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Abstract

:

This paper presents an end-to-end methodology that can be used in the disaster response process. The core element of the proposed method is a deep learning process which enables a helicopter landing site analysis through the identification of soccer fields. The method trains a deep learning autoencoder with the help of volunteered geographic information and satellite images. The process is mostly automated, it was developed to be applied in a time- and resource-constrained environment and keeps the human factor in the loop in order to control the final decisions. We show that through this process the cognitive load (CL) for an expert image analyst will be reduced by 70%, while the process will successfully identify 85.6% of the potential landing sites. We conclude that the suggested methodology can be used as part of a disaster response process.
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1. Introduction


According to the UN Office for Disaster Risk Reduction (UNDRR, https://www.unisdr.org/) the estimated global population that was affected by any type of natural disaster between 1998 and 2017 reached 4.5 billion people. If man-made disasters are also taken into account (e.g., industrial accidents, war conflicts, terrorism) then the overall number can become considerably bigger. Humanitarian support and disaster relief initiatives are paramount to saving lives and mitigating the impact of disasters. However, in order to minimize the negative impact of a disaster, accessibility to accurate geospatial information and near real-time imagery is needed in the very early stages of such an event. Moreover, in order for such initiatives to be effective they must be, among other things, both quick in response and well-planned. These two factors, by definition, contradict each other and a balance must always be sought.



While in the past the main challenge was access to suitable and up-to-date imagery that could give a clear picture of a disaster aftermath, today it is not uncommon to face the exact opposite challenge. It is expected that more than 8500 smallsats (i.e., less than 500 Kgr) will be launched in the next decade alone, at an average of more than 800 satellites per year, and the constellations will account for 83% of the satellites to be launched by 2028 [1], thus providing multiple full-global coverage on a daily basis. These satellites can be tasked to collect and deliver data within a matter of hours [2] or even develop constellations that will be anticipating natural disasters in order to mitigate their effects [3]. This proliferation of earth-observing systems broadens the sensing characteristics and capabilities, as well as the global coordination of Earth Observation (EO) sensors. For the former, see, for example, the CEOS (Committee on Earth Observation Satellites) database (http://database.eohandbook.com/) or the OSCAR (Observing Systems Capability Analysis and Review Tool) database of the WMO (World Meteorological Organisation, https://www.wmosat.info/oscar/satellites) [4]. For the latter, GEO (Group on Earth Observations) is an international organization consisting of more than 200 governments and organizations with a mission to implement GEOSS. According to [4], 150 data providers contribute to GEOSS and in total, there are around 200 million data sets available. In this context, reference [5] explains that two of the main aspects of big data in remote sensing and earth observation are applications and methodologies. Today, these aspects demand novel environments and pose new challenges that require rethinking and updating the currently followed processes and workflows. To this end, it is recognized that Machine Learning (ML)/Deep Learning (DL) can and will play a central role [5,6]. Moreover, the demand for real-time and near real-time products by time-critical remote sensing applications require efficient methods to deal with data. Similarly, remote sensing applications for wide areas can be easily overwhelmed with massive data flows [7].



These developments are and will continue to create huge volumes of data to be managed, on top of the already produced ones. For example, since 2017, just from the Sentinel constellation about 25 Petabytes of data have been acquired [8]. In this context, in the case of an emergency, an increased workload of image interpretation should be expected. Yet, as [9] noted, no decision-maker or relief worker can work with raw satellite imagery, thus meticulous processing, analysis, and interpretation is needed in order to produce products that can be used by planners and first responders. However, when it comes to the use of specialized personnel in various phases of the disaster management process, bottlenecks appear and time and workload pressure can make human agents prone to errors. Increasing the degree of automation and developing end-to-end methodologies for image interpretation would provide strong benefits and counterbalance any possible bottlenecks. That level of automation is a challenge, but it can deliver results faster and it can provide the ability to take advantage of a frequently recurring flow of more up-to-date images. Moreover, as the discussion about open data policies is maturing, these need to be supported with mechanisms for easy access and easy discovery of data. Indeed, there are considerable advances in storing and organizing huge volumes of satellite date, such as Earth Observations (EO) data cubes [10,11,12] which bring closer the vision of Digital Earth [13,14].



