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Abstract

:

Geodetic methods are integral to mapping surface and subsurface objects and phenomena. Modern geodetic technologies such as laser scanning and digital photogrammetry have also become a standard part of the mapping and documentation of cave spaces. In some cases, these technologies cannot accurately capture the measured surface and thus provide reliable data. One such example is the ice with specific surface characteristics in caves with ice deposits. One of the world’s most studied ice caves is the Dobšiná Ice Cave (Slovakia), which has undergone significant changes in the ice-filling area and volume in recent years. To monitor and analyze all these changes properly, we need to know the surface and volume of this ice mass and monitor it regularly. Where modern geodetic methods such as terrestrial laser scanning (TLS) or digital photogrammetry may fail due to the ice’s physical properties, we propose using cross-polarized Structure-from-Motion (SfM) photogrammetry. As a case study, this method was used in a 28 m long ice tunnel in this cave. Two polarizing filters (on the flash as a light source and on the camera lens) were used in 90° rotation to each other to achieve the cross-polarization effect and remove surface reflections. This removed the surface reflections, giving us a compact and accurate point cloud of the entire tunnel. The dense cloud from cross-polarized (CP) photogrammetry is denser and more compact and does not contain as many outliers and noise points when compared to non-cross-polarized (non-CP) photogrammetry. The TLS point cloud covers the entire surface of the tunnel without significant holes; however, the penetration of the beam through the ice makes such a cloud unusable. Only the cloud from CP photogrammetry covers the entire surface of the tunnel densely enough without additional noise. This methodology can then be used in other parts of the cave or other geomorphological applications to suppress reflections so high-quality results for further processing and analysis can be obtained.
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1. Introduction


Digital photogrammetry is currently widely used in various geomorphological applications, especially the Structure-from-Motion method, due to its fast processing speed, easy applicability, relatively low cost, and high-quality results if the correct procedures are followed. SfM is used in geomorphological research as in the field of UAV photogrammetry for analyses of larger locations or hard-to-reach places, in locations difficult to move around [1,2,3,4]; and also in the field of close-range digital photogrammetry for geological exploration, stock volume documentation, change monitoring, landslide mapping, and more [5,6,7]. Nowadays, digital photogrammetry is also very well applied in difficult-to-access areas or sites that are difficult to move, where the use of other traditional mapping techniques (TLS, airborne laser scanning, total stations, etc.) is not possible, or their use is not practical in a given case [8,9,10,11].



Digital photogrammetry, in conjunction with UAVs, is also currently being used to monitor the cryosphere, while a general overview of the newest advances is given in [12]. UAV can be suitably utilized for high-resolution glacier monitoring to determine the flow velocity [13] and capture moss beds topography [14], in the field of fluvial ice monitoring to determine surface roughness and estimate ice thickness [15,16], to determine volume changes of ice cliffs from aerial and terrestrial images [17], and in combination with GNSS measurements to determine time kinematics of glaciers [18].



SfM photogrammetry can also be found in various geomorphological applications such as snow monitoring in high mountains from a single camera SfM system [19], long-term monitoring of glaciers [20], documentation of cave environments [21], in combination with TLS [22,23,24], or to stage monitoring of cave floor ice [25]. Utilizing SfM, authors in [26] were even able to document past changes in the glacier from historical images. Other geomorphological applications include terrestrial photogrammetry in the alpine environment for topographic mapping [27], a combination of photogrammetry and other remote sensing techniques for landslide risk determination [28], or monitoring of spatial terrain displacements by a combination of various surveying technologies [29]. For cave surveying, a general overview of these methods is given by [30].



With the frequent use of these technologies, we can gradually encounter locations and objects that require a specific measurement procedure. Such areas include underground spaces, caves, and hard-to-reach steep slopes, but also, for example, objects belonging to the cryosphere. Similarly, we may also encounter types of surfaces and objects that require specific photogrammetric measurement equipment and procedures. This includes, for example, objects with highly reflective surfaces where traditional photogrammetric techniques (SfM) are inappropriate due to the large number of reflections where the image-matching algorithms may fail. Transparent/semi-transparent objects can also be included here, where the use of traditional technologies such as TLS or total stations based on the reflection of the laser signal from the surface (where the laser beam can penetrate and reflect below the real surface, scatters into the environment, or no reflection occurs at all, etc.) may again be impossible.



In photogrammetry, scientific papers dealing with such problematic surfaces were focused on enhancement techniques using cross polarization to document reflective surfaces either in general [31] or for archaeological findings [32,33], to document painting restoration with the detection of changes based on cross polarization [34], or for the 3D reconstruction of highly reflective historical artefacts [35]. However, cross polarization is not widely used in photogrammetry, although it has been known for decades and is well-established in some fields. In the field of 3D reconstruction of geomorphological surfaces and objects from digital photogrammetry, it has so far been little used, while it also has its justification in this field and allows obtaining homogeneously illuminated images and better matching results.



