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Abstract

:

Airborne laser scanning (ALS) data is increasingly distributed freely for ever larger territories, albeit usually in only low resolution. This data source is extensively used in archaeology; however, various remains of past human activities are not recorded in sufficient detail, or are missing completely. The main purpose of this paper is to present a cost-effective approach providing reliable and accurate 3D documentation of the deserted medieval settlement of Hound Tor, a complex site consisting of preserved stone building walls and field system remains. The proposed procedure integrates ALS data with structure from motion (SfM) photogrammetry into a single data source (point cloud). Taking advantage of the benefits of both techniques (reclassified ALS data documents the hinterland, while SfM records the residential area in high detail), an enhanced 3D model has been created surpassing the available ALS data and reflecting the actual state of preserved features. The final outputs will help with the management of the site, its presentation to the general public, and also to enrich understanding of it. As both data sources are currently easily accessible and the proposed procedure has only limited budget requirements, it can be easily adopted and applied extensively (e.g., for virtual preservation of threatened complex sites and areas).
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1. Introduction


Airborne laser scanning (ALS) is a very effective remote-sensing technique which also has a considerable use in archaeology, e.g., [1]. Thanks to the ability to penetrate under woodland canopies, it enables us to produce a 3D representation of large areas of landscape free of vegetation (DTMs—digital terrain models) very efficiently, and thus to document archaeological sites, or to identify other (previously unknown) traces of past human activities preserved in the relief. It is applicable both in research and cultural heritage management. ALS data currently covers large parts of Europe and, in addition, it is also increasingly distributed freely for ever larger territories. In this case, however, its primary purpose is not archaeological, but mostly environmental. That is why freely available ALS data is generally in a lower resolution (with a density usually of no more than 1 point per square meter) compared with commercial data or data acquired for a particular archaeological research project. Nevertheless, freely distributed ALS data is widely used by archaeologists; in many cases, it is the only data source available, especially in low-budget projects. The precision and details of final outputs, and thus the visibility of earthworks/relief features, are dependent on many factors—flight height, type of terrain, extent, density and type of vegetation (especially low vegetation inhibiting the penetration of laser pulses to the relief) [2,3], or post-processing procedures (data classification, interpolation and visualization) [1,4,5,6,7,8,9]. Primarily, the point cloud density-representing relief (also influenced by some factors mentioned above) is the main determinant of the final DTM resolution and, therefore, a quality with which earthworks are recorded [10] (p. 4688). Furthermore, another limitation of freely available ALS data is that above-ground structures (e.g. architectural debris) may not be recorded in DTMs because of (automatic/semi-automatic) poor classification (manual, usually time-consuming classification of data is necessary to retain them). In digital surface models (DSMs), the relief features can be hidden under dense vegetation cover. Because of that, many ephemeral archaeological remains are hardly visible, generalized (e.g. lateral parts of architectural debris are hidden when viewed from above) or completely left out in the outputs derived from low-resolution ALS data. Additionally, an occurrence of ‘false structures’ increases [11] (pp. 34–35): (1) the ones existing in the relief/on the surface like natural elements, recent features or some disruptions; or (2) ‘virtual structures’ generated during data post-processing. As a result of all above, low-resolution ALS data does not mostly provide entirely reliable 3D representation of sites as it often lacks various elements and generalizes the site’s details (especially the complex ones containing architectural debris or objects above the ground), decreasing the potential for analysis, presentation to the public, or preservation.



On the other hand, there are currently other techniques applied in archaeology to produce 3D models; photogrammetry is being frequently applied as a cost-effective method (compared to terrestrial laser scanning) [12,13]. More specifically, structure from motion (SfM) photogrammetry is currently widely used for the 3D documentation of small objects/artefacts [14], skeletal remains [15], excavations [14,16,17], architecture [12,18] or landscapes [14,19,20]. It can be applied using unmanned aerial vehicles (UAVs), poles, or simply by manually operated cameras. Because of the recent development of hardware and software, this technique is available for almost everybody. However, it has its limits as well, especially at the macro-scale level, because of considerable hardware requirements; it is not very suitable for thorough documentation of large areas. In addition to that, the outputs are DSMs containing vegetation and any other overground elements which are not as easy to filter as ALS data [12] (p. 178), although filtration and classification are also possible; only exposed areas of the bare ground can be considered DTMs. Therefore, it does not allow recording relief features and any elements if they are hidden, especially under low vegetation. However, the integral 3D representation of all above-ground structures (including the lateral parts of architectural remains) is possible, since ALS only documents the parts visible from above.



Recently, as a logical consequence, the combination (in terms of ‘layering’ different data) and integration of several data sources (especially terrestrial laser scanning (TLS), UAV and terrestrial photogrammetry) have emerged to increase the quality of documentation ensuring its high precision, and thus to produce complete and accurate outputs/models of a particular area/site as much as possible [21,22,23,24,25,26,27,28,29,30]. However, the integration of ALS and photogrammetry is still not commonly applied in archaeology, even though the high potential of such a procedure has been demonstrated in other disciplines, e.g. [31,32]. In this context, the accuracy and validation of 3D models have become an important and essential issue. The application of both TLS and SfM is dependent on many factors (type and characteristics of the site/study area, budget etc.). SfM can provide very accurate and detailed documentation when used in appropriate conditions, and the spatial error is thoroughly accessed [12,33,34]; see also critical review in [35,36].



The primary purpose of this paper is to present an approach providing detailed, precise and accurate 3D documentation of the deserted medieval settlement of Hound Tor, situated at the fringe of Dartmoor, in south-west England (Figure 1a,b). This site consists of variable types of remains, represented by conserved stone building walls which were excavated entirely [37] (p. 100), and a nearby field system. The latter, covered by low vegetation, is preserved in the full extent as lynchets, ridge-and-furrow and field enclosures (walls, corn-ditches; see more detailed description in Section 2.1.; Figure 2). Therefore, it constitutes a typical complex site which is difficult to document by a single technique only (only by ALS or by SfM; see below). Although it is an iconic medieval rural settlement in England, with a large number of visitors, only traditional 2D plans are available today [37,38] (pp. 87,130), together with defective models derived from freely available ALS data (see Section 2.1.). In the DTM, over-ground structures such as remains of buildings, walls around fields and ditch-and-banks are completely missing. In the DSM, a vast area of the field is covered by dense vegetation (mostly bracken), the residential area is not recorded in sufficient detail and many elements are missing (more description in Section 2.1.).



Therefore, we intend to propose a specific technique of ALS and ground-based SfM photogrammetry integration into one data source (point cloud) as the background for the complete 3D documentation and reconstruction of the whole site in one output where all components are included. More specifically, it means the incorporation of the residential area with the highest detail as possible and also the full extent of the surrounding field system, with the vegetation removed in both cases. Doing so, our purpose is to take advantage of both techniques, integrate them, filling the gaps between them, and produce an improved 3D model surpassing and enhancing the freely available ALS data, reflecting the real situation and actual state of preserved features as much as possible. SfM photogrammetry is applied here as a tool for refinement and improvement of ALS models to record and emphasize all details (especially architectural debris) missing in the residential area. On the other hand, ALS data is used as a means to document a more significant piece of landscape with enclosures and areas with earthworks, hidden somewhere under the vegetation. The 3D virtual reconstruction will help with the management of the site, its presentation to the general public, and also to enhance understanding of it.