Similarly, the analysis of huge volumes of data needs to go beyond the traditional methods. Artificial Intelligence (AI) and ML/DL can offer a great breakthrough to this challenge. In the early years, the remote sensing domain profited from the development of support vector machine (SVM) or random forest (RF) classifiers for tasks such as image classification or change detection [15]. A meta-analysis conducted by [16] in 2014 of 1651 articles regarding remote sensing classification methods showed that the more traditional parametric maximum likelihood classifier was the most commonly used method, despite the fact that ML/DL methods were found to have considerably higher accuracies. The recent developments in ML/DL have further improved the state-of-the-art in computer vision and provide a promising environment for remote sensing applications to emerge, but as [17] noted, there is a reluctance in ML/DL proliferation that stems from the uncertainties regarding how to develop and implement effective ML/DL techniques. Similarly, Ref. [8] noted that deep learning techniques function mainly as black-boxes that give little, if any, insight regarding how they work and why the results should be trusted. This uncertainty might be even bigger, and thus can make the adoption of possibly more efficient deep learning techniques even scarcer, when it comes to time constrained and/or life-critical situations. Furthermore, as [18] explained, modern ML/DL models, while trying to achieve more accurate results, increase the computation cost needed to be trained. As a consequence, while such models advance the state-of-the-art, they become unusable for real-life applications. Thus, more practical and compact methodologies need to be developed. Notwithstanding the ML/DL progress, AI has not reached a level that can take full control of a decision process for many trivial tasks, let alone life-critical situations such as humanitarian response, disaster management, or relief planning (for further discussion on ML/DL challenges see Section 2.5).



In this context, we support that a hybrid process that keeps the human in the loop of critical decision-making, but still provides an advanced level of automation, and thus, minimizes potential bottlenecks and enhances effectiveness, is the right balance to strike, both for today and for the foreseeable future. We suggest an end-to-end, mainly automated, methodology for future detection using DL. Our case study focuses on a common task that requires satellite imagery: Helicopter Landing Site (HLS) analysis. More specifically, we focus on the detection of soccer fields, which provide very good candidate sites. In general, soccer fields provide flat and solid ground that does not deteriorate easily due to weather conditions or repeated use. They provide adequate space for multiple or big helicopters to land safely. Usually, soccer fields are located close to main road networks, there is access to basic infrastructure and facilities (e.g., light, water) and provide access to medium and (perhaps) large size vehicles (due to regulations that dictate access to ambulances and (perhaps) fire trucks), thus allowing the transportation of humans or freights in emergency situations. Importantly, there are no overhead power lines crossing these areas, which pose a lethal danger for helicopters and are extremely difficult to spot in other candidate areas, even with high-resolution images.



The proposed methodology is developed by taking into account real-life and pragmatic restraining and facilitating factors. In the former belong issues like small or no pre-existing training datasets, the requirement for fast model training, limited access to ML/DL processing power, and the availability of training data images from multiple sources of unknown processing lineage and of multiple formats. In the latter belong the availability of Volunteered Geographic Information (VGI) from sources like Openstreetmap (OSM) and the availability of geographic information software (GIS). Thus, the aim of this paper is not to introduce an ML/DL effort that uses hundreds of thousands or millions of images as a training dataset, or one that needs to train a model by using powerful computers for weeks or months in order to achieve the maximum possible accuracy. In real-life situations, this is not practical and even models that score high accuracies in predefined test datasets can be easily fooled by adversarial images (see Section 2.5). Our aim is to answer the following questions: (i) how much can ML/DL help disaster relief experts by reducing their cognitive load and by providing effective and usable results in time-restricted and life-critical applications; (ii) can a mainly automated ML/DL-based methodology be developed in resource-constrained (in terms of time, computing power, training data, etc.) environments.



The remainder of the paper is structured as follows: Section 2 provides a brief literature review on several topics needed throughout the paper, such as the use of VGI, the potentials of ML/DL in the Geospatial domain, the characteristics of Autoencoders and Deep Learning Autoencoders (DLA) and the challenges that DL/ML faces. All these are used to build the rationale behind the methodology selected, which is described in Section 3. The methodology is applied to real-life data and the results are presented in Section 4. Section 5 provides a discussion of the methodology and of the results. In Section 6 the conclusions of the paper are presented.




2. Literature Review


2.1. Helicopter Landing Site Analysis


HLS analysis has always been an important issue in aviation and mission planning, not least because over 36% of rotorcraft accidents from 1963 to 1997 were due to collisions with objects, hard landings, and roll-overs, according to a NASA study [19]. Moreover, forced or emergency landing is vital whenever there is a system failure, and thus research is focused mainly on quickly identifying non-permanent and unprepared landing sites. The proliferation of Un-manned Aerial Vehicles (UAVs) increased the interest in this field. The early efforts focused on expert classification systems able to perform basic spatial analysis using various layers of geospatial data [20]. More advanced research focused on image interpretation methods and onboard laser scanners for real-time mapping. Reference [21] used histogram thresholding and Canny edge operator in order to detect a wide range of edges in an image and then feed that into a line-expansion algorithm in order to locate the candidate areas for UAV landing. A 3D Light detection and ranging and Inertial Navigation System (LiDAR/INS) perception and planning system was developed by [22], which required limited-hover time in order to perform real-time terrain mapping and search for a candidate emergency landing site. A combination of a volumetric convolutional neural network system fed with density grid maps extracted from a LiDAR generated point cloud was introduced by [23]. However, emergency landing site recognition aims primarily to save the passengers and the helicopter or the UAV and does not search for optimal landing sites for support operations, which should fulfill the characteristics discussed earlier. Thus, this line of research cannot underpin relief planning missions, as there are fundamentally different requirements.