1.1. Area of Interest


Our object of interest was an artificial tunnel approximately 28 m long passing through the ice filling in Dobšiná Ice Cave (Slovakia) (Figure 1 and Figure 2). Dobšiná Ice Cave is known worldwide for its perennial ice fill, which is considered one of the largest ice caves in the world regarding ice volume [36]. It is also unique for its location at a low altitude of 966 m asl (with ice fill in the range of 920–950 m asl), whereas other world-renowned ice caves are located at higher altitudes [36]. In early investigations (the 1880s), the ice volume in the cave was estimated at 125,000 m3. After one of the first measurements of the cave (1964), this estimate was refined to 145,000 m3. The most recent geodetic and geophysical measurements from 1995 indicate a total ice volume of 110,000 m3 and a surface of 9772 m2, a maximum ice thickness of 26.5 m with an average ice thickness of 13 m [36]. However, due to climatic changes in recent years, the cave is experiencing changes in the ice fill, a gradual loss of ice, and thus a loss of precious ice decorations. Additionally, the ice block has its own movement dynamics [36]. For these reasons, long-term climatic measurements and analyses have been conducted in the cave [37], as well as stage measurements of the ice-filling dynamics in recent years [38].




1.2. Aim of the Research


In order to determine the actual total volume and dynamics of ice-filling changes, we need to be able to continuously capture the ice-filling surface with appropriate technologies and methods. The ice mass in the Dobšiná Ice Cave is inhomogeneous and highly variable in terms of surface structure and texture, which is most evident between different parts of the cave, either in terms of horizontal or vertical position. In some parts, the ice layers just below/on the surface also contain other particles (dust, dusty wood, gravel), and the surface itself is thus dull with a variable texture (allowing for easier SfM photogrammetric processing), or there is no penetration of the laser beam below the surface (allowing for easier use of TLS). In some places, the ice itself has these properties, with ice crystals forming on the ice depending on the season and the conditions in the cave. In other places, however, the ice is clear, transparent, or with a smooth surface with no structure. Various examples of ice surfaces are shown in Figure 3:




	
Smooth, compact ice with deposits in layers—variable texture with a sufficiently matt surface without reflections;



	
Smooth, clear ice with a densely cracked surface—less variable texture with significant reflections;



	
Frost formed from crystals of a few mm to cm in size—less variable texture with reflections;



	
Smooth and transparent ice formed from freshly accreted water—no texture with strong reflections.








Therefore, the spatial survey of such an ice surface by geodetic methods is challenging and depends on many factors. Some parts of the surface are relatively easy to survey using TLS, a polar method by total station, or digital photogrammetry. In some parts, however, these methods fail. This paper aims to use a measurement methodology in such places that would provide spatial data on the ice fill regardless of the ice structure/texture and allow spatial and temporal monitoring of the dynamics of the ice fill in all parts of the cave in the future.





2. Materials and Methods


Compared to traditional methods of cave surveying [39], current geodetic technologies provide a much wider range of methods and instruments, from classical speleological methods [40,41], through surveying technologies such as digital tacheometry, terrestrial laser scanning, digital photogrammetry, and Simultaneous Localization And Mapping (SLAM) [22,25,42,43,44], to geophysical methods such as microgravimetry, seismometry, or ground penetrating radar [45,46]. All of these technologies have different applicability and suitability and provide different results.



For the 3D modelling of specific structures in ice caves, as an artificial ice tunnel, we used the following non-contact surveying technologies:




	
Terrestrial laser scanning.



	
Structure-from-Motion photogrammetry:




	
With cross polarization;



	
Without cross polarization.













2.1. Structure-from-Motion Photogrammetry


Structure-from-Motion photogrammetry is a well-known and established photogrammetric procedure of automated image processing, initially based on visual perception and computer vision. It can be understood as a reconstruction of a spatial structure from a sequence of 2D digital images from a moving recording medium/camera around the given structure [47,48,49]; and others). However, in order to obtain and guarantee accurate results, one needs to understand and employ the fundamental steps of photogrammetric processing—camera calibration, camera pose estimation, image matching, dense point cloud creation, use of ground control points and checkpoints, etc. [50,51,52,53].




2.2. Cross Polarization


The light from a normal source is actually a mixture of lights of different polarizations and does not oscillate in any significant direction. Such light, natural light, is unpolarized. Light, in which the vector of electric field strength oscillates perpendicular to the direction of advance in a single plane, is linearly polarized. Since the human eye is not sensitive to polarization, suitable equipment is necessary to observe the polarization phenomena. A polarizer is a special material that transmits only light of a certain polarization. This means that if one looks at a light source through a polarizer, less light reaches the eye than if not using a polarizer. A polarizer, therefore, filters light, which is why it is also referred to as a polarizing filter. However, as soon as a polarizer is put in the light’s path, the light behind it is already polarized. It would seem that the polarizer merely picks out the light that oscillates in the right direction and absorbs all the rest. However, if we put another (same) polarizer in the way (just rotated differently), some light would still come through. The amount of light that passes through depends on the rotation of the second polarizer or on the angle of rotation of the second polarizer relative to the first [54,55].



