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Abstract

:

Featured Application


The paper combined the exploitation of multimodal digital techniques, focusing a novel methodological approach aimed at integrating Immersive Virtual Reality (IVR) for visualization and data collection, followed GIS analysis, in the geological application field.




Abstract


In the present work we highlight the effectiveness of integrating different techniques and tools for better surveying, mapping and collecting data in volcanic areas. We use an Immersive Virtual Reality (IVR) approach for data collection, integrated with Geographic Information System (GIS) analysis in a well-known volcanological site in Santorini (Metaxa mine), a site where volcanic processes influenced the island’s industrial development, especially with regard to pumice mining. Specifically, we have focused on: (i) three-dimensional (3D) high-resolution IVR scenario building, based on Structure from Motion photogrammetry (SfM) modeling; (ii) subsequent geological survey, mapping and data collection using IVR; (iii) data analysis, e.g., calculation of extracted volumes, as well as production of new maps in a GIS environment using input data directly from the IVR survey; and finally, (iv) presentation of new outcomes that highlight the importance of the Metaxa Mine as a key geological and volcanological geosite.
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1. Introduction


Three-dimensional (3D) models of mines that depict the floor, walls and benches provide the basis for several types of mining management and safety applications, including slope stability assessment and monitoring, rock mass assessment, environmental assessment and volume calculations. Common techniques for mine mapping include standard survey techniques using Global Navigation Satellite System (GNSS) and electronic total stations, Terrestrial Laser Scanning (TLS) and more recently photogrammetric approaches based upon Unmanned Aerial Vehicle (UAV) surveys.



Standard survey approaches are typically used for mine surveys; however, they do present difficulties when mapping large or complex sites, and can be time consuming and, therefore, expensive [1]. By comparison, TLS is a rapid technique for generating dense point cloud measurements of mine faces; however, the measurement quality is strongly dependent on the scanning conditions, including the scan configuration, surface geometry and reflectivity [2] and they often require repeat surveys from different vantage points for a complete model of the site. As TLS is a line-of-sight instrument, high cliffs or rock faces that exhibit complex morphology can result in occlusions and data shadows in the final surface model that must be removed during post-processing [3,4]. Drone or UAV photogrammetric-based surveys involve a digital photography collection from a flying UAV platform; these images have the characteristics of large overlap areas between sequential images, multiple viewing angles as the drone passes over the site and high ground resolution [1,5]. Mine surveys using UAV are advantageous in that they allow surveys of vertical rock faces to be combined with standard horizontal UAV surveys and ground-based photography, allowing a complete model to be created from photography taken with different orientations and scales [3,6].



For small simple mine sites, traditional survey techniques are cost-effective for quarry face mapping, but as the survey area gets larger or more complex, TLS or UAV techniques become more effective. It is a trade-off between the time taken for mission planning, accurate positioning of Ground Control Points and photogrammetric post processing of UAV data and the number of survey locations required, and time taken for a TLS survey of a mine. For large complex quarry or mine sites, UAV is the most effective mapping approach [3]. While these two approaches differ significantly, TLS provides high accuracy but is time consuming, while UAV is good for surveying large or complex sites, the joint use of UAV-based photogrammetry and TLS, whereby the photogrammetric approach is supplemented with additional input data from TLS, is increasingly being used to provide an accurate surface model of the quarry or mine [1].



In the present work, we wish to highlight the effectiveness of integrating different techniques and tools for better surveying and mapping, in a mine in a volcanic area, where parts of relevant outcrops are inaccessible or dangerous (e.g., [7,8,9]). In order to do this, we use an Immersive Virtual Reality (IVR) approach as designed by Tibaldi et al., (2020) [10] and integrated it with Geographic Information System (GIS) analysis for better mapping and assessment of geological features (e.g., [11,12]), as highlighted in the conceptual workflow for this paper shown in Figure 1. For Virtual Reality (VR) software, a brand-new software presented here for the first time called GeaVR was used, while for GIS software, a commercial one, called ArcGIS Pro was selected.



The key site selected for the application of this integrated approach is the Metaxa Mine, located in the southwestern part of Santorini Volcanic Complex, Greece (Figure 2a,b). This is a well-known volcanological site where mining of pumice took place up until 1984. The mine is now abandoned, providing the opportunity to characterize it as a full-fledged, open-air geological museum, suitable for the study and recording of volcanic products of the largest eruption occurred in Santorini in the last 10,000 years (Minoan eruption), and one of the largest of its kind on Earth [13,14,15,16]. Every year, students from all over the world use this site for learning, due to the presence of the famous Late Bronze Age (LBA)-section located in the western part (Figure 2c) of the mine, where almost all volcanic phases of the Minoan eruption are exposed. The mine is characterized by steep cliffs up to 15 m in height, inaccessible to classical fieldwork and data collection; and is subject to almost continuous rock falls and debris flows that make approaching the mine faces extremely dangerous.



In addition to classical field surveys (e.g., [20,21]), volcanic areas have been studied by high-resolution, remotely captured images, Orthomosaics and Digital Surface Models (DSMs), especially using unmanned aerial systems (UASs), also known as drone or Unmanned Aerial Vehicles (UAVs), which have high resolution imaging capabilities and an ability to map steep to vertical slopes (e.g., [22,23,24,25,26,27]). Following the drone survey, UAV-captured images are combined with Structure from Motion (SfM) photogrammetry techniques [28,29,30,31] to derive the ortho-mosaic imagery and digital surface model. Data collection and GIS analysis using these high-resolution models enable significant advances in research activity, while allowing user interactivity for mapping and measurement purposes that is still crucial for geologists.



The use of IVR for survey and data collection in volcanic areas allows the user to walk within an area and around outcrops, switch to flying mode to map vertical cliffs, and, more importantly, map features and take measurements in the same way as when working in the field. The VR scenario we used is based on the creation of high-resolution, scientifically correct (i.e., referenced and scaled) and real-world 3D Digital Outcrop Model (DOM), as firstly suggested by Gerloni et al., (2018) [32] and successively improved by Krokos et al., (2019) [33]. In both cases, UAV-based Structure from Motion photogrammetry techniques are used to build the real-world based VR scenario.