2.2. Volunteered Geographic Information


Notwithstanding the increasing acceptance of VGI, with OSM being the prime example, crowdsourced data remains a challenging field when it comes to life critical applications. It is not easy, if at all possible, to eliminate factors such as uncertainty, redundancy, irrelevant content, errors, biases, unstructured data, false positives, and heterogeneity from VGI datasets. Furthermore, spatial accuracy and data scarcity in several places of the world remain a challenge. Despite the fact that these challenges have not deterred researchers from using VGI in order to create more efficient disaster management processes and plans or to use VGI in disaster relief initiatives (see, for example, [24,25] for several cases), a more promising approach could be to intertwine VGI with ML/DL. This intertwining could absorb many of the deficiencies of VGI (e.g., quality and scarcity) and of ML/DL (e.g., pre-existence of training sets and models or biased training sets), and thus, by combining the best of the two worlds to equip planners and operators of a disaster management effort with more effective tools. So far, crowdsourcing has been used to manually collect feature labels, correct, and adjust them in order to use them for the preparation of the training dataset [26,27].




2.3. Machine Learning/Deep Learning


In the ML/DL front, one of the many “eureka” moments was the presentation of AlexNet [28], a Convolutional Neural Network (CNN) which won the popular ImageNet contest by a wide margin. While this was not the first CNN-based proposed method, it showed the way for achieving high accuracies in complex image classification problems. Today, apart from CNN, several other variations, such as Autoencoder (AE) and Deep Learning Autoencoder (DLA), deep belief network (DBN), Recurrent Neural Network (RNN), and deconvolutional NN (DeconvNet), are the main DL methods to address similar problems [29]. For applications of ML/DL in remote sensing problems, the interested reader is encouraged to see [8,15,29,30], which all provide extensive reviews of DL in remote sensing applications. Nevertheless, the impact of ML/DL on the remote sensing domain is still relatively small compared to the developments of ML/DL and its penetration in other Red-Green-Blue (RGB) computer vision domains. Reference [29] explains that this observation can be justified by the fact that remote sensing faces some unique challenges, such as the lack of accurately labeled training data or high dimensionality of input images. Efforts to drum up interest and to push forward ML/DL developments can be usually spotted in competitions that challenge researchers and developers to present models that are capable of accurately evaluating benchmark datasets (e.g., Kaggle). Lately, similar cases exist for remote sensing application [2], such as the DigitalGlobe challenge, which focuses on disaster response cases, the Crowd AI mapping challenge, which focuses on building detection for humanitarian response in areas with poor mapping coverage, and the Defense Science and Technology Laboratory (Dstl) challenge, which focus on natural or manmade features, such as waterways and buildings from multispectral satellite imagery. It is worth noticing that in the latter challenge the winning entries were all autoencoders. The authors of [2] explained that object detection methods are better for inferring the location of distinctive objects, such as cars or buildings, whereas autoencoders are used for detecting more generic areas, such as water, road surface, or crop lands.



In general, autoencoders are defined from a process that encodes the input, a decoding process and a method that will calculate the loss between the input and the output image [31]. A very basic architecture of an encoder consists of one encoding and one decoding layer and, in this form, can be thought of as an advanced version of principal component analysis (PCA). The autoencoder trains itself in an unsupervised mode simply by presenting input data to the model, calculating the output (see Figure 1), and then using a backpropagation algorithm to minimize the cost function by adjusting the weights of the model. In that sense, autoencoders function as anomaly detectors. As autoencoders are trained to reconstruct the most resilient characteristics of a specific object, the cost to do so decreases. A trained model, when faced with an image of a different object, will manage to reconstruct it, but the error will be higher than expected. Thus, choosing a cost threshold enables an autoencoder to function as an anomaly detector. More advanced versions are deep learning autoencoders (DLAs), where each hidden layer is fully connected to the input of the next hidden layer.



Apart from anomaly detection [32,33], scene understanding for robotics [34], or 3D shape reconstruction [35], AEs have been used extensively in remote sensing [8,15,29,30] and have been proven to provide promising solutions to many classic remote sensing problems. For denoising and pan-sharpening images, a modified sparse denoising AE was used by [36] to learn the relationship between clean high-resolution images and low spatial/high spectral resolution images used as corrupted data. Similarly, Ref. [37] worked on the pan-sharpening problem by using a modified AE. For pixel-based classification, AE has been used with hyperspectral images (HSI) for feature extraction and image classification [38,39,40,41,42]. AE was used in [43] in order to extract both spatial and spectral features from HSI with a single network as part of a broader calcification process. For targeted feature recognition (e.g., ship, aircraft, or vehicle detection), AEs have been used to overcome challenges, such as a relatively small size and usually large number of targets and the complex neighboring environment [30,44].