Additionally, as both data sources are currently easily accessible, inexpensive and individually widely used (although their integration is still not common in archaeology), our second aim is, therefore, to propose a cost-effective procedure which can be readily adopted using only minimal equipment and budget (typical for most archaeological projects). To that, we were partly compelled by the fact that using UAVs for the site documentation in the area of Dartmoor National Park is restricted, so we had to find an alternative way of acquiring images for SfM photogrammetry: using a pole. Thanks to this, we intend to propose a procedure which can be easily adopted and applied extensively for precise documentation of a large number of similar complex sites and surrounding landscape. Our motivation is based on the fact that there is still a great number of threatened sites for various reasons (especially current land management and erosion) or even that many sites have been heavily damaged without adequate documentation. Precise and reliable documentation of such sites is urgent before their destruction or damage so they can be preserved at least digitally, directly contributing to cultural heritage management and dissemination. Therefore, the inclusion of all the details in the 3D models and their reliability is necessary [12] (p. 181), [13] (p. 137). For these reasons, an essential part of the paper is related with the examination of accuracy and precision of the resulting 3D models and validity testing (especially areas documented by SfM) regarding the spatial error to justify such approach and credibility of final outputs.




2. Materials and Methods


2.1. Case Study and Existing Documentation of the Site


Hound Tor is a deserted medieval hamlet situated at the eastern fringe of Dartmoor (Devon, south-west England), the area with the highest density of preserved archaeological sites in England (and one of the best in the whole Europe). In fact, large pieces of the area consist of remains of past land use (albeit mostly free of woodland canopies), often in the form of a palimpsest contributing to the complexity and variability of the area and all elements there. A considerable effort to document sites and transects of past landscape has been made in Dartmoor [39], as there is a significant public interest in the whole area.



The archaeological site at Hound Tor is situated on a slope, approx. 340 m a.s.l. (meters above sea level) under the Hound Tor peak (419 m a.s.l.; Figure 2a,b). The hamlet was first mentioned in Domesday Book, 1086 AD; based on the pottery, the beginning of occupation is supposed in the 9th century. The settlement was abandoned during the second half of the 14th century [40], although human activities are also documented in the post-medieval period until the 19th century (see below). All buildings (4 longhouses, 3 corn-drying barns and 4 outbuildings) and their vicinity in the residential area were completely excavated by Mrs. Minter during the 1960s; later, the excavations were evaluated and published by G. Beresford [37]. Remains of buildings (stone foundations/retaining walls) were then conserved up to the height of ca. 1.2 m (Figure 2c and Figure 3a–c). Although moss covers several places, the stone construction is still visible today. The surface inside and outside the vast majority of buildings is covered by very short grass only (1–2 cm height) and in several places, piles of material and disturbed structures are clearly visible (Figure 3d–e); this provides ideal conditions for the application of the SfM as the resulting 3D model can be considered the DTM. The existing plan [37,38] depicts the position of all buildings and structures (walls and earthworks) based on the excavation (Figure 4a), albeit several parts are not apparent in the current relief as they are hidden under the bracken (Figure 2c and Figure 4b). This low vegetation occurs during the whole year and it was very dense when the images for the SfM photogrammetry were taken (see Section 2.3.), so the bare ground is not exposed there. It spreads on all margins of the residential area; in the north, it expands onto two corn-drying barns, and the one in the northern edge is currently hardly visible. Additionally, it also occurs among the buildings covering piles of material from the excavation, disturbed surface, and previous gardens. Tourists frequently visit Hound Tor as it is located directly at the tourist trail, and therefore the site is potentially threatened. The irregular rectangle of the residential area extends over a space of ca. 5500 m2 (85 m × 60 m).



The upland arable economy of the community in Hound Tor, also confirmed by pollen evidence [41] (pp. 149–151), left traces of the field system around. It mostly spread south of the hamlet. In the north, the site called Hound Tor II is situated—a former farmstead with surrounding field system as well, which, according to pottery, was established after the abandonment of Hound Tor [40] (p. 144); this settlement has not been included into our analysis. According to previous prospection and documentation [37], the landscape around Hound Tor is a palimpsest consisting of 3 main occupations which represent past human activities. Leaving aside prehistoric reaves (first layer), remains of the medieval open-field landscape have survived (second layer). It comprises arable fields of irregular size and shape, bounded by stone walls and banks, sometimes accompanied with shallow ditches (Figure 3f–h; the thorough description of the field system and its plan are provided in [37]). Fields used to be subdivided by a series of strip lynchets, which are now hardly visible at some places (Figure 3i–j). Several fields are filled with ridge-and-furrow (third layer, Figure 3k–l), somewhere in the superposition with lynchets (Figure 5a,b). These earthworks originated from the period after the abandonment of the hamlet and are unlikely to be earlier than c. 1780. They are very subtle (the height is only several centimetres) and difficult to distinguish on the ground, especially in the areas densely covered by bracken vegetation. The whole situation is a unique English example of a complete medieval field pattern preserved until today. The full extent of the territory (the settlement area) reaches 243,716 m2 (the maximum length of the most extended axes is 717 m × 617 m).



For this site, ALS data from the UK Environment Agency is freely available (scanned in 2010 [42]). It is possible to download prepared DSMs and DTMs tiles as well as the original point cloud. The DSM displays the whole settlement area with the field enclosures apparent there. However, large areas with earthworks are completely hidden under low vegetation (Figure 5c). It is also possible to recognize the residential area with particular buildings (Figure 4c). Nevertheless, this output is not precise enough and does not contain all details compared to the original plan and current field situation. Several walls are not displayed there; building remains are smooth and only indicated, some are hardly recognizable at all; edges of the remains and walls are not sharp; several components, as drainage channels in the bottom part of longhouses, are missing entirely. In the DTM, the residential area is only indicated as a terrain anomaly (Figure 4d), building remains are very hard to decipher as they were filtered out, considered to be vegetation by automatic classification algorithms. The same applies to all the over-ground structures (field walls) in the hinterland (Figure 5d). Nevertheless, linear earthworks of the field system such as lynchets and ridge-and-furrow are more visible despite the fact they are very subtle. They are interrupted in several places as the vegetation was incorrectly filtered out by an automatic procedure. Additionally, both DSM and DTM include ‘overage’ points which are covered by more than a single flight line, and they create false features over the site, miming ridge-and-furrow (Figure 5c–d, see Section 2.2.).




2.2. Airborne Laser Scanning (ALS) Data Evaluation


Within the project, we used freely available point cloud of ALS data provided by UK Environment Agency, scanned in 2010 [42]. Data is provided in the .laz file format, in the British National Grid coordinate system, with orthometric heights (OSGM’02 geoid model, Ordnance Datum Newlyn), with four returns and a point density of 1.57 per square meter in all returns. The absolute height error of data (root mean square error—RMSE) is less than ±15 cm; the absolute spatial error of data is less than ± 40 cm [43]. The ALS data was evaluated in LAStools [44].