In addition to the above, we demonstrate the importance of collecting data in IVR and further elaborate their usage in a GIS environment. Virtual reality (VR) has been integrated with GIS for some time within the academic and industrial communities over the last 30 years.



A variety of spatial analysis software programs are available for handling a wide range of spatial problems, beginning with approaches for describing spatial objects with quite complex analyses and 3D visualization. GIS has proven to be the most sophisticated system that operates with the largest scope of objects (spatial and semantic) and relationships and provide means to analyze them while at the same time being able to intergrade data from many different resources (e.g., [34,35]). Specifically, the current research in 3D GIS is mostly focused on topological models, frameworks for representing spatial relationships and 3D visualization (e.g., [36,37,38,39]).



Another significant area of 3D GIS research is devoted to Web applications. GIS and Virtual Reality (VR) are applied on the Internet to integrate spatial data visualization, analysis and exploration. Integration takes advantage of each component, and enables the dynamic 3D content to be built, visualized, interacted with and deployed, all on the Web (e.g., [40,41]).



Furthermore, although most GIS-related planning practices and education are still limited to two-dimensional mapping and analysis [42], due to the spread of VR technology, a framework to supplement current two-dimensional GIS education in planning using 3D modeling programs has been already developed.



Nowadays, data collection and integration procedures have become part of the normal scientific workflow and can be supported relatively easily through advanced technology that need not be specialized or expensive. Furthermore, IVR can be an instrumental tool for mapping, as it can provide scientifically valid data that can be further combined, analyzed and processed along with the large amount of data in existing GIS environment using powerful GIS tools.



This paper first focuses on an innovative data acquisition method (combining nadir and oblique orientation images) using as an example the Metaxa Mine in order to construct a high-resolution 3D model (see Section 4). We then construct a 3D Digital Outcrop Model (DOM) and we utilize this to carry out a geological survey of the mine, for data collection in IVR. These data are imported into a GIS environment for analysis (see Section 5). Section 6 presents and discusses a range of new geological outcomes obtained with our approach highlighting the Metaxa Mine as a geosite of world importance in the field of geology and volcanology.




2. Description of Volcanological Site Known as the “Metaxa Mine”


Santorini is one of the most popular tourist destinations in the world, a destination where history meets geology. The name “Strongyli,” due to its geological nature, the renowned “Thira” in honor of the Lacedaemonian commander Thiras and the lesser known “Dirmetzik” are only few of the names given to the island over time. The current name “Santorini” was given by the Franks in the 12th Century as a reference to the church of Santa Irene. No other island has ever been so often documented in myths (Chimera Myth, Talos Myth), archaeological and historical data [43].



Santorini (or Thira) does not consist of a single volcano, but of several volcanic centers, which merged after successive volcanic eruptions [44]. Consequently, the whole island is a wonderful natural laboratory of great scientific, historical and geological interest. The impressive, water-filled caldera, which is one of the largest in the world with dimensions of 11 × 8 km, encompasses the volcanic islands of Palaea (Old) and Nea (New) Kameni [45,46]. The caldera depression was created after a major eruption, during which the volcanic dome collapsed as a result of the rapid emptying of the magma chamber [47]. The active volcanic centers of Palaea and Nea Kameni, along with the rest of the islands of Santorini (Thira, Thirasia and Aspronisi), the Christiana volcanic islands in the southwest and the Kolumbo submarine volcano in the northeast (Figure 2a), have long been the focus of international interdisciplinary research (geology, archaeology, history, oceanography and biology).



The uniqueness and significance of Santorini is related to the active volcano, which counts 2.5 million years of history and belongs to the modern Aegean Volcanic Arc. During the last 350,000 years, 12 violent volcanic eruptions have occurred, at least four of which caused the caldera collapse of the volcanic edifice [44]. The latest major eruption, also known as “Minoan Eruption,” took place approximately 3600 years ago, during the Late Bronze Age [48]. The most significant outcome, in terms of the island’s geomorphology, was the collapse of a massive part of the Strongyli island and the creation of the modern caldera. It was one of the most crucial eruption of historical times, during which 30–40 km3 of magma were erupted and the height of the explosive column is estimated to have reached 36–39 km into the stratosphere. Tons of ash and volcanic material buried the prosperous prehistoric city of Akrotiri in 1500 B.C. The rapidly spread, superheated volcanic flows caused a tsunami, which is estimated to have reached a height of 30 m and struck the coast of Crete, contributing to the decline of the Minoan civilization [15]. The sheer magnitude of the eruption affected not only the Cyclades and the Aegean but also contributed significantly to a climate change around the globe. Since then, the volcano of Santorini has erupted several times, constantly changing the morphology of the island through the creation of new landscapes and demolition of former ones [49]. Within the flooded caldera, a volcanic dome emerged from the seafloor, representing the base of the present-day Kameni islands [50]. The latest lava emission and occurrence of volcanic smog took place in 1950 on Nea Kameni, the newest land in Santorini and Europe.



The Metaxas mine, located in Thira Island, is a model geosite as it is an experiential destination that can be visited all year long, has a systematic geological record and a long pumice mining history, while several recent initiatives exist for deploying innovative digital virtual and augmented reality technologies.



Being an abundant mine, the landscape presents an asymmetrical morphology, with almost vertical and overhanging cliffs, debris flow deposits and anthropogenic interventions, while its floor is heterogeneous, scattered with small hills corresponding to covered excavation materials (Figure 3a,b).



Along the vertical slopes of the mine, and especially in the famous section previously mentioned, Tibaldi et al., (2020) [10] quantified the pumice layers of the Minoan eruption: the 1.03-m-thick layer of the precursory explosion (P0); the 2.58-m-thick Plinian pumice fall (P1); the 12.68-m-thick pyroclastic surge deposits (P2), at the lower part of which we can distinguish a fine-grained bedset; and lastly, the 4.98-m-thick ignimbrite of the fourth phase (P4), rich in lithic clasts. The low-temperature pyroclastic-flow deposits of the third phase (P3) is missing here (Figure 2c).