2.4. Training Strategies


Another major decision is what kind of training strategy can be followed. In general, there are three different methods: (i) direct use of pre-trained networks, (ii) adapt pre-trained networks, and (iii) train a new network. While the first two options can have better overall results, they are out of scope of this research, given the restrictions set in the introduction. As [8] noted, the popular pre-trained networks are very large and contain millions of parameters to be learned. When used or re-trained with small training datasets, they will easily overfit (i.e., the model will memorize the parameters of the new small training set and will be unable to generalize in unseen images, thus it will perform poorly with unknown data). Reference [8] provides several examples in which researchers have opted to use smaller and completely new models and train them only with satellite images, so as to better handle remote sensing problems (see, for example, [30,45,46,47]). Interestingly, though, ref. [15] pointed out that in their review, most research efforts, and thus the pre-trained models suggested, focused on hyperspectral data or high spatial resolution images by using benchmark datasets, and therefore there is a limited number of studies that have focused on actual and practical applications of DL for remote sensing tasks.




2.5. ML/DL Challenges


Benchmark datasets are fundamental in several cases, as they provide a baseline to compare different options and methodologies. However, migrating from a benchmark dataset to the real world is not always a straightforward process, as there might be multiple challenges that have not been addressed in a lab-generated or hand-picked dataset. Reference [48] gives a detailed description of the problem and it is intriguing to follow the literature regarding how easy it is for deep neural networks (DNN), which are highly accurate on benchmark datasets, to be confused and perform poorly when they have to work with real-life adversarial cases. For example, [49] reported that with a set of adversarial images a DNN achieved an accuracy of approximately 2%, which was a drop of approximately 90% compared with its accuracy with the benchmark IMAGENET dataset. Similarly, [50] (p. 164) explored the “fundamental brittleness” (as François Chollet eloquently describes it) and presented multiple examples of how this can be achieved by using both artificial and natural adversarial images. For example, [51] showed how easy it is to create images that are impossible to recognize for humans but DNNs still assign them to a category with a confidence of 99.99%. Even small changes, such as translations, 2D rotations [52], or 3D rotations [53] of an image can completely fool a DNN. Moreover, it has been shown that small changes of texture or color cues can equally deteriorate the accuracy of DNN predictions [54]. In many of these cases, the image changes can be very subtle and not recognizable by a human, but still DNNs can give completely wrong predictions. Importantly, apart from changed images, unchanged natural images can also easily fool an otherwise accurate DNN [49]. So, as [55] summarized it, the evaluation of classifiers by their sheer performance on easy examples can make their deficiencies go unnoticed. This situation becomes even more confusing due to the fact that DNNs often report high confidence in their mistakenly inferred categories [49,51]. To date, it is not possible to provide a concrete solution to such problems, and thus fully trusting a DNN only by its confidence percentage might prove to be challenging and problematic, especially in emergency and life-critical processes [56].



Therefore, a possible option is to use ML/DL as an augmentation of human analysts and by doing so to move from a human-only process with multiple bottlenecks to a more automated process, yet preserving the quality of the results generated [2]. In this context, the methodology proposed is based on the fusion of human and artificial intelligence in order to develop a process that allows an expert to operate alongside DNNs.





3. Methodology


3.1. Data Acquisition


The first step was to locate inside the OSM database the crowd-contributed data for the soccer field category, which overlap the areas where satellite imagery is available. This was done with the help of the OSM Overpass Turbo Application Programming Interface (API). The requests returned as responses xml-based files, which were used by an algorithm in order to compute a 400 × 400 m rectangle around each soccer field. These rectangles were used later for cropping the satellite images. As the granularity of the OSM data can vary, soccer fields exist both as points and polygons inside the OSM database. In the cases where a soccer field was denoted as a single point, then this point was used as the center of the rectangle. If the soccer field was delineated with a polygon, then an envelope was computed around the soccer field feature, and the center of the envelope was used as the center for the computation of the 400 × 400 m rectangle.



The satellite images available for the research were acquired from many different sources from around Europe, and thus we can speculate that the images were captured with different sensors, and managed with different processes, transformations, and resampling methods, which were unknown to us and beyond our control. What was known is that the images were cloud-free, georeferenced (with unknown accuracy), three-channel (RGB), 8-bit pixel depth, JPEG compressed, and with a spatial resolution of 1 m.