In the first step, ‘overage’ points creating the false lines similar to ridge-and-furrow were removed using lasoverage (Figure 6a)—a tool which enables researchers to find (based on the flightline information) and remove points that are covered by more than a single flightline (overlapping flightlines). The basic information on point cloud (point density, flight lines, etc.) has been acquired using lasinfo in which the point content is reported. The point cloud is provided as classified into seven main categories (unclassified; ground, low, medium and high vegetation; buildings and keypoints). However, the ‘vegetation’ category (especially the ‘medium vegetation’ category) also includes the over-ground features as the field enclosures together with small rocks and boulders (Figure 6b). Therefore, these were manually reclassified into the correct category using lasview, a visualization and editing tool (the ‘buildings’ category was used including rocks on the site; Figure 6c). For this purpose, the plans of the hinterland (Figure 5a) [37] (p. 151), [38] (p. 130) were utilized as a key to identify of the main pattern of all structures (fields walls, banks) in the field system; the problematic or complicated features were validated in the field. The manual reclassification of the point cloud in the whole area (complete hinterland and the close surrounding) took ca. 8h. The residential area/building remains were ignored in this step as it is the area where SfM photogrammetry has been applied (see Section 2.3. and Section 2.4.). The generated ALS point cloud, which will be then integrated with SfM point cloud, consists of points now classified as the ‘ground’ and ‘buildings’, and therefore covers the relief and the over-ground structures without vegetation (the point density is 1.12 per square meter). For the visualization and comparison with provided DTM and DSM, the Sky-view Factor in RVT 1.3 [45,46] was applied (0.5 m cell size, Natural Neighbor interpolation in Surfer 12; Figure 6d).




2.3. Acquiring Images for Structure from Motion (SfM) in the Residential Area and Spatial Recording


The fieldwork in the residential area of Hound Tor took place in 22/10/2017. As the site is situated in the Dartmoor National Park, UAVs are not generally allowed there except with special permission and a pilot’s license. Therefore, a more complicated way of documentation had to be applied: pole and handheld photography. The working process in the field and the method of taking images were based on the available ground plan (Figure 4a). Due to a large extent and high vertical articulation of the area, it was divided up into five sections which correspond with the main concentration of buildings and structures. These were documented (and processed, see Section 2.4.) individually using the SfM photogrammetry. The extent of particular sections ranges from 550 m2 up to 1430 m2. The whole area under SfM documentation covers ca. 4390 m2.



In each section, two groups of ground control points (GCPs) were established:




	
5–7 coded markers (CMs; their number corresponds with the extent of the section and the density of structures there) generated from Agisoft Photoscan (the software used for SfM processing, Professional Edition, version 1.4.0). The CMs were printed on A3 paper size sheets and put onto the cardboard/hard paper to avoid their deformation on the ground and to ensure they are stable during the spatial recording (Figure 7a). As the wind was strong during the day and small nails did not work well in these weather conditions, all of them were loaded with different kind of weights (small stones, coins) so that the encoded graphic element is not disturbed and the marker is fixed at the particular place during the shooting. Their advantage lies in the fact that precise centres of the CMs are automatically detected in Agisoft Photoscan. This means that the spatial error is limited and working time during the evaluation decreases radically [13] (pp. 143–144). As the CMs are primarily used for the model georeferencing into a specific coordinate system (British National Grid after post-processing), they were distributed to cover the entire documented area as evenly as possible. For this purpose, at least 3–4 GCPs were necessary, so we used more than sufficient number of CMs in case that some of them would not be recognized because of: a) insufficient photo coverage and quality; b) a displacement by strong wind or many tourists walking through the site; c) damage by unexpected rain occurring during the day, which is typical for weather in Dartmoor.



	
5–7 more permanent points (check points–CPs) represented by measuring nails put into the ground and marked by a chalk spray for their better visibility and easier identification in the photos (Figure 7b). They have dual-purpose: (a) primarily for testing the 3D model precision, as an independent control and for the validation of the 3D model (see Section 2.6.); (b) they were also placed there as a safeguard if the georeferencing using CMs failed for any reason (see above). The CPs were placed in variable positions, usually in the areas among the CMs, several of them intentionally in distinctive lower or upper positions (e.g., top of the walls) to make sure that deformations in the 3D model would not occur [47], see below).








Overall, 31 CMs and 32 CPs were established across the whole site.



For the SfM documentation, a 24.2 megapixel Canon EOS 700 D APS-C reflex camera (DSLR—digital single-lens reflex camera) was used equipped with a 10–22mm f/3.5–4.5 USM Canon objective (wide-angle lens objective, focal length used = 10 mm). It ensured the highest possible coverage and a considerable overlap among the images in the system of documentation we set up and routes we followed (see below; no area should remain undocumented or covered by only a limited number of photos placed in unsuitable angles or positions even in the case of any change on the followed route due to obstacles or any other circumstances; Figure 8b). The DSLR camera was set to automatic shooting mode with a fixed ISO sensitivity of 100 ISO and focusing on the central point (the centre focus point is the most accurate and fastest).



The collection of images was taken according to the following steps:




	
Pole photography. The residential area was recorded by DSLR camera on the pole; the aluminium roller extension pole was used (1.2–2.4 m long, commonly used for painting) with a screw at the end where an Adapter for Painter’s Poles with a mount for a DSLR camera was placed to fix the camera (Figure 7c). The individual exposures were taken with a remote wireless trigger (controlled by a photographer) whenever the camera was in the ideal location for a suitable shot. For the image recording, a systematic methodology of several parallel passages was applied while walking in the longitudinal direction of the walls and also on the walls of preserved houses; a maximum distance of 4 m apart separated the individual passages, so for each section at least four passages were necessary. Images were recorded in ca. 1 m intervals. When standing on the walls (0.5–1.2 m), the surface was documented from the height of approx. 3.5 m; dimensions of the recorded areas are ca. 8 × 5 m (Figure 7e). In each position, a space was recorded in front of the operator holding the pole (to avoid shooting his own legs) and then an image from the original location to the left and to the right were taken, where it was possible to reach the pole; this ensured the utmost image overlay and multiple coverage of the large area from different points of view and angles. Our effort was to avoid doing entirely vertical images as they are not recommended for SfM due to the creation of a systematic mistake caused by a camera calibration error [48,49]). Therefore, images were slightly oblique (ca. 10°).



	
Handheld photography. This was used for the full coverage at the site, primarily focused on the vertical elements (usually facing the masonry) which are not visible in the images taken from the pole at a large angle and from inappropriate positions (Figure 7d,f). The coverage of the documented section by these images ensures proper photo composition, and thus better interconnection of images to complete the three-dimensional capture of all elements at the site which are documented with higher precision (the complete 3D model can be generated instead as ‘ortho’ view only; Figure 8e). Additionally, handheld photos were used as redundancy for possible problems of later computation (e.g., blurry images from the pole, potential incomplete coverage by images of particular areas, etc.).








The photographic coverage of each section was always overlapped at the edges to be then joined into the one point cloud; see Section 2.4.). Overall, 3558 photos were taken (2879 images from the pole and 679 handheld images; Table 1).



After taking the photos of each section, positioning data of all GCPs was obtained using a Leica System 1200 dGPS ‘rover’ unit referencing a Leica System 500 ‘base station’ (Figure 7g,h). The referencing and roving data collected was post-processed in relation to the nearest five Ordnance Survey RINEX control stations (Appledore, Exmouth, Padstow, Plymouth, and Prawle) using Leica GeoOffice software. The data was put into the British National Grid coordinate system; the heights were converted to orthometric heights (OSGM’02 geoid model). The estimated average spatial error is 1.1 cm (Posn, Qlty: 0.0046–0.0174 m; Hgt, Qlty: 0.0077–0.0229 m; Posn, Hgt, Qlty: 0.0096–0.0262 m).