About 4.5 million m3 is estimated to have been extracted from the entire area of the Metaxa mine using a unique process called “cut” [51,52] (Figure 3c). This was done by opening in parallel covered galleries around 1.2–1.5 m wide and 2 m high, in a direction perpendicular to the slope and at a depth of 10–15 m. The opening was done with simple tools and the distance between the galleries was typically 3.5–5 m. Transportation of the mined material was done by rail wagons to the so-called “ruler” (or storage tank) and from there on a conveyor belt loaded into ships (Figure 3d). The mortar, of which the strength is even increased when construction occurred with sea water, had been used in several ancient construction projects, such as the great fortification in Crete during the Cretan Revolution, but also in earlier periods. The Metaxa Mine represents a crucial moment in the history of the Earth, being an important witness of the natural and geological processes that currently shape its surface. Moreover, it is an industrial heritage site, where volcanic history became part of Santorini’s economic development, as the extraction of pumice materials gave income opportunities to local populations. For these reasons, its protection and popularization need to be promoted at a cultural and touristic level.




3. Immersive VR and GeaVR Visual Discovery Framework


Virtual Reality (VR) was first introduced in 1962, as a computer-generated simulation of a three-dimensional environment that can be interacted with in a seemingly real way by persons using special electronic equipment, such as headsets with screens inside or gloves fitted with sensors. This earliest VR system was provided by Morton Heilig, US Patent #3,050,870; this system was named “Sensorama” (Figure 4a) and it supported multi-sensory technology. Nowadays, following the definition from Choi et al., (2016) [53], VR can be distinguished in two types: non-immersive and fully immersive VR (IVR). The former displays 3D models on a computer screen or mobile device without using any head-mounted displays, typically referred to as 3D visualization (e.g., [54]). The latter enables greater interactivity, through VR headsets and goggles (e.g., Figure 4b). The technical maturity reached in the evolution on modern game engine platforms, combined with lower costs of VR devices now allow creation of immersive VR environments in a variety of application contexts such as teaching and learning in education, professional training in industry, scientific research and public outreach [55,56].



The IVR approach has been fully developed for Earth Science by Tibaldi et al., (2020) [10], in the framework of the Italian Argo3D (https://argo3d.unimib.it/) and European Erasmus+ 3DTelc (http://3dtelc.lmv.uca.fr/) projects; in addition, Gerloni et al., (2018) [32] and Krokos et al., (2019) [33] gave a contribution over time, providing scientists with novel navigation mechanisms for exploring outcrops in a fully immersive way, offering the possibility to also interact and collect measurements, thus replicating real world field activities.



The resulting software is named GeaVR, which is an offline-based Visual Discovery Framework developed with the Unity (https://unity.com) game engine, employing an Oculus Rift (https://www.oculus.com) as a head-mounted VR device, allowing earth scientists to navigate, interact and perform measurements in their own immersive VR scenarios, based on photogrammetry outputs (e.g., 3D Digital Outcrop Models) as well as freely available Digital Elevation Models (DEMs) and Digital Terrain Models (DTMs). Both technologies are widespread and provide good examples for developing software such as the one presented here. GeaVR can be relatively easily ported to other game engines or headsets. Through GeaVR, it is possible to perform complex geological investigations and massive quantitative data collection into scalable models, focused on: surface attitude, topographic profile (e.g., considering the 3D surface), mapping of points of interest, lines, polygons, pictures, etc. All the available tools allow users to export scientifically correct data collected during a IVR session, offering the possibility to interoperate with external software such as GIS and Google Earth. GeaVR will be made available at https://geavr.eu, for non-commercial use and after registration. GeaVR provides to end users a holistic view of the area of interest (e.g., [32]) by allowing the exploration of specific features from several points of view and at a range of different navigation modes (e.g., Figure 4c) while supplying a toolset to simulate field activities in both onshore and offshore environments (Figure 4d).



In this research, we have built up the ad hoc VR scenario for the Metaxa Mine using photogrammetry approach, to map the different volcanic phases and measure their thickness and also to map debris flows and anthropogenic debris. The outputs from GeaVR software were imported to ArcGIS Pro (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview) for further processing that included the estimation of the volume of excavated material (see Section 5).




4. DSM, Orthomosaic and VR Scenario Building


Our research started by planning UAV surveys and related pictures collection to build up a 3D tiled model, the Orthomosaic and the DSM for the Metaxa Mine, as can be seen in present days.



4.1. UAV Survey, Pictures and Ground Control Points Collection


We set out the 3D reconstruction of the Metaxa Mine by applying the SfM photogrammetry techniques; pictures were collected using drone surveys (e.g., [27,57,58]), with the camera oriented both in Nadir and Oblique settings, as shown in Figure 5a,b. In this work, we used the DJI Phantom 4 Pro, a versatile quadcopter equipped with a 20 Megapixels camera and an integrated Satellite Positioning System GPS/GLONASS (referred to the WGS84/Geographic coordinates reference system). Metadata of the collected images are stored in EXIF files (Exchangeable Image File Format), which include information such as shutter speed, apertures, ISO, and GPS coordinates.



The first set of pictures (n = 3896; Figure 5c) were collected with nadir camera orientation (orthogonal to the ground; Figure 5a), following the workflow presented by Bonali et al., (2019, 2020) [27,58], where the flight missions over the target area are designed and managed using the DJI Ground Station PRO (https://www.dji.com/ground-station-pro), a free iPad app for DJI drones’ operations. We set up each single mission, defining the areal extent, flight path direction, flight height (m above the take-off point), camera parameters and pictures overlap, and directly checking data acquisition on the iPad display. The overlap ratio has been set to 90% along the path and 85% in the lateral direction (e.g., [27,32]). Pictures have been captured using the equal time interval mode and using constant flight speed [27,58]. The flight height was set up to 25 m, to reach 1 cm/pixel of ground texture resolution; the flight speed was set up automatically by the software in compliance with all other settings. All the above steps were managed directly in the field. We completed eight flight missions/areas (Figure 5) for this step; each was run using one UAV battery, totaling 2.5 h of flying time; further details are shown in Table 1.



The second set of pictures (n = 1898; Figure 5c) were captured with oblique camera orientation (Figure 5b), to add details to the vertical cliffs of the mine, resulting from excavation processes. In doing this, the quadcopter was manually operated, maintaining a constant speed of about 1–2 m/s, and the pictures were automatically taken every two seconds using the DJI GO 4 app (http://www.dji.com/). The camera was oriented from mostly orthogonal (oblique) to vertical cliffs (between −45° and −70°). This task was performed in four missions, totaling 1.2 h of flying time (details in Table 2).