By using the 400 × 400 m rectangles described above, the images were automatically cropped, thus creating a dataset containing images of 400 × 400 pixels, samples of which can be seen in Figure 2. The soccer field features were of variable sizes and appeared in random rotation, thus a buffer zone needed to be decided. The choice of a 400 × 400 m rectangle (and thus cropping 400 × 400 pixel images) was arbitrary but it was based on an observation and a goal. The observation was that the OSM features did not always coincide with the features depicted in the images. This positional mismatch needed to be taken into account in order to have the entire feature inside the raw training image (although through the augmentation process this will not always be the case). The goal was to minimize the number of inferences that need to take place in order to examine an area. Therefore, the images should be large enough but still a considerable portion in each of them needs to be covered by the soccer field itself.



This process created a dataset of 2490 images and no further selection criteria were applied in order not to further reduce the image number, as this is already very small for training ML models, and in order to include possible natural adversarial images. A total of 250 random images were kept apart to be used in the evaluation process (see Section 3.3). For the remaining images, and in order to counterbalance the small training and validation samples, an augmentation process was followed by applying random dx, dy, and rotation factors. After the augmentation process the images were separated into two groups: the training group, with 9998 images, and the validating group, with 5243 images, with no overlaps. It could be argued that more training images could be acquired from the results provided by a search engine. However, as [49] explained, this would insert a bias in the training data, since search engines classify their images using CNNs. So, in practice, a search engine will return images that have been already classified as soccer fields by an ML/DL.




3.2. DLA and Training


The model used for training was a Deep Learning (or Stacked) Autoencoder (DLA). The architecture was decided through trial-and-error efforts, during which hyperparameter-tuning took place. During this fine-tuning process, each set of hyperparameters was evaluated through the monitoring of the training and validation loss. After a small number of epochs it was obvious if the parameters chosen were performing well or not. This considerably increased the speed of the methodology proposed. The aim was for the model to achieve a balance between minimum training time and best possible outcome, so that the whole process could serve the needs of an emergency response scenario.



The final architecture can be seen in Figure 3. The DLA consisted of three encoding layers, aiming to enable DLA to learn complex feature representations, and an equal number of symmetric decoding layers with the same padding. Each one of the encoding layers reduced the dimensionality of the input until a certain bottleneck, which held the most resilient characteristics of the input. The decoding layers inversed this procedure, aiming to reconstruct the initial input out of the latent space representation created during the encoding. After each deep layer, batch normalization was applied in order to adaptively normalize data, as the mean and variance change over time during the training process [57]. Also, in the encoding part, a max-pooling filter was applied for each deep layer, while an up-sampling filter was applied at the decoding part of the model. Both max-pooling and up-sampling used a 2 × 2 filter with steps equal to 1. Reference [58] explained that the down-sampling via pooling is needed to reduce the number of model parameters to process, as well as to induce spatial-filter hierarchies; at the same time, keeping the maximal activation (i.e., max-pooling) of the features over small patches has been proven to work better over other options (e.g., average-pooling). The activation of the layers was ReLU, while only the final decoder used sigmoid activation. ReLU (Rectified Linear Unit) is a function that moves negative values to zero: (f(x) = max(0,x)). Experience has showed that ReLU learns much faster and provides better results in networks with hidden layers, while sigmoid is a function (f(x) = 1/(1 + e^-x)) that moves arbitrary values into the [0, 1] interval [58,59,60]. The sigmoid output (i.e., from 0 up to 1) can be interpreted as a probability, and it was used only in the last output of the model. The optimizer used was adam (adaptive moment estimation), which computes individual adaptive learning rates for different parameters [61] and the loss function binary_crossentropy. The training of the model was made for 100 epochs using a batch size of 16. In total, the model had 11,083 parameters (10,971 trainable and 112 non-trainable).



For all the steps of the ML/DL process (i.e., data augmentation, model training, evaluation, and inference—see Section 4) the Google Colab (https://colab.research.google.com/) platform was used, which provides free access to both CPU and GPU processing power. In all steps the latter option was used since it is considerably faster. The training lasted for approximately three hours.




3.3. DLA Evaluation


Every trained model was evaluated against a set of 250 positive and 500 negative (i.e., not including a soccer field) images in order to determine the reconstruction error threshold. For the selected model, the reconstruction errors for positive and negative images are shown in Figure 4.



Ideally, there should be no or very small overlap between the reconstruction error of positives and negatives. Since the DLA was trained in soccer field images only, the reconstruction error for those images (i.e., positives) should be small, while for other images (i.e., negatives) it should be bigger. If this was the case, then it would be easy to determine a threshold which clearly separated positives from negatives. However, as it can be seen, this was not the case. For example, although the reconstruction error frequencies (Figure 4) were different (see also Table 1), with the majority of positives having a reconstruction error less than 0.0025, while the majority of negatives had a bigger error than this, still, the overlap was considerably high. This would lead to many false negatives and false positives when the model would have to infer unseen images.