For testing accuracy and comparison with ALS data, one building and one area covered by bracken were documented by GNSS (Global Navigation Satellite System) as well (see Section 2.5.). All procedures of the fieldwork lasted approx. 6h. Taking photos of each section took approx. 30–50 min.




2.4. SfM Point Cloud Generation of the Residential Area


SfM were processed using Agisoft PhotoScan installed on the Workstation PC (CPU: the six-core Intel Core i7, 32 GB RAM DDR4, GPU: Nvidia GeForce GTX 980) which enabled us to shorten the working time. Detailed descriptions of the evaluation process to obtain 3D data have been provided in different places [16,48,50,51,52]. The settings of parameters are available in the Photoscan manual [53] which we used as the most appropriate for this site and demanding output.



At first, the camera was calibrated using Agisoft Lens 1.4.0 build 5076 (19 September 2017) to reduce the impact of the lens distortion, and thus to achieve higher precision of the final output (Figure 8a). Lens calibration values were obtained for later use during the image processing (see below).



Pole and handheld images were processed together in each section (Figure 8e); sections in the field correspond with the chunks in Agisoft PhotoScan; 5 chunks were processed in total.



For each chunk, the steps were as follows:




	
The images with the lowest quality (e.g., blurry photos) were removed (Estimate Image Quality). Only a negligible number of images from the total collection was not used.



	
In the workflow, images were aligned (Align Photos) in the highest accuracy (Generic preselection and Adaptive camera model fitting were on; key point limit: 50,000, tie point: 5,000). Total machine time was about 1h. As a result, the sparse point cloud was calculated (Figure 8c).



	
Optimization of camera alignment by computed values from the lens calibration for refining and elimination of significant errors of reprojection. The entire chunk was then optimized according to all parameters from the lens calibration. The points were refined thanks to the familiar external and internal orientation of the camera. The calculation time was several seconds.



	
Removing points with a high error of reprojection from the sparse point cloud (Gradual selection–Reprojection error–Reconstruction uncertainty). Calculation time only took dozens of seconds.



	
Detecting the CMs (Tools–Markers–Detect Markers; Figure 8c). Only negligible number of targets had to be manually centred on the marker. The coordinates from GNSS were uploaded for each CM, and the projection of sparse point cloud was georeferenced into the coordinates (British_National_Grid WKID: 27700 Authority: EPSG), and RMSE was calculated (Update; see Section 2.5.). Calculation time was several minutes. CPs were manually found in the images, and their coordinates were exported to the .txt format.



	
The Region was checked whether it was in the correct position, and the dense cloud was built (Build Dense Cloud, quality = medium; filtration algorithm = aggressive; Figure 8d,e). Calculation time was ca. 10h.



	
Far margins of each dense cloud were cut out to ensure their continuous bonding and removing wrong overlays.








Thereafter, the dense clouds of 5 chunks were merged (Merge Chunks–Merge dense clouds; Figure 8f), with the final point cloud consisting of 240,099,763 points in total. However, for the integration with ALS data (see Section 2.6.) the dense cloud had to be exported from the Agisoft Photoscan and reduced/simplified as well because of extremely high hardware requirements. Although we used 32 GB RAM on the Workstation PC, it was impossible to work with it in the following steps. Photoscan allows the decimation only at the mesh creation which we do not need for the integration (furthermore, a vast number of points forming the dense cloud did not allow this step because of limited computer performance).



Therefore, we proposed a specific procedure of export and decimation altogether, which followed these steps:




	
At first, a DEM was built in Photoscan (automatically generated cell size = 0.0052 m).



	
The DEM was exported as the .tiff format. The cell size was changed to 0.1 m.



	
DEM (.tiff) was opened in ArcGIS (ArcMap 10.5.1). Using the Raster to point function, the regular grid of points cloud (0.1 m x 0.1 m) was generated. This point cloud consisted of 902,721 points in total.



	
The Feature to 3D By Attribute enabled us to create 3D features using height values derived from the attribute of the input features, and thus the final point cloud used for the integration with ALS data was prepared (see Section 2.6.).








For the evaluation and visual control of the point cloud, we calculated a Hillshade in ArcMap from the DEM generated in the previous step (Figure 9a). The detail of the model after decimation is comparable with the one based on the original dense point cloud; it is only slightly smoother at maximum zoom. The decimated point cloud enables integration with the ALS point cloud easily.




2.5. Accuracy Analysis and Validation of Outputs


Accuracy analysis of the generated SfM point cloud was performed with the CMs measured by GNSS (Figure 9a). The error was calculated using the RMSE. In total, the error was 1.34 cm (Table 2). Horizontal accuracy of the geo-referenced point cloud was less than 1 cm (error X = 0.83 cm, error Y = 0.77 cm; the maximum error at the point of 18 was 1.98 cm, the minimum error at the point of 20 was 0.02 cm) and vertical accuracy was 0.72 cm (the maximum error at the point of 7 was 1.9 cm, the minimum error at the point of 14 was 0.07 cm; Figure 9b).



In addition, the validation of dense cloud precision was performed using recorded CPs (Figure 9a) which were not included into the georeferencing of the dense cloud, and thus independent. RMSE was used for the error calculation as well. The error was 2.73 cm in total (Table 2). The horizontal precision of the georeferenced point cloud was around 1 cm only (error X = 0.99 cm, error Y = 1.15 cm; the maximum error at the point of 8 was 3.87 cm, the minimum error at the point of 18 was 0.03 cm). The altimetry precision was 2.27 cm (the maximum error at the point of 8 was 4.96 cm; the minimum error at the point of 21 was 0.015 cm). The highest Z errors are equally distributed across the site (Figure 9b).



Results of the analyses indicate that the dense point cloud generated by SfM photogrammetry is very accurate, with only minimal/negligible errors. Placing the CPs among CMs, and also in distinctive positions (e.g., the top of walls) confirms that no deformations exist in the dense point cloud; the height of features corresponds with the real height in the field, only with the negligible difference of several centimetres.



Additionally, it was necessary to test whether ALS data corresponds with SfM point cloud (and thus with the GNSS measurements) to be sure that there is no considerable spatial deflection between them, the final 3D model will reflect the real position of all remains with their correct spatial and height relationships to each other. This was performed in two steps: testing spatial (X and Y) and vertical (Z) accuracy (2 tests):




	
The edge of walls in the inner space of the cott/small house at the southern margin of the residential area was recorded using GNSS. The measured points corresponded precisely to the remains of the house in the DSM; there was no spatial deflection, the measurement had the same orientation, and the longest distance of points from the edge was within a few centimetres maximally.



	
As the relief in several areas (formed by piles of material and disturbed surface) was not visible during the fieldwork because of dense bracken vegetation, we made 26 measurements by GNSS on one of these areas to compare the Z values with the DEM derived from modified point cloud of ALS data with 0.5 m cell size (see Section 2.2.). The results proved that the ALS data was located above the GNSS measurement (min = 1.52 cm, max = 45.57 cm, arithmetic mean = 21.74 cm, median = 23.61 cm). Additionally, ALS points adjacent to the furthest edge of the area documented by SfM were selected to explore the transition of both data sources. As the final SfM output consisted of the regular grid 0.1 m x 0.1 m, the maximal distance of the each ALS point was 7.07 cm (in the case it is exactly in the middle of the grid, however, the distance generally was lower: arithmetic mean = 4.03 cm). Then the elevation (Z values) of the nearest SfM and ALS points were compared. In total, 238 ALS points were assessed locating around the residential area. The results indicated that ALS data was placed slightly higher than the area documented by SfM photogrammetry (arithmetic mean = 14.1 cm, median = 14.7 cm).








