Module (Jetson AGX Xavier)

	
Weight

	
72 g (2.5 oz)
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Table 2. Orbview-3 Specifications and GeoEye’s OrbView-3 satellite Dataset Attribute.
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Orbview-3 Specifications [37]

	
Dataset (BirdWood, Adelaide, Australia) Attribute [35]






	
Imaging Mode

	
Panchromatic

	
Multispectral

	
Entity ID

	
3V070304M0001619071A520001900252M_001655941




	
Spatial Resolution

	
1 m

	
4 m

	
Acquisition Date

	
2007/03/04




	
Imaging Channels

	
1 channel

	
4 channels

	
Map Projection

	
GEOGRAPHIC




	
Spectral Range

	
450–900 nm

	
450–520 nm (blue)

520–600 nm (green)

625–695 nm (red)

760–900 nm (NIR)

	
Date Entered

	
2011/11/10
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Table 3. The data types and features of the UAV and satellite referenced experimental areas.
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	Data Types and Features
	UAV Dataset
	Satellite Dataset





	RGB Images Resolution
	15,735 × 14,355
	7202 × 2151



	Multispectral Images
	Red (660 ± 40 nm)

Near-infrared (790 ± 40 nm)
	Red (625–695 nm)

Near-infrared (760–900 nm)



	Cloud Cover
	0
	0



	Coverage area
	Small
	large
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Table 4. Emergency rescue recognition dataset.
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	Name
	Number of Data
	Hand Gestures





	ok
	4232
	 [image: Remotesensing 14 04355 i001]



	v-sign
	3754
	 [image: Remotesensing 14 04355 i002]



	Good
	4457
	 [image: Remotesensing 14 04355 i003]



	SignForHelp

(dynamic)
	3504
	 [image: Remotesensing 14 04355 i004]
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Table 5. Accuracy of emergency rescue recognition dataset on different classifiers.
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	Classifiers
	Accuracy on Testing Dataset





	Logistic Regression [65]
	99.5193%



	Ridge Classifier [66]
	98.5789%



	Random Forest Classifier [67]
	99.6865%



	Gradient Boosting Classifier [68]
	99.5402%



	Deep Neural Network [69]
	99.9164%
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