The small reconstruction errors in several negative images can be explained by the fact that some images are very easy to reconstruct (e.g., grass-land, water bodies). In order to tackle this challenge, an approach different to what is usually applied in deep learning applications was followed. The calculation of the DLA reconstruction error was made for each of the three image channels independently. Since DLA calculates the reconstruction error between the input and the output image, a separate error value was calculated for every channel. This was based on the assumption that in remote sensing, the relationships among the RGB channels are not meaningless, as in many image recognition problems. For example, the colors of a dog have no interrelation and probably play no or minimal role to the final categorization of an image as a dog or not. In contrast, in remote sensing, the pixel values of an RGB image have a meaningful role to play in object classification.




3.4. Infer Areas and Ground Truth Selection


The inference evaluation of the model was made on satellite images, with similar origins and characteristics as the train images. These images covered four different areas in Germany: Berlin, Munich, Mannheim, and Cologne (Figure 5a–d). Each evaluation area was of equal size, 104.04 km2. The ground truth was manually verified and a total of 194 soccer fields were collected.



During the inference phase, each area was sliced in 625 tiles of 400 × 400 m. Each one of these tiles was inferred and a decision was made as to whether it contained a soccer field or not. In order to maximize the accuracy of the model, each area was examined four times (i.e., four passes), each time with a different slicing option, as seen in Figure 6, thus each time creating different tiles. This was decided in order to avoid tiles which contained part of a soccer field being classified as false negatives. This overhead does not affect the overall aim of a quick method as inference is a low-cost process in terms of time (e.g., each group of 625 tiles needs less than 2.5 min to be inferred).



Since during the training of the model, a reconstruction error was computed for every channel, a filter was set up to classify if an image qualified as positive or negative. The filter selected as positive any tile for which the reconstruction error was below the threshold for at least two channels. The tiles that had low reconstruction error and thus qualified for positives were grouped and their footprints were merged and dissolved. Thus, a polygon was created for each evaluation image which covered the area where possible positives existed (see also Figure 7—bright areas).





4. Results


For each evaluation area, Figure 7 shows the DLA-suggested possible positives areas (i.e., the areas that according to the model contain soccer fields) and the actual location of the soccer fields.



Given the initial goals set, the help that such an approach provides could be measured and evaluated with two different criteria. The first criterion was the reduction of the cognitive load of a user which otherwise has to manually pan through the entire area in order to locate all the possible soccer fields before continuing with further operational analysis. Table 2 shows the initial cognitive load, the cognitive load of the DLA, the actual reduction in km2, and the percentage of reduction. Then, Table 2 provides the area that the tiles of the ground truth cover and computes the initial and DLA overhead of cognitive load.



So, for example, for Berlin the model suggested a polygon of 26.04 km2 as possibly containing all the soccer fields of the specific area, thus reducing the initial cognitive load by 78 km2 or 75%. At the same time, the ground truth of the soccer fields covered 9.84 km2. Thus, compared to the initial area of 104 km2 the user would have a workload overhead of 957%, compared with the DLA area, for which the overhead was 165%. Overall, for all four cases, the cognitive load reduction was 70%, while the work overhead was reduced from 843% to 186%.



The second criterion was the accuracy of the model in terms of how many soccer fields were included in the suggested positive areas in relation to the overall number that existed in the selected areas. Table 3 shows the number of soccer fields identified in each area. Out of 194 soccer fields in total, in the areas suggested by the model, there were 166 soccer fields (i.e., 85.6%). The success rate ranged from 78% in Munich up to 91.5% in Cologne.



Overall, the methodology created a process (Figure 8) that can facilitate experts in dealing with increased and repetitive workload in resource-restricted environment. The methodology augments a core of ML/DL processes with well-known steps (such as the use of open source data or standard GIS tools) and requires minimal human intervention. While humans remain in the loop and have the final control in the decision-making process, the method eliminates bottlenecks and hastens reaction and planning.



Finally, it is worth mentioning that in real life, the delineation of earth objects is not as clear as it usually appears in test data of other categories. For example, vehicle detection from high-resolution satellite images is facilitated by the fact that vehicles cannot easily blend with the background environment and their outlines are crisp and easier to detect. However, soccer fields, although they capture a much bigger area, are challenging to spot, as the borders with what is not soccer field can be extremely difficult to detect. Figure 9 shows a number of soccer field examples where the feature characteristics are not so obvious, and thus they are hard to classify correctly, even by an expert image analyst, especially when there is huge pressure in terms of time restrictions or work overload.




5. Discussion


The aim of this paper was to present an end-to-end methodology which could be used in a real-life disaster response scenario. The case examined was the location of soccer fields which, as explained in the introduction, qualify as very good areas for HLS. HLS analysis is a common task in relief supporting missions after a natural or man-made disaster. Moreover, HLS analysis has multiple applications in domains such as defense and security.