The test of spatial accuracy confirmed there was no considerable horizontal deflection between ALS and GNSS data (absolute horizontal error is up to several centimeters only). The remains in the residential area were thus in the correct spatial relationship with those in the field system. However, two tests of vertical accuracy indicated the deflection of both data sources. This was attributed to the vertical accuracy of ALS data (RMSE is ± 15 cm as stated in [43], so the deflection was still in the range), together with accuracy of GNSS measurements (up to 2.3 cm) and also to the inclusion of low vegetation in the ALS data despite its classification as the ‘ground’ as it is very dense in and around the residential area (also other factors such as setting of antenna or the influence of the transformation of the GNSS measurement can at least partly contribute to the deflection). For this reason, we still considered the vertical deflection to be tolerable for the purpose of the final output in which the elevation will not be included, only a specific visualization method. It did not have a significant effect on the height relationships of remains.




2.6. Integration of ALS and SfM Point Clouds and the Generating of the Final 3D Models


The points representing the relief were selected from the SfM point cloud using the .shp layer mask and Clip in ArcMap (Figure 10a). In this manner, bracken and unrecorded areas were removed from the point cloud, so only points representing the relief and building remains and other structures in the residential area were left. As both point clouds were in the same coordinate system (British National Grid), the same .shp layer mask was used to delete points in the ALS data (Erase). This means that the points covering all buildings and structures as well as the relief in the residential area were removed while areas with bracken and undocumented areas for the SfM were left there, together with the whole surroundings of the settlement. Both dense point clouds were, therefore, complementary; ALS data records the entire hinterland, and the bare ground under vegetation in the residential area, while the SfM point cloud represents all remains of the settlement in the highest detail. Both point clouds were then simply merged into one layer (Merge; Figure 10b). In the residential area, a significant contrast of the point density was apparent (Figure 10c,d). However, except for one corn-drying barn and parts of fencing walls, any considerable structures were not under bracken as this was tested during the fieldwork; usually, there were only debris and disturbed relief. ALS points were thus sufficient to record the general vertical articulation of these areas and the essential remains (stone walls of buildings) documented by the SfM were pointed out.



The two final outputs were prepared:




	
The 3D model including the residential area and the closest surroundings (422 × 355 m tile) only to ensure all buildings and structures documented by SfM were recorded in the highest possible detail. Due to the high resolution of the DEM interpolated from points in ArcMap, sharp transitions between ALS and SfM point clouds emerged in a few places (because of vegetation in the residential area and the vertical deflection between them, see Section 2.5.). This was apparent especially in the southern part where the mostly the flat relief of bare ground occurs. Therefore, the point cloud covering this area was first exported from ArcMap (ASCII format) and uploaded to Geomagic Wrap 2018 [54] allowing local smoothing through the creation of the polygon mesh. The smooth transition of data in problematic parts was thus ensured. Derived point cloud was then uploaded back to ArcMap (ASCII format) and interpolated into the DEM using Natural Neighbor algorithm; the cell size was 0.1 m. For the visualization of the earthworks and architectural debris, Local Relief Model (LRM) in planlauf/TERRAIN 2018 R2 software [55] was used (Figure 11a,b).



	
The 3D model of the whole study area covering the complete hinterland and its surroundings (790 × 705 m tile). The final, merged point cloud was directly interpolated in ArcMap (Natural Neighbor algorithm) with a cell size of 0.25 m. For the visualization, the Sky-view Factor applied in RVT 1.3 [45,46], and LRM in planlauf/TERRAIN 2018 R2 software [55] were used (Figure 12a–c).








Additionally, the presentation of 3D data was prepared as well. The 3D models were exported from the planlauf/TERRAIN software and Geomagic Wrap 2018 in the .obj format and uploaded into Sketchfab [56] allowing the 3D visualization of the site. The 3D model was also presented via augmented reality. For this purpose, we used the plan of earthworks as a marker (Figure A1) and freely available software Unity 2018.1 Personal [57] and Vuforia Engine 7.1 [58] to build an Android application ‘Hound Tor AR’ downloadable on Google Play [59].





3. Results


As a result of data processing and integration of ALS and SfM point clouds, the detailed 3D model of the residential area was integrated into the wider landscape and thus the complete 3D documentation of the deserted settlement of Hound Tor has been provided. The final, enhanced 3D model surpasses the DTM and DSM generated from low resolution ALS data as it contains all kinds of preserved remains while vegetation is entirely filtered out from the output. The remains of buildings in the residential area were recorded with a high detail together with the enclosures in the hinterland (both initially completely removed in the available DTM) and less distinctive earthworks as well (lynchets and ridge-and-furrow, which are detracted in the DSM because of low vegetation covering the relief in many areas there). The remains are visible together with the (micro)topography in the 3D model, allowing us to observe the character of the whole landscape.



The testing of the spatial error of the SfM point cloud confirmed that the generated 3D model of the residential area is very accurate and precise, corresponding with the real heights and shapes of the remains in the field. Although the SfM point cloud was decimated for the integration with ALS point cloud, the final 3D model is still much more detailed than models derived from freely available ALS data (see Figure 4c,d). Building remains are very distinct with clearly visible side walls, layouts and internal divisions of houses and their entrances (Figure 11). Such elements like drainage channels in the lower part of two long-houses and kilns in corn-drying barns are apparent as well together with recent interventions/disruptions such as a fireplace in the middle of the building or current intensely-used pathways among the structures and over the ridge-and-furrow south of the residential area. The 3D model also includes other structures on the site such as earthworks (piles of material, disturbed surface) and fencing walls delimiting gardens and yards. The LRM visualization (implemented in planlauf/TERRAIN 2018 R2) indicates the height of the remains and, thus, their prominence over the local relief. However, the inner structure of the residential area is still not as clear as in the ground plan (see Figure 4a, Figure A1). Although it is not possible to exclude changes on the site (e.g., disruption of some structures) as time has passed since the ground-plan was created, the main reason is that dense bracken vegetation covered some structures on the site (especially parts of the fencing walls) during the photogrammetric documentation, and the relief was invisible there. Therefore, they are recorded by ALS point cloud in the 3D model. As its density is much lower than for SfM point cloud, impossible to precisely capture the real shape of structures, these remains are not recorded in sufficient detail, but rather only indicated. For the same reason, the most significant limitation of the provided 3D model has emerged—one corn-drying barn is completely missing there as its full extent was under dense bracken vegetation during the fieldwork; we did not make (without the necessary permission) any modification of the site. Its shape is apparent in the northern margin of the residential area and demonstrates the poor quality of low-resolution ALS point cloud recording the building remains on the site. Only in such cases is the transition between ALS and SfM data visible, as it is smooth elsewhere; for instance, ridge-and-furrow directly adjacent to the residential area from the south are recorded by SfM, and they are only a little sharper than their continuation covered by ALS point cloud.