Finally, we collected 34, uniformly distributed, Ground Control Points to co-register the photogrammetry outputs (3D model, DSM and Orthomosaic) to the WGS84/UTM35 reference system (e.g., [59,60]). This task was performed using Emlid Reach RS© single frequency receivers in RTK configuration (with centimeter-level accuracy), expecting centimetric accuracy (e.g., [61,62,63,64]).




4.2. Photogrammetry Processing for UAV-Captured Pictures


The 3D model for Metaxa Mine has been produced using Agisoft METASHAPE photogrammetry software (http://www.agisoft.com/), a commercial SfM software characterized by a user-friendly interface and clear workflow with a reasonable price of the educational license and, much more importantly, good quality of the resulting SfM-derived models [28,29,30]. Processing has been performed using the Agisoft Cloud beta service, where the virtual machine is equipped as follows: CPU-32 vCPU (2.7 GHz Intel Xeon E5 2686 v4), GPU 2 × NVIDIA Tesla M60, RAM 240 GB. Hereunder we describe the steps we adopted to produce the 3D tiled model, DSM and Orthomosaic, following a common workflow designed by previous authors [27,65,66]; we also applied new settings suggested in the Agisoft METASHAPE forum, especially to work with Oblique pictures. In any case, before running the workflow, all pictures acquired with Oblique orientation need to be prepared. As shown in Figure 5b, the sky shows in the picture; therefore, it had to be masked and removed by processing: it can be masked directly in Agisoft METASHAPE, after uploading all pictures, using Magic Wand and Intelligent Scissors tools.



The first step consisted of aligning all pictures using low quality settings and generic preselection. In this step, focal length and photo dimensions were automatically computed by the software and then used for the subsequent calibration of the core parameters of the camera (principal point coordinates, lens distortion coefficients).



In the second step, we added all GCPs to the model to obtain a scaled and georeferenced point cloud to improve the accuracy of the final models. Then, the images were realigned using high accuracy settings and 15,000 and 150,000 as limit values for Tie and Key points settings, respectively. Values for Tie and Key points were improved following the discussion on Agisoft METASHAPE forum regarding alignment (https://www.agisoft.com/forum/index.php?topic=3559.0), where the resolution of the camera is also considered for these settings; in addition, Tie Point accuracy has been changed and set to 0.5 pix. A new Sparse Cloud resulted from this processing (Figure 6a).



The third step consisted of a Dense Point Cloud building (Figure 6b): in this case, it was generated using the aggressive depth filtering and medium quality settings, so the sparse point cloud generated in Step 2 was mandatory. In addition, we applied the “Filter by Confidence” tool to remove noisy points from the dense cloud, resulting from matching of Nadir and Oblique pictures. Especially, we removed some points in the range of 0–3 from the vertical cliff, and we removed all points which did not relate the final area for the model we wanted to obtain.



The fourth and fifth steps were both based on processing on the Dense Cloud and on the production of the DSM, the Orthomosaic and the 3D Tiled Model, necessary to work with immersive Virtual Reality. DSM was generated from the dense point cloud using default settings, and successively, the Orthomosaic was produced using the corresponding DSM. Both have been built using the reference system WGS84/UTM35.



The final step consisted of building the 3D Tiled model, which includes both mesh and texture. We suggest using a Medium quality set-up with a tile size of 4096 × 4096 pixels and to export it in Agisoft Tile Archive selecting OBJ file format.



The areal coverage of our study area has an extent of about 520 × 400 m; the surveys were carried out during the early autumn 2018 campaign, during which we collected a total of 5794 photos during a total flight time of 3.7 h. The SfM-derived models regard a high-quality DSM and Orthomosaic (Figure 7a,b), respectively characterized by a resolution of 3.7 and 0.9 cm/pixel, and the 3D Tiled model (Figure 7c) that is characterized by a texture resolution identical to the Orthomosaic. In regard to the processing time, as detailed in Table 3, all outputs were generated in 39.6 h, where the most time-consuming processing were the Alignment process and the 3D tiled model generation.




4.3. Photogrammetry Processing for Aerial-Captured Photos


In order to generate a pre-excavation digital surface model of the mine site, acquired from the Hellenic Military Geographical Service (HMGS) historical archive, as they collected national aerial photos, using KC-I(B)sensor for the whole Greek Territory for military purposes.



As far as the Santorini island complex is concerned, the aerial photogrammetric survey took place on 26 July 1960, a year when excavations had not yet begun, while the area where the Metaxa Mine is located, appears in two aerial photos of 1:30,000 scale (Figure 8a,b). These photos were then scanned by means of a Leica Photogrammetric scanner DSW700 in 1600 dpi having a ground pixel dimension of 0.51 m.



The whole processing to obtain the DSM and the orthomosaic model of the area was made on ERDAS IMAGINE v15 (https://www.hexagongeospatial.com/products/power-portfolio/erdas-imagine). Firstly, inner orientation of the images was restored, using parameters of the lens. Then, six Ground Control Points (GCP) were used to georeference the two images; three were triangulation points recognized on the images, measured with a GNSS receiver in static mode, with 1 cm accuracy in WGS84/UTM35 reference system, and the others were corners of old buildings, recognized at new orthophotos of the area, two of which with 0.5 m accuracy using ortho images with pixel size of 0.2 m and the third one with 2–3 cm estimated accuracy measured with GNSS receiver in RTK mode, for other projects [67]. Respectively, z values were measured according to tide gauge existing in the Port of Thira, having for the triangulation points an estimated accuracy of 3–4 cm and 5–10 cm for the one measured, whereas the rest of the points were estimated through aerotriangulation before being used as ground control points with an error of 0.22 and 0.22 m, respectively.



The alignment had automatically generated 116 Tie points with maximum uncertainty value of 0.666 m, which were used to orthorectify the created model and produce a DSM with a pixel size of 1 m (Figure 8c). The final accuracy of the produced DSM, from the above processing, is estimated to be at 2 m horizontally and 1 m vertically, while the produced orthomosaic has a pixel size of 1 m (Figure 8d,e). In Figure 8e,f the orthomosaic of 1960s stereo images and generated digital surface model of the area are presented.