The process started by exploiting VGI data available in OSM. Through the available OSM API, the data could be downloaded and processed so as to be used in the creation of a pool of images that was split into training, validation, and evaluation datasets for a DL model to be trained. The datasets consisted of several RGB satellite images, automatically cropped around the soccer fields. In our case, the DL model selected was a DLA which was trained to function as an anomaly detector. The DLA was trained exclusively with soccer field images (raw and augmented) so as to be able to detect as an anomaly all other images that did not include a soccer field. Then, the trained model was used to infer four areas in order to suggest possible locations of soccer fields, while excluding the rest. In our case, the DLA managed to exclude 70% of the initial area and in the remaining 30% of the area, 85.6% of the actual soccer fields were identified.



The whole process is mostly automated as it needs minimal human intervention, while the transition from one step to the other is straightforward to program (in our case the Python programming language was used), whenever needed. Human input is needed to set the process in motion (i.e., to set the areas of interest at the OSM API or other open source data repository). The xml responses are parsed automatically and are fed into an algorithm that initially calculates the tile footprints and then performs the cropping of the images in order to create the training dataset. The training data need to be fed into the ML/DL algorithm. At the time of the research, the Google Colab project did not provide any API and thus this process was manual (i.e., to copy the data from the local GIS to Google Drive). However, this might change in the future. Moreover, newer versions of GIS have already incorporated AI functionality and thus the whole process could run under the same environment without interoperability issues. Another human intervention is needed for setting the training parameters and determining the threshold between positives and negatives. Then, the process can again become automated, as the inference process will only return the IDs of the candidate tiles. These are fed into an algorithm that selects the tile footprints, merges, and dissolves them.



The process takes a few hours to collect data, train a model, and use it with real-life imagery in order to get the final results. Given the restrictions discussed, we considered the results achieved in reducing the cognitive load and in successfully locating a high percentage of ground truth areas as very promising in such a degree that the process can be readily used in order to help the human agent in urgent and life-critical applications. The bottlenecks that can appear from the work overload or lack of image analysts in the first critical hours of a disaster response effort can be addressed with the help of ML/DL. The method presented does not aspire to create a fully automated disaster response mechanism but rather to keep the human in the loop of the decision process in order to ensure better understanding of the results and a meaningful decision on the best way to react.



There are several points through which the whole process can be improved in order to provide even better results. An obvious first step is to train the model for more time. The choice of 100 epochs was arbitrary and functioned more as a benchmark and less as a real training requirement. It is not uncommon for DLAs to be trained for thousands or tens of thousands of epochs. Another possible change could be the depth of the DLA—more convolution layers might allow the model to learn better and more useful data representations, thus enabling a more accurate anomaly detection. Similarly, the use of bigger training datasets can considerably improve the model’s performance. Often, DL models are trained in thousands or millions of images in order to attain high-accuracy results. However, all the above changes will severely affect the training time and thus a realistic balance must be sought, also taking into account that processing power will increase in the future.



Another group of changes could be implemented in the model architecture or in the use and adaptation of pre-trained layers, if there are enough new training data.



For example, an interesting approach would be to train from scratch models that are based on RNN or You Only Look Once (YOLO) [62] architecture. While these are considered part of future work, the discrepancies in granularity and geometric accuracy between VGI data and ground truth from satellite images have limited the usability of the crowdsourced labels, as in most cases, manual adjustment would be necessary. In particular, RNNs give a particular aspect in the problem, as they are designed to learn from sequential data. The case of soccer field detection could be considered as a special case of Land Use/Land Cover (LU/LC) classification, as it is not uncommon for rural soccer fields to be covered with regular grass that changes during the year, thus creating a sequence in their appearance. For LC classification RNNs have been used and [63] explained that the use of satellite image time series can be helpful to distinguish among classes, based on the fact they have different temporal profiles. Thus, the contribution of RNN in more complicated ML/DL models could be considered. However, RNNs are primarily strong when it comes to multitemporal datasets, as they can learn temporal dependencies [64]. They were first used for analyzing speech and time-series analysis and soon this ability was tested in remote sensing in order to characterize the sequential property of a hyperspectral pixel vector [65] or performing LULC with images from different dates [63,66], both of which were not easily applicable in our case. Regarding the use of pre-trained layers, [67] adjusted AlexNet (a more than 62M parameter CNN) for the classification of imagery-based Earth science phenomena, such as dust, hurricane, and smoke.