The 3D model of the whole area surpasses the freely distributed ALS products (see Figure 5c,d) especially in the clear visibility of all types of remains. The field enclosures are very well distinguishable (especially in the Sky-view factor visualization; Figure 12a) even if they are disturbed and not very prominent in the field; in several parts, ditches following the banks are also possible to decipher. Due to this, particular field plots and the complete field pattern are apparent. The 3D model generally corresponds with the 2D plan of the site (see Figure 5a). However, the shape of some field plots is slightly different; the plan is probably only schematic (for instance in the south-west corner) or generalized as it does not record the exact outline of some enclosures. Although most of the less distinctive remains such as lynchets and ridge-and-furrow are very hard to decipher in the field, they are easy to identify in the 3D model, especially in the LRM visualization (Figure 12b,c). The remains of slight lynchets had not been previously identified as they are not displayed in the 2D plan of the field system (see Figure 5a). Contrary to the plan, lynchets fill the entire field plot adjacent to the residential area from the south (Figure 12b, marked by II) and they also occur in the three large field plots in the western–south-western part of the hinterland (I, IV, VI). In the south-western corner (VI), they run in SSW–NNE direction which is the same as the neighbouring field plot in the east (VII), where these remains are depicted in the plan. In both western field plots (I, IV) the orientation of the lynchets is WSW–ENE, and they are slightly arched (C-shape). Additionally, there is an indication that the lynchets run into the trapezoidal protrusion delimited by the enclosures in the west margin (III) and thus they are ‘statigraphically under’ them. However, the situation is not clear enough, the linear forms are difficult to see in both types of visualization, and the thorough ground-truthing (and removal of the dense bracken there) is necessary to confirm or reject this statement. An occurrence of the areas with ridge-and-furrow is also different from the results of previous field surveys. They should be located in the central, western and south-western part of the hinterland (see Figure 5a–corresponding with labels I–VI in the Figure 12b). However, they are undoubtedly in the field plots labelled by I, II and VI only; they are definitely absent in the small trapezoidal field plots (III, V); in the section labelled with IV, they are either not too perspicuous or missing as well–the very slight lines that may indicate them have to be verified by the field survey. In addition to that, ridge-and-furrow does not cover the full extent of the south-west field plot (VI), but only two-thirds of the area. The superposition of the lynchets and ridge-and-furrow is evident in the sections I, II and VI; their course is almost parallel in I and II (especially in the lower part adjacent to the residential area); the orientation in VI is perpendicular. The Figure 12c displays the topography of the whole area placed on the mild slope with rising rocks, stretching the settlement and adjacent field plot above the spring area bounded by a steep slope. In addition to all relics, this area is also intersected by the network of footpaths which are also very well visible, especially in LRM (for instance the main access route from the peak of Hound Tor to the residential area).




4. Discussion


Freely distributed ALS data is undoubtedly a very useful data source in archaeology as it is often the only one available for the particular site/area. However, it is necessary to take into account that it is usually provided in low resolution only, and thus a considerable number of earthworks and other remains of past human activities may be completely left out or not be recorded in sufficient detail. Overcoming or mitigating the deficiencies of these ALS products by integrating with other procedures and thus creating enhanced 3D models is not, so far, a common practice despite the fact that a number of different techniques can currently be easily implemented. Their selection and use is dependent on the character of the site, the primary purpose of the output, and the budget that determines the available equipment. Integration of various techniques and multi-sensor data to ensure that the models are detailed, accurate, precise and thus credible is an increasingly common procedure in the field of 3D modeling [21,22,23,24,25,26,27,28,29,30].



The procedure of ALS and SfM point clouds integration proposed here radically increases the quality of freely available ALS data. The reliable 3D models of the whole area of deserted Hound Tor were created utilizing the advantages of both techniques. In addition, given the circumstances of the research (freely-available ALS data for Hound Tor, suitable conditions for SfM photogrammetry in the residential area, impossibility to use UAV for photo-documentation), the procedure has only minimal budget requirements; there is no need for any specific equipment. In the field, just a camera, a pole and a GNSS station were used; in the data processing, only Photoscan has got a paid license, which is rather cheap, especially for an academic institution (open-source software packages are available for SfM photogrammetry as well). We used very expensive ArcMap for particular steps in data integration (with an institutional license) because we are used to it from the university environment, but all operations can be easily replicated in open-source GIS. Other software used for the editing of the point cloud, visualization, and the augmented reality is open-source (although some of them were trial versions with time-limited availability). The reclassification of ALS point cloud was easy to do although it requires several hours of manual editing. The application of SfM was as fast and effective as many papers confirm; the fieldwork lasted up to one working day in total, although the residential area has significant architectural debris over the area to a considerable extent. The most time-consuming part was to find the optimal way to integrate both data sources. However, when we found a solution, the iteration of the entire process from the acquired images up to the final outputs only took a few days in total, mainly because of hardware requirements for the SfM processing. Generally, the evaluation of data and preparation of enhanced 3D model is not a complicated long-term process. It can be readily adopted by museums, or local heritage organizations, which are usually confronted with limited budget and equipment and applied widely to acquire 3D documentation of complex sites consisting of variable remains (architectural debris and different types of earthworks) even though (partly) covered with vegetation. It is the most effective and efficient way to include high detail elements into the wider landscape context wherever the ALS data is available.



There are other techniques or procedures able to generate more detailed 3D models of the residential area than the one provided in this paper. Primarily, terrestrial laser scanning is an advantageous and effective technique (for instance Faro Focus is currently being used combined with vertical and oblique images); however, the budget would be much higher compared to the procedure we have applied. Using UAV SfM photogrammetry would undoubtedly shorten the fieldwork, but it always demands permission or compliance with specific conditions (as in this case) which are becoming ever more extensive and strict in many places. Also, the quality of the output (detail, accuracy, and precision) is dependent on the camera used for documentation; frequently used UAVs are limited by payload capability, mostly with an integrated camera taking lower-quality images than the DSLR camera we attached to the pole. UAVs that allow connecting a high-quality camera (and eventually ALS or multi-spectral sensors) are a significant item in the budget.



It would be also possible to document the whole site (including hinterland) by a single technique only to avoid integration of different data sources. However, the use of UAV SfM photogrammetry for such a large area demands extraordinary hardware requirements to provide a model with sufficient details. In addition, low and dense vegetation covering the area throughout the year is an additional problem, making it impossible to see the bare ground, and thus to record earthworks located there. ALS data with a high point density (dozens of points per square metre) would increase the visibility of the earthworks in the hinterland, and may reveal others which are not recorded by low-resolution ALS data. However, we are convinced that the documentation of the residential area would not exceed the existing 3D model provided by SfM photogrammetry regarding its quality, details, accuracy, and precision while the budget would be much higher.



We must critically admit that we do not provide the highest quality models we could have created by the applied procedure. One building (corn-drying barn) is completely missing; some walls are not recorded in sufficient detail, both because of dense bracken covering these remains which is making their documentation by SfM photogrammetry impossible. These deficiencies can only be eliminated by repeating the whole procedure after the removal of all vegetation from the entire residential area and exposing all currently hidden structures. Only this intervention will ensure that the 3D model accurately represents the real shape of all remains, unlike the one presented here. Nevertheless, both final outputs presented here have broad applicability, especially in the three main spheres:



Enrichment of the State of the Art: removing vegetation from the 3D model but maintaining all types of remains enables researchers to determine the location of lynchets and the extent of ridge-and-furrow. The enhanced 3D model of the whole area does not exactly correspond with the results of previous surveys and existing plan of the field system. Although the interpretation of structures is not clear everywhere (only verification during a thorough field survey can resolve it which is however extremely difficult due to the presence of dense low vegetation throughout the year), this newly acquired 3D model constitutes a background for the reconstruction of past land-use and landscape development. Reflecting on the known history of the site, the sequence of human activities and their spatial organization can be determined and reassessed if necessary (this issue is beyond the scope of this paper). This output has a broad analytical potential regarding exploration of the topography or the relationship of the residential area with its surroundings.