5. Data Collection in IVR and Following GIS Data Analysis


The 3D tiled model resulting from photogrammetry is processed into a form to allow optimized loading at runtime into GeaVR; such a form contains multiple meshes as well as physics calculations. For the same reason, surface texturing files are converted into an optimized format such as Microsoft DirectDraw and DDS surface files. This processing is automatically done using an ad-hoc and drag and drop system, which will be available with GeaVR software. The resulting folder contains all files necessary to load the VR scene to be navigated in IVR, using a user-friendly interface. After the conversion, the produced scene can be loaded (Figure 9) and the first step regarding data collection in IVR is related to the survey of the area, which we tried to explore using all three modes (Figure 4c). Drone modality was finally selected, because it allowed us to rapidly move within the VR scenario, as well as to fly above and around the objects of interest to more effectively map 3D geological features, as shown in Figure 9 and in the following video: https://youtu.be/Mw1c2503qAo.



After an overall exploration of the mine to identify interesting geological features that cannot be easily appreciated through conversional means, we came up with a list of possibilities as follows (Figure 10):




	
Upper boundary of excavation in the mine area,



	
Eruption phase boundaries related to the Minoan eruptions, including measurements of their thickness,



	
Areas covered by anthropogenic debris and machineries,



	
Areas covered by natural debris flows.








To perform these tasks, we used the following tools: Camera, Line, Polygon and Ruler (Figure 4d). With the Line tool, the user can trace a line point by point; the Polygon tool can be used to trace a polygon, always with a point-by-point approach (vertices). Both the lines and polygons created are characterized by a unique ID number and x,y,z location that corresponds to the real-world geographic coordinates, and in addition, short textual information, e.g., a brief note and a name, can be added. All lines and polygons can be exported in KML format, to be directly imported in a GIS environment, whereas information about vertices can be exported as a text file, including z values. The Ruler tool provides the distance between two points selected in the scene and the Camera tool captures a screenshot of user’s observation in the IVR scene.



The Line tool allowed us to trace the upper boundary of excavation in the mine area and outcropping boundary between eruption phases P2 and P4 (Figure 10). Although Phase 3 is the only one missing in the mine, the boundary between phases P0, P1 and P2 can only be seen where the famous section is located at the entrance of the mine (Figure 10e), due to extensive debris flows that cover the lower parts of the cliffs.



The Polygon tool allowed us to map and define the areal coverage of anthropogenic debris and machineries, as well as natural debris flows. Considering the level of vegetation that grows on these surfaces we can assume their relative temporal relationship, with 3 being the oldest and 1 the newest (Figure 10a,c,d).



Finally, using the Ruler tool, we quantified the Minoan phases’ thickness at several part of the mine, along the vertical cliff, focusing on P2 and P4 phases that are the most exposed. We collected a total of 80 measurements along the vertical mine cliffs, quantifying, for the first time, the maximum thickness of 17.8 m and of 7.2 m for P2 and P4, respectively. The Camera tool was used to capture several pictures all over the area, with the aim of showing the main characteristic landforms inside the mine (Figure 10).



In addition to the above, we evaluated the overall volume of excavation materials in the area, processing the two digital surface models we obtained in the present work, in ArcGIS Pro, as follows:



First, the SfM-derived DSM was cleaned, removing values that correspond to debris flows, anthropogenic debris and the machineries located near the entrance. The generated raster elevation file was then improved by filling the cleaned part with interpolated values, obtained with the Inverse Distance Weighting (IDW) method, using the Elevation Void Fill tool (Figure 11a).



Second, aerial photo-derived DSM was clipped according to the upper boundary of excavation mapped in IVR, after being converted into a polygon (Figure 11b).



Using the CutFill tool, the two abovementioned final elevation files (focusing within the excavation boundary for both), we produced a new raster that corresponds on the one hand to the common area shared between them and on the other hand only to excavation materials, having an estimated volume of 1,660,141.89 m3 (Figure 11c).



Apart from estimating the overall excavated volume, an effort was made to use the boundary between eruption Phases 2 and 4, which was digitized, for the first time, on a 3D model with the excellent texture resolution of 1 cm/pixel, to create a surface. Outputs (lines and points) from IVR survey, were imported into ArcGIS Pro to first estimate the boundary plane and then the volume of phase 4 (Figure 12). The hypothetical plane created through Topo to Raster tool is flat, with elevations that vary approximately between 105 m to the west and 147 m to the northeast, while dipping towards the south. The estimated total volume of P4 excavation materials rises to 794,386.02 m3.




6. New Outcomes


6.1. New Data for the Metaxa Mine by IVR and GIS Tasks


In this research, data concerning the Metaxa Mine was collected surveying the area in IVR, flying in drone mode within the scene, using GeaVR software as shown in the following video: https://youtu.be/Mw1c2503qAo. Thanks to this approach, we were able to map the entire upper boundary of excavation in the mine, as well as the natural debris flows and anthropogenic debris, and the outcropping boundary between eruption phases (Figure 10). This was accomplished even though the study area is situated along the vertical cliff continuously affected by debris and rock falling, preventing classical field survey.



Of the LBA-phases, Phase 3 is the only one missing in the mine, whereas the boundaries between phases P0, P1 and P2 can only be seen where the famous section is located at the entrance of the mine (Figure 10e), due to extensive debris flows that cover the lower parts of the cliffs. Therefore, only the outcropping boundary between Phases 2 and 4 was digitized, while a new element, the upper boundary of debris flows as well as areas with anthropogenic debris were recognized and digitized with high (centimetric) accuracy.



We measured the thickness of eruption phases wherever this was possible along the cliffs. First, we noticed that the thickness of eruption Phase P4 ranges from 1.7 m to 7.2 m. This wide range of values can be attributed to the different degree of surface erosion. The thickness of eruption Phase P2, as measured in the famous section, presents a value of 12.68 m, whereas measurements all around the mine show values ranging from 7.31 m to a maximum of 17.8 m. The more limited values can be attributed to the extended debris flows that cover the lower parts of the cliffs. The maximum values for both eruption phases are scattered along the southern and eastern cliffs.