Another field of improvement can be the training data. As discussed, the training images were collected by different sensors and underwent different processes (e.g., resampling) and stored in different formats. Homogeneous data input can probably facilitate the model to better learn existing data representations. Moreover, the delineation of ground truth through the use of VGI data has not been so accurate, and thus, these mistakes have probably propagated into the DLA model [68]. Another possible change could be the size of the training images. Using smaller images (e.g., 300 × 300px) could enable a better model training, as the soccer field would be the dominant object inside each image and also allow time for longer training. The slight adjustment of other hyper-parameters, such as the convolution windows, strides, padding, or the batch size might result in a better model but, so far, the trial-and-error process followed before deciding on the specific values showed that any possible adjustments will not considerably improve the DLA performance, if the short training time is to be respected. Finally, as the ML process is part of a bigger hybrid human and AI process, the introduction of other spatial data in the process could considerably improve an HLS analysis. For example, combining the DLA outcome with other available data, such as river and lake polygons or road network, can further reduce the cognitive load of an image analyst. Even more intriguing is to introduce additional spatial data into the ML network itself, as in [69], who used LIDAR data in combination with RGB images or efforts that combined cross-views from aerial and ground geo-referenced images (from photo-sharing social networks) in order to detect objects (see, for example, [70,71]). However, such data are more difficult to acquire, especially after a disaster.




6. Conclusions


In a world where the flow of remotely-sensed data is constantly increasing, putting more man-power, shallow, or non-automated techniques into the analysis of imagery is proving to be insufficient for multiple applications. Time- and life-critical applications are particularly demanding and require novel approaches in order to avoid bottlenecks or errors. ML/DL methods provide solutions that can tackle both. However, it is understandable that there are multiple factors that can affect the outcome of an ML process in, so far, unknown and undocumented ways. AI might introduce potential sources of new biases that have not yet been studied, while at the same time the accuracy of the existing processes needs to be better understood and documented in order to be trusted. Therefore, despite the fact that research is evolving, hardware is getting more efficient and software (i.e., DL models) is becoming more and more accurate, the human factor still is and will continue to be a valuable asset in many decision-making processes, especially in life-critical cases. Nevertheless, we showed that it is feasible and applicable to develop processes that merge smoothly with existing practices, taking advantage of factors such as the existence of VGI or freely available GPU processing power, and can help the overall disaster response planning. Based on this, we support that methodologies that enable the intertwining of human and artificial intelligence are the way forward for critical decision making.
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Figure 1. The input and output of a deep learning autoencoder (DLA). 
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Figure 2. Samples of the training dataset. 
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Figure 3. The architecture of the DLA. 
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Figure 4. Reconstruction error for the evaluation images: (a) positives, (b) negatives. 
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Figure 5. Inference areas and ground truth for (a) Berlin; (b) Munich; (c) Mannheim; (d) Cologne. 
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Figure 6. Different slicing methods (i.e., different dx, dy starting point) for the same area: (a) dx = dy = 0 m; (b) dx = 200 m, dy = 0 m; (c) dx = 0 m, dy = 200 m; (d) dx = dy = 200 m. 
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Figure 7. DLA-suggested areas where soccer fields existed and the actual ground truth (bright areas): (a) Berlin; (b) Munich; (c) Mannheim; (d) Cologne. 
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Figure 8. End-to-end ML/DL methodology for object identification. 
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Figure 9. Different cases where it is difficult for soccer fields to be identified, even by expert image analysts. 
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Table 1. Descriptive statistics of reconstruction errors for positives and negatives samples during the evaluation process.
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	Descriptive Statistics
	Positives
	Negatives





	count
	250
	500



	mean
	0.001817
	0.002829



	std
	0.000785
	0.001737



	min
	0.000308
	0.000242



	25%
	0.001258
	0.001711



	50%
	0.001687
	0.002507



	75%
	0.002294
	0.003468



	max
	0.004719
	0.01236
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Table 2. DLA results on cognitive load (CL), ground truth, and work overhead compared to the initial task.
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	Inference Area
	Initial CL (km2)
	CL of DLA (km2)
	Reduction of CL (km2)
	% of CL Reduction
	Ground Truth (km2)
	% of Initial Overhead
	% of DLA Overhead





	Berlin
	104.04
	26.04
	78.00
	74.7
	9.84
	957
	165



	Munich
	104.04
	20.25
	83.79
	80.5
	12.45
	736
	63



	Mannheim
	104.04
	47.56
	56.48
	54.3
	11.08
	839
	329



	Cologne
	104.04
	32.23
	71.81
	69.0
	10.77
	866
	199



	Total
	416.16
	126.08
	290.08
	70
	44.14
	166
	85.6



	% of Total
	-
	30.3
	-
	-
	10.6
	-
	-
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Table 3. Soccer fields identified by the DLA.






Table 3. Soccer fields identified by the DLA.





	Inference Area
	Ground Truth (Num. of Soccer Fields)
	Num. of Soccer Fields Detected
	%





	Berlin
	37
	32
	86.5



	Munich
	59
	46
	78.0



	Mannheim
	51
	45
	88.2



	Cologne
	47
	43
	91.5



	Total
	194
	166
	85.6
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