Outreach: the 3D models enable the presentation of archaeological sites to the general public in an unconventional and attractive way. Various types of representation for Hound Tor are possible instead of existing outputs presented so far, such as standard 2D plans and photos of remains. The 3D model of the site can be viewed on the web, for instance via the link to the Sketchfab [56]. Therefore, the presentation is not limited to derived 2D outputs whose form and angle of view are a choice of the author. The site can also be printed on a 3D printer to obtain a physical representation at a particular scale. An advanced way of data presentation is through augmented reality. Using the 2D ground plan of the residential area as a marker (Figure A1) allows the real perception of the remains and relief in 3D via a smartphone or a tablet. This form of presentation can be applied directly at the site using an information board with any kind of marker, e.g., [60]; after downloading the designed application, the visitor will immediately gain an overall vision of all remains and topographic setting of the site. In the case of Hound Tor, not only can the preserved relics of buildings, but also its wider archaeological landscape with different remains, be perceived. A further issue is the reconstruction of buildings and the original state of the settlement presented directly on the ground-plan using augmented reality.



Heritage management: several tests confirmed that the 3D model of the residential area is very accurate and precise. Nevertheless, a much more detailed model than we used for integration with ALS data is available (see Section 2.4.). In case of any damage or disruption of the site, its accurate virtual representation (except for one corn-drying house) is preserved as of the date of 22/10/17 when the site was documented. Due to the easy acquisition of accurate 3D models, it is possible to regularly monitor the state of preservation of archaeological sites and to detect any potential damage (for instance erosion at the site or disruption of relics) according to the changes in the 3D model (using the residual model) [61] (p. 27), cf. [62,63]. On this basis, different strategies of site management can be proposed in the future for its better preservation. Similarly, changes of remains in the hinterland can also be detected by ALS data, although it depends on its availability. For this purpose, increased attention must be paid to the thorough (re)classification of the point cloud as suggested in the paper. The procedure of SfM and ALS data integration can be applied to other contexts than Dartmoor—also for areas under woodland canopies as the typical environment where various sites are preserved in the relief (potentially with architectural debris), often with their hinterland or fossilized landscapes. However, some extra time is needed for removing tree trunks from the SfM point cloud. ALS data which is increasingly freely available for ever larger territories, as well as massive hardware and software development, radically extend the use of this procedure. This cost-effective 3D representation of complex sites, consisting of architectural debris and various kinds of remains in the surrounding landscape, can guarantee at least its virtual preservation before any potential damage occurs.




5. Conclusions


The procedure of freely available airborne laser scanning (ALS) and structure from motion (SfM) data integration proposed in the paper allowed the creation of an enhanced 3D model of the Hound Tor medieval settlement and its hinterland. Although it is still not a commonly used practice in archaeology (unlike the frequent combining of terrestrial laser scanning with images and photogrammetry), the outputs demonstrate its considerable potential in the documentation of archaeological landscape as it radically increases the quality of the DTM and the DSM derived from low-resolution ALS data. All different types of remains in the whole area of Hound Tor were recorded, including architectural debris of buildings in the residential area together with field enclosures, lynchets, and ridge-and-furrow in the hinterland. Therefore, the 3D models provided are reliable, detailed, accurate, and precise, reflecting the real situation and actual state of preserved features as much as possible. Nevertheless, the final outputs have several limitations as well; one corn-drying barn and several parts of fencing walls could not be documented by SfM photogrammetry because they were covered by dense vegetation. Therefore, we argue that SfM and the procedure of data integration should be repeated after the removal of all vegetation in the residential area to acquire the 3D documentation without any limitations. However, the existing enhanced 3D models still have broad applicability for a better understanding of the site (the location of lynchets and the extent of ridge-and-furrow was precisely determined contrary to the previous surveys); its management (the state of preservation can be monitored to detect its potential damage); and presentation to the general public (the augmented reality allows a real perception of the remains and relief in an unconventional and attractive way). The whole procedure (including fieldwork, processing of ALS data and SfM, data integration and preparing the final 3D models with their specific visualization) was applied with only a minimal budget, without any specific equipment. Therefore, this allows a broad adoption and extensive use of such an approach to include high-detail elements in a wider context, and thus to provide a credible 3D documentation of complex sites or the whole transects of the landscape. It is useful especially for threatened areas, which can be preserved at least digitally, before any potential damage.
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Figure A1. The plan of earthworks in Hound Tor working as a marker for the augmented reality, according to [39] (p. 130), modified. 






Figure A1. The plan of earthworks in Hound Tor working as a marker for the augmented reality, according to [39] (p. 130), modified.
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Figure 1. Location of Dartmoor in the south-west of England (a) and Hound Tor at the eastern fringe of Dartmoor (b). 
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Figure 2. A panoramic view of Hound Tor: (a) the panorama showing the vast majority of the hinterland, especially parts south from the residential area (marked by black arrow; (b) the panorama showing the eastern and northern part of the site which is not depicted in the previous one; (c) the image showing the remain of a long-house with dense bracken vegetation at several places. 
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Figure 3. Overview of remains at the site: (a) distinctive double-faced wall of a building; (b) less-distinctive double-faced wall of a buildings; (c) prominent single-faced wall of a building; (d) piles of material; (e) disturbed surface; (f) prominent field wall at the residential area; (g) ditch and bank; (h) disturbed bank without ditch; (i) significant lynchet; (j) hardly visible lynchet; (k) the area of well visible ridge-and-furrow; (l) the area of less significant ridge-and-furrow. 
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Figure 4. The overview of available documentation of the residential area: (a) the ground plan of Hound Tor, according [38] (p. 87); (b) orthophoto view (cell size = 25 cm); (c) hillshade representation of digital surface model (DSM); (d) hillshade representation of digital terrain model (DTM). 
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Figure 5. The overview of available documentation in the whole area of Hound Tor: (a) the plan of the field system, according [38] (p. 130); the area considered for our analysis marked by red line; areas with ridge-and-furrow covered by transparent yellow); (b) orthophoto view (cell size = 25 cm); (c) hillshade representation of DSM (areas with ‘overage’ points mimic ridge-and-furrow are apparent east and west of the residential area; (d) hillshade representation of DTM. 
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Figure 6. Processing of airborne laser scanning (ALS) data: (a) hillshade model of the DSM after removing of ‘overage’ points; (b) the classification of points over the residential area and its surroundings (all over-ground structures are in the category of vegetation); (c) manual reclassification of ALS point cloud (over-ground structures placed into the category of ‘buildings’; (d) sky-view visualization of the point cloud used for the integration with the structure from motion (SfM) photogrammetry. 






Figure 6. Processing of airborne laser scanning (ALS) data: (a) hillshade model of the DSM after removing of ‘overage’ points; (b) the classification of points over the residential area and its surroundings (all over-ground structures are in the category of vegetation); (c) manual reclassification of ALS point cloud (over-ground structures placed into the category of ‘buildings’; (d) sky-view visualization of the point cloud used for the integration with the structure from motion (SfM) photogrammetry.