Furthermore, by interpolating the digitized boundary between Phases P2 and P4, a surface was generated, which suggests that the boundary presents an increased elevation in a southwest to northeast direction and a dip to the south.



Regarding the volume of excavation material, using two photogrammetry-derived DSMs, one representing the area as it was back in 1960 and one representing the present-day one, we estimated a volume of 1,660,141.89 m3 that corresponds to the northern part of the entire area named the Metaxa Mine (Figure 2b), which is in accordance with the volume estimated by Antoniou et al., (2019) [19] and Tibaldi et al., (2020) [10], who mentioned that about 1.3 million m3 was excavated in the early years of mining from the area left to the famous section, whereas a total of 4.5 million m3 is estimated to have been extracted from the whole area (Table 4). Their estimation was based on a digital terrain model dated in 2018 with a pixel size of 2 cm. Particularly, based on our calculation, the volume of the excavated material that corresponds to Phase 4 was estimated to be approximately 24% of the total studied area. Finally, to present all data collected using the IVR approach, a thematic map was produced summarizing all figures mapped, as well as the location of quantitative measurements (Figure 13).




6.2. The Metaxa Mine as a Fundamental GeoSite


The Metaxa Mine may be considered one essential part of Santorini’s geoheritage, a concept that has been defined in several papers (e.g., [68,69]). Geoheritage is, in turn, tightly related to geological heritage sites, or geosites. These have several characteristics: (i) they are “geological objects or fragments of the geological environment exposed on the land surface, thus, accessible for visits and studies” [70,71]; (ii) they may also be crucial in terms of their social relevance: in fact, they are geological objects that have a scientific, cultural, historical, aesthetic, social and economic value [72]; (iii) they may be quarries, mines, outcrops or individual volcanic landforms [71]; (iv) based on how well-known they are by the scientific community and beyond, they can be of global, national, regional or local relevance [73]; (v) they can be further classified [70] in terms of their appearance (circumscribed sites, such as mines, linear features, such as dykes, or aerially extended features, such as peaks) and their dynamic state (inactive features/processes vs. active ones).



During the last decades, many authors have tried assessing geosites by means of several criteria, such as representativeness, rarity and integrity [62,74,75,76,77], and the degree of scientific knowledge regarding the geosite, attested by published scientific studies [78]. Representativeness is associated with the way in which a geosite may represent the types of geological processes (active or inactive) that can occur on Earth. On the other hand, rarity is related to how a geosite is uncommon/unique at the regional or global level [74]. According to other stu dies [79,80], there are additional values that can be identified and assessed: cultural, economic, aesthetic and educational ones. Among the above, particularly worthy of mention is the educational potential of a geosite, which can be regarded [78] as the combination of the following: didactic relevance (how easily a geosite’s features might be understood by the lay public), safety, accessibility and the present-day exploitation of the geosite for education-related activities (such as guided tours).



Based on the abovementioned criteria, the Metaxa Mine can be regarded as a geosite in its own right: in fact, most of the above outlined features can be applied to it. Firstly, the mine is rare and unique, as it is greatly representative of one of the most devastating geological events that can take place on Earth: a gigantic Plinian eruption, such as the one that took place here about 3600 years ago. The Metaxa Mine clearly matches the scientific value as well, as the LBA-section has been the subject of extensive research in the past; additionally, in terms of the educational criterium, the Metaxa Mine is an outstanding geosite, as it provides a chance to clearly illustrate to anyone, even those without a geological background, almost all volcanic processes and phases of a classical Plinian eruption such as the “Minoan” one. Again, in terms of the educational value, this geosite has a great educational potential, being easily accessible and suitable for guided tours and educational activities. Finally, the mine has also had economic importance, as pumice was caved here until 1984. The extremely promising educational value of the Metaxa Mine, of course, can be enhanced by way of the IVR and non-immersive VR approach, which have the potential to make this outstanding site available all over the world, both for scientific and educational purposes. In this regard, we are pleased to have a chance to share online the whole 3D model of the Metaxa Mine (https://geovires.unimib.it/geosites/geosite_005/), where all relevant features are highlighted, as well as the 3D model of the famous LBA-section (https://geovires.unimib.it/geovolc/geovolc_006/) (Figure 14). Even though the resolution of the models has decreased for online sharing, they can be also explored using the platform we selected for sharing, which offers a simplified IVR tool (further details at https://sketchfab.com/virtual-reality).





7. Final Remarks


In the present work we surveyed and mapped geological features using the IVR approach, focusing, as a key site, the Metaxa Mine volcanic area, located in Santorini Volcanic Complex, Greece. We have firstly reconstructed the area in 3D, with centimetric accuracy, using UAV-based photogrammetry. The resulting high-resolution 3D model was used as a VR scenario, imported in GeaVr software, where we mapped the up§per excavation boundary of the mine, the LBA-phases, natural and anthropogenic debris, and we quantified the thickness of LBA-phases all around the vertical cliffs. These data were processed and analyzed in GIS environment in combination with existing ones, providing new DSM, orthomosaic map, thematic maps as well as new results regarding the volume of the excavated material. Finally, we described the Metaxa Mine as a key geosite, and shared the 3D model of the mine as well as the Famous LBA-Section, with the purpose of popularizing them and making them available worldwide, both during COVID-19 times and beyond.
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Figure 1. Overall conceptual workflow used in the present work; each box is related to a relevant part of the manuscript (VR: Virtual Reality, UAN: Unmanned Aerial Vehicle, IVR: Immersive Virtual Reality, GIS: Geographic Information System, DSM: Digital Surface Model). 
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Figure 2. (a) Location of the Metaxa Mine within the Santorini Volcanic complex (modified from [17,18]). (b) Satellite view of the Metaxa Mine area, where the part that has been surveyed in the present work is highlighted by the black box (modified from [19]). (c) Panoramic field-view of the famous Late Bronze Age (LBA)-section, in the western part of the area (modified from [19]). 
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Figure 3. Present-day Metaxa mine, looking to the southeast (a) and to southwest (b) (Credits: F.L. Bonali); (c) photo showing the entrances of the galleries of the “cut” and the boundary between volcanic phases P1 and P2 (modified from [51]) and (d) Metaxa pumice mine with a pier for loading bulk carriers (Credits: P. Nomikou). 
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Figure 4. (a) The first version of§ Virtual Reality (VR): the Sensorama, images are free of use from Heilig (1962), US Patent #3,050,870. (b) Example of a geologist surveying the territory using GeaVR (Credits: F.L. Bonali). (c) Navigation modes selection during survey in Immersive Virtual Reality (IVR) using GeaVR software, from the left to right: walk, drone and airplane mode. (d) All tools available in GeaVR, regarding mapping, field survey and Global Position System (GPS) tools. 






Figure 4. (a) The first version of§ Virtual Reality (VR): the Sensorama, images are free of use from Heilig (1962), US Patent #3,050,870. (b) Example of a geologist surveying the territory using GeaVR (Credits: F.L. Bonali). (c) Navigation modes selection during survey in Immersive Virtual Reality (IVR) using GeaVR software, from the left to right: walk, drone and airplane mode. (d) All tools available in GeaVR, regarding mapping, field survey and Global Position System (GPS) tools.



[image: Applsci 10 08317 g004]







[image: Applsci 10 08317 g005 550] 





Figure 5. Example of pictures captured during the drone survey with the camera oriented in Nadir (a) and Oblique (b). (c) Summary of the overall surveyed area: each subarea is represented by white boxes, Nadir and Oblique captured images are represented by blue dots and yellow squares, respectively. Reference system: WGS84/UTM35. 
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Figure 6. Sparse (a) and dense (b) points clouds derived by photogrammetry processing. 
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Figure 7. Structure from Motion (SfM)-derived Digital Surface Model (DSM) (a) and Orthomosaic (b) of the study area, with corresponding resolution indicated in the lower center. Altitudes are shown as a color range (legend in figure), Ground Control Points (GCPs) are represented by blue dots; reference system: WGS84/UTM35. (c) The final three-dimensional (3D) Tiled model. 
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Figure 8. (a,b) Original photos scanned at 1600 dpi; (c) orthorectified model that was created using six Ground Control Points (GCPs) (blue triangles) and 116 automatic generated tie points (green cycle); (d) ortho image with pixel size of 1 m; (e) final DSM created with pixel size 1 m and accuracy 2 m horizontally and 1 m vertically; (f,g) orthomosaic of 1960s stereo images and generated digital surface model of the area, where the excavated area is located. Reference system: WGS84/Geographic coordinates. 
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Figure 9. Snapshot of survey in Immersive Virtual Reality (IVR) aimed at an overall recognition of the volcanic layers belonging to the Late Bronze Age (LBA) eruption that are exposed in the mine, using the drone navigation mode. 
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Figure 10. Different aspects of the mine’s morphology captured in GeaVR session using orthomosaic created during UAV survey. In each one, the upper boundary of excavation (orange line), the boundary between phases P4 and P2 (blue line), as well as the body of debris flows (yellow line) was mapped. (a) Mapping of anthropogenic debris areas and location of screenshots c and d; (b) location of machineries found in the mine; (c,d) anthropogenic debris along with natural debris flows; (e) the famous section consisted of eruption phase boundaries; in addition, the debris flow body was mapped. 
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Figure 11. Workflow followed in order to calculate the total volume of excavation materials. (a) The DSM generated by UAV photos and SfM techniques (left) was cleaned, removing anthropogenic debris and debris flows, and the removed values were replaced by interpolated ones (right), (b) the DSM generated by 1960s aerial photos (left) was clipped to excavation boundary (right), (c) 3D representation of the final surfaces generated from (a,b) on the left and on the right the common area between the two models that corresponds to excavation materials. 
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Figure 12. Different view angles of the estimated interpolated surface between eruption phases P2 and P4, along with the elevation points digitized in GeaVR. 
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Figure 13. Thematic map summarizing all features mapped using the IVR approach, as well as the location of collected quantitative measurements. 
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Figure 14. View of the 3D model of the Metaxa Mine (a) and the famous LBA-section (b) available on https://geovires.unimib.it/. 
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Table 1. UAV survey dates and detailed flight acquisition parameters for missions with nadir camera orientation.
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Mission 1

	
Mission 2

	
Mission 3

	
Mission 4

	
Mission 5

	
Mission 6

	
Mission 7

	
Mission 8






	
UAV Images Acquisition (Nadir)

	
Flying Date

	
14/10/2018

	
14/10/2018

	
16/10/2018

	
16/10/2018

	
16/10/2018

	
16/10/2018

	
17/10/2018

	
17/10/2018




	
Flying Height (m)

	
30

	
30

	
30

	
30

	
30

	
30

	
30

	
30




	
Frontal Overlap (%)

	
90

	
90

	
90

	
90

	
90

	
90

	
90

	
90




	
Lateral Overlap (%)

	
85

	
85

	
85

	
85

	
85

	
85

	
85

	
85




	
Flight Speed (m/s)

	
1.6

	
1.6

	
1.6

	
1.6

	
1.6

	
1.6

	
1.6

	
1.6




	
Shutter Interval (s)

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	
Ground Resolution (cm/pix)

	
0.9

	
0.9

	
0.9

	
0.9

	
0.9

	
0.9

	
0.9

	
0.9




	
Flying Time (mins)

	
19

	
21

	
19

	
20

	
19

	
17

	
18

	
15




	
Covered Area (m2)

	
16,653

	
18,824

	
17,068

	
16,325

	
9899

	
12,751

	
12,620

	
6837




	
Images Numbers

	
554

	
567

	
485

	
584

	
486

	
522

	
447

	
251
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Table 2. UAV survey dates and detailed flight acquisition parameters for missions with oblique camera orientation.
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Mission 1

	
Mission 2

	
Mission 3

	
Mission 4






	
UAV Images Acquisition (Oblique)

	
Flying Date

	
14/10/2018

	
14/10/2018

	
17/10/2018

	
17/10/2018




	
Flying Height (m)