[image: Remotesensing 10 01357 g006]







[image: Remotesensing 10 01357 g007 550] 





Figure 7. Acquiring images for the SfM photogrammetry and spatial recording: (a) an example of the coded marker (CM); (b) an example of the check point (CP); (c) taking photos using a pole; (d) taking photos of vertical elements; (e) an example of photo from the pole; (f) an example of photo from hands; (g) Global Navigation Satellite System (GNSS) on the site; (h) spatial recording of ground control points (GCPs). 
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Figure 8. The processing of SfM photogrammetry: (a) lens distortion of the camera; (b) camera location and image overlap; (c) a sparse point cloud of a selected chunk with detected CMs; (d) a dense point cloud of a selected chunk with recognized CMs; (e) variable positions and angles of the camera against the dense point cloud; (f) the whole documented area after merging of all chunks together. 
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Figure 9. The Hillshade visualization of the SfM point cloud with GCPs: (a) position of the CMs and CPs with their ID number; (b) CMs and CPs with the Z error calculated using RMSE. 
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Figure 10. The integration of both ALS and SfM point clouds: (a) points selected from the SfM point cloud (visualized as a Hillshade model) using a polygon; (b) points erased from ALS data point cloud (visualized as Sky-view Factor model) using the same polygon; (c) both point clouds merged; (d) both point clouds merged–detail. 
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Figure 11. The final (enhanced) 3D model of Hound Tor focused on the residential area derived from the integrated ALS and SfM point clouds (cell size = 0,1 m, local relief model (LRM) visualization, colour version): (a) orthophoto view; (b) oblique view from the SSW direction. 
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Figure 12. The final (enhanced) 3D model of Hound Tor (the whole settlement area) derived from the integrated ALS and SfM point clouds (cell size = 0,25 m): (a) orthophoto view–Sky-view factor visualization; (b) orthophoto view–LRM visualization, black and white version (Roman numerals indicate the field plots discussing in the text); (c) oblique view–LRM visualization, colour version. 
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Table 1. The extent of all sections at the site, number of photos taken and number of GCPs.
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	Sections at the Site
	Approx. Extent
	Number of Photos: Pole
	Number of Photos: Handheld
	Total Number of Photos
	Number of CMs
	Number of CPs





	1
	1020 m2
	416
	74
	490
	7
	6



	2
	1430 m2
	887
	197
	1,084
	6
	7



	3
	680 m2
	593
	144
	737
	7
	7



	4
	550 m2
	560
	152
	712
	6
	7



	5
	710 m2
	423
	112
	535
	5
	5



	Total
	4390 m2
	2,879
	679
	3,558
	31
	32
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Table 2. Root mean square error (RMSE) for the SfM dense point cloud (CMs and CPs).
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CMs

	
Error X (m)

	
Error Y (m)

	
Error Z (m)

	
CPs

	
Error X (m)

	
Error Y (m)

	
Error Z (m)






	
1

	
0.012722

	
−0.001444

	
−0.018485

	
1

	
−0.002206

	
0.012299

	
−0.003385




	
2

	
0.004321

	
−0.000203

	
0.004298

	
2

	
−0.001493

	
0.015249

	
−0.005015




	
3

	
−0.002848

	
0.002620

	
0.003133

	
3

	
−0.004888

	
0.008884

	
−0.021287




	
4

	
−0.008928

	
−0.012600

	
0.002677

	
4

	
0.007250

	
0.013403

	
−0.028217




	
5

	
0.017943

	
0.009761

	
−0.004914

	
5

	
−0.013518

	
0.008935

	
−0.036133




	
6

	
−0.007940

	
0.004818

	
−0.004678

	
6

	
−0.002743

	
0.013753

	
−0.016652




	
7

	
−0.014808

	
0.001417

	
0.018849

	
7

	
0.002790

	
0.021699

	
−0.035159




	
8

	
0.004527

	
−0.000926

	
−0.002286

	
8

	
−0.013060

	
0.038725

	
−0.049644




	
9

	
0.003244

	
−0.008156

	
0.006763

	
9

	
−0.000751

	
0.009348

	
−0.012350




	
10

	
0.002956

	
0.003374

	
−0.003273

	
10

	
−0.008943

	
−0.002943

	
−0.044225




	
11

	
−0.007973

	
0.001187

	
−0.004331

	
11

	
−0.011684

	
−0.008504

	
−0.026420




	
12

	
0.010111

	
0.008085

	
0.001041

	
12

	
−0.007438

	
0.001591

	
−0.022924




	
13

	
−0.013549

	
0.002575

	
0.003983

	
13

	
−0.026889

	
0.009393

	
−0.023337




	
14

	
−0.012069

	
−0.002443

	
0.000698

	
14

	
0.006547

	
−0.005556

	
−0.005490




	
15

	
0.010430

	
0.004199

	
0.006233

	
15

	
0.007514

	
−0.008262

	
0.010793




	
16

	
0.000882

	
−0.005114

	
−0.003871

	
16

	
−0.007760

	
−0.001662

	
−0.031556




	
17

	
0.006373

	
0.007501

	
−0.001733

	
17

	
−0.003943

	
−0.010442

	
0.000187




	
18

	
0.003335

	
−0.019813

	
−0.005111

	
18

	
0.004977

	
0.000327

	
−0.009834




	
19

	
−0.006779

	
0.008642

	
−0.007748

	
19

	
−0.003435

	
−0.004528

	
−0.017033




	
20

	
0.000195

	
−0.008182

	
0.007781

	
20

	
−0.012785

	
−0.009234

	
−0.030692




	
21

	
−0.002373

	
0.005997

	
−0.001159

	
21

	
0.002448

	
0.006591

	
−0.000155




	
22

	
−0.010529

	
−0.010647

	
0.010706

	
22

	
0.013873

	
−0.009720

	
−0.033920




	
23

	
0.000338

	
−0.000769

	
−0.014007

	
23

	
0.007474

	
−0.009854

	
−0.030370




	
24

	
0.006075

	
0.001257

	
0.001129

	
24

	
0.000531

	
0.010894

	
−0.021551




	
25

	
0.004642

	
0.001659

	
0.010871

	
25

	
0.007314

	
0.004758

	
−0.007147




	
26

	
0.001151

	
0.005222

	
−0.007016

	
26

	
0.013458

	
−0.001372

	
−0.014629




	
27

	
0.012696

	
0.005230

	
0.003918

	
27

	
0.006561

	
−0.015128

	
0.001484




	
28

	
−0.008455

	
−0.002247

	
−0.004956

	
28

	
−0.008340

	
0.008177

	
−0.014064




	
29

	
−0.009628

	
−0.013443

	
0.000742

	
29

	
−0.010640

	
0.008699

	
−0.009945




	
30

	
0.002606

	
0.018283

	
−0.001709

	
30

	
0.016681

	
−0.002395

	
−0.021333




	
31

	
0.001082

	
−0.005760

	
0.002588

	
31

	
0.007604

	
−0.003604

	
0.006818




	

	

	

	

	
32

	
0.016585

	
0.002744

	
0.007693




	
RMSE

	
0.008278

	
0.007710

	
0.007208

	
RMSE

	
0.009920

	
0.011502

	
0.022762




	
RMSE XYZ

	
0.013414

	
RMSE XYZ

	
0.027364
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