	
10 ÷ 40

	
10 ÷ 40

	
10 ÷ 40

	
10 ÷ 40




	
Gimble orientation

	
−45° ÷ −70°

	
−45° ÷ −70°

	
−45° ÷ −70°

	
−45° ÷ −70°




	
Flight Speed (m/s)

	
1–2

	
1–2

	
1–2

	
1–2




	
Shutter Interval (s)

	
2

	
2

	
2

	
2




	
Flying Time (mins)

	
21

	
21

	
19

	
13




	
Images Numbers

	
504

	
579

	
471

	
344
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Table 3. Summary of resolution and time processing for DSM, Orthomosaic and 3D tiled models derived using photogrammetry.
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SfM Photogrammetry processing

	
Alignment processing accuracy

	
High

	

	

	

	




	
Dense Cloud processing accuracy

	
Medium

	

	

	

	




	
Dense Cloud Points

	
132,527,363

	

	

	

	




	
3-D Tiled Model Resolution

	
0.9 cm/pix

	

	

	

	




	
DSM Resolution cm/pix

	
3.7 cm/pix

	

	

	

	




	
Orthomosaic Resolution cm/pix

	
0.9 cm/pix

	

	

	

	




	

	
SfM Photogrammetry Processing Time (hours)




	
Images Acquisition

	
Aligmennt

	
Dense Cloud

	
3-D Tiled Model

	
DSM

	
Orthomosaic

	
Overall Processing




	
3.7

	
15.68

	
4.50

	
13.10

	
0.10

	
2.50

	
39.6
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Table 4. Overall estimations for volume of extracted materials.
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	Volume
	Literature
	This Study





	Total excavation of the Metaxa mine area
	about 4.5 million m3
	-



	Total Excavation of study area
	about 1.3 million m3
	1,660,141.89 m3



	Excavation of Phase 4
	-
	794,386.02 m3
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Texture: 0.9 cm/pix

" Figureii0a .
Figure 10d %,
Figure 10b;






media/file4.png
36°30'N

—_—

O

1
25°25'E






media/file18.png





media/file21.jpg
evation (m) Fevaton (m) @

s 1997
| £ a8
v igpes 4 Souncary of

LW,

Eevation ()

Today's Bleation () 1960's Elevaton (m)
1957 ™ oy
s 928






media/file26.png
Phase P2 thickness measurements | i Machineries

Phase P4 thickness measurements [_1 Anthropogenic de
Elevation (m)

Debris flows
P2-P4 boundary
Upper excavation boundary

’ -
-
-
-

- -
=< -
-

.l "" < /X
u -
c
0 25 50
- C)x m

25°2IS'10" = 25°2|5'15"

25°2l5'20" 25°2I5'25"






media/file27.jpg





media/file3.jpg





media/file22.png
Elevation (m) Elevation (m) ( a)

¥ 149,96 149.97
B 74.72 99.28 -l
—--- Area clipped — — Boundary of
~ * excavation
g \ —p
e y w N
e e P o
. 0 50 100
Rat )"\,_\:~\/ / I L I
m
Elevation (m) Value (b)
B 149,96 149.97
B 74.72 99.28 TS
— — Boundary of  — Boundary of ~" \\
— ' excavation — 4 excavation 0 6
7
J
~ b /
- e cm—(p ¢ - X b
\ = \ - :
\ \ /
\ \ /
\ \ N /
\ \ \ E -~ \,\v \ 4
i L. ' 0 50 100 —— / I
m -
Today's Elevation (m) 1960's Elevation (m) (C)
—_ Volume
149.97 149.97
Bl Net Loss

99.28 L 99.28






media/file19.jpg





media/file7.jpg





media/file28.png
+ TR

, 5“:« \?\“; b U
See B PAS, T
P AL G
o vy SR S
iy 3T ':". "5;%2
.. s

O~

‘—‘"

-






media/file10.png
990

n
N
o
<

402!;)800






media/file14.png
(a)
Altitude (m a.s.l.)
e High : 149.9

S Low : 74.7

6 ‘ [
e —
3.7 cm/pix .
358200 358300 358400 358500 358600

4025700

4025600

358200

358300

0.9 cm/pix

358400

358500

358600

4026000

4025700 4025800

4025600
1

()

Texture: 0.9 cm/pix

Qw!'

Flgure 10c

Figure 10a s

Eigure 10b

Flgure 10\

Up
North






media/file11.jpg
(a)

(b)

Sparse Cloud - 7,616,797 points






media/file6.png
. ‘e ‘
ey N 4 Y
-

..'. {f 4





media/file15.jpg





nav.xhtml


  applsci-10-08317


  
    		
      applsci-10-08317
    


  




  





media/file16.png
N.0.0Z.9€

25°22'0"E

25°24'0"E

25°24'0"E

25°26'0"E

w
()]
°

Elevation (m a.s.l.) e
148.8
Wz [
25°2510°E 25°2520°E

T
25°25'20"E

1

Pt

25“25}6"E

o7

&
):

»

N7 : o 1 " :
E., 25°25'10"E

25°25'20"E





media/file2.png
\V=BT- 1 is B - UAV surveys and photos collection
building - Photogrammetry processing

VR software

[

Data collection Geological survey and mapping
in I[VR - Quantitatively data collection

GIS software

BEICIEUEIWSENM - DSMs analysis
GIS - Calculation of excavated volume

l l - New thematic maps

NEW OUTCOMES






media/file20.png
D/

FTRY
ST | ‘: '5 4
-
I ;‘

we

Debris flow body

3w,

b






media/file23.jpg
Elevation (m)
e

1 10563






media/file5.jpg





media/file24.png
50
|

e
25
m

Elevation (m)
W 146.91

L 105.63






media/file1.jpg
VR Scenario
building

Data collection
in IVR

GIS software

]

Data analysis in
GIS

11

NEW OUTCOMES

UAV surveys and photos collection
Photogrammetry processing

Geological survey and mapping
Quantitatively data collection

DSMs analysis.
Calculation of excavated volume
New thematic maps.






media/file25.jpg





media/file12.png
(a

b

'Sparse Cloud - 7,616,797 points|






media/file9.jpg





media/file0.png





media/file8.png
(d) A TooI;M;ﬁ; -

Mapping Tools Field Survey Tools GPS Tools

5789,
| e






media/file17.jpg