The effect of cross polarization in our study when using two polarizing filters is shown in Figure 4. Two polarizing filters are placed with a 90° rotation so that none of the light incidents on the first filter pass through the second.




2.3. Cross-Polarized and Non-Cross-Polarized Photogrammetric Imaging


Polarization filters add optical components to the sensor system, so verifying the standard photogrammetry camera model is necessary. The authors of [56] have shown that a polarizing filter does not significantly affect the overall accuracy; for the same setup with and without a filter is quite similar. For this reason, polarization filters are applicable to the standard photogrammetric camera model and bundle adjustment. They state that the polarizing filter mainly affects the principal distance and the principal point. However, a conventional photogrammetric camera model can still describe these variations. Therefore, it is also applicable to our object of interest.



The selected object of interest, approximately 28 m long ice tunnel (Figure 2), is located in a narrow space with limited access (requiring movement only on an unstable tourist path walkway) and with limited illumination using only several artificial spotlights. The given object was selected due to its problematic illumination, variable surface texture, and excessive surface reflections given by the ice properties. Due to these conditions, other methods such as TLS or basic SfM photogrammetry fail. Therefore, we used the cross-polarized (CP) SfM photogrammetry. The basic concept of the used CP SfM photogrammetry is shown in Figure 4. We used a polarizing filter firmly placed in front of the camera flash and another filter mounted on the camera lens. The fundamental requirement to obtain the CP effect is that the circular polarizer must be rotated at 90° with respect to the sheet on the flash.



The imaging itself was carried out from a tripod using a 12 s self-timer. Since the tripod had to be placed on metal plates of the tourist path walkway, which were unstable, imaging was time consuming. All images were captured by a digital APS-C DSLR camera Pentax K-5 with the lens Pentax SMC DA 15 mm f/4 ED AL Limited (see Table 1) using the aperture priority mode, ISO 200, aperture f/10, and RAW format with subsequent conversion to 12-bit TIFF. A total of 110 images were captured. Detailed parameters of imaging are given in Section 3.1.



All images were captured with these settings in two modes: one with the cross-polarization setup and the second without. In this way, we obtained two sets of images from the same camera stations but with different illumination and without/with reflections.




2.4. Georeferencing


For the later comparison and analysis of results, the project was georeferenced bundle adjustment with ground control points (GCP) and checkpoints (ChP) in the form of 12-bit coded targets of A4 size paper. There was no possibility of using any standard geodetic monumentation of these targets. Therefore, we decided to place them directly on the ice surface by light melting of the surface by hand movement and then firmly placing the paper onto the ice (Figure 5). After a short while, the melted ice freezes again, fastening the paper on the surface.



In total, 15 targets were used, with the goal of as even a distribution as possible. Nine of the fifteen targets were used as GCPs and six as ChPs. The configuration and the location of the targets are shown in Section 3.1. The position of the targets was surveyed by the spatial polar method using total station Leica TS15. The internal accuracy was calculated as a priori mean error of measurement for the furthest measured points from the survey station, expressed by the mean positional error mp ≤ 10 mm and mean vertical error mh ≤ 10 mm. The survey was referenced to the geodetic control monumented in the cave, connected to the national coordinate system [57].




2.5. Image Processing


For image processing, the Agisoft MetaShape® Professional Edition, Version 1.6.0 software (Agisoft LLC, St. Petersburg, Russia, 2019) for the photogrammetric processing of digital images and creation of 3D spatial data was used. Within the processing, we used the following MetaShape settings (Table 2). The initial image alignment was carried out with high accuracy and a tie point limit of 0, with subsequent gradual filtering of the sparse point cloud (for details, see Table 2). After each step of image filtering, the optimization of camera alignment (a full bundle adjustment procedure on the aligned photogrammetric block) was performed. A dense point cloud was generated with the option to calculate point confidence for further filtering.




2.6. Other Surveying Methods—Terrestrial Laser Scanning


The whole glaciated part of the cave, also available to tourists, was surveyed by terrestrial laser scanning (TLS). TLS was realized by a pulse laser scanner Leica ScanStation C10, with Leica HDS targets for scan registration. With the spatial resolution of 30 × 30 mm in the final point cloud, more than 85 million points were recorded. The scanning was conducted from 30 survey stations, with the accuracy of a single measurement in the position of 6 mm and in a distance of 4 mm. The ice tunnel was covered by scanning from 3 scanning stations. Registration of individual scans was conducted directly in the scanner during the scanning using the Leica HDS targets. A correct georeferencing of the scanning was ensured by total station surveying of HDS targets connecting it to the geodetic control monumented in the cave. The final workflow of the overall surveying works is given in Figure 6.





3. Results


The results can be divided into photogrammetric and TLS results. Within photogrammetry, results can be considered as non-CP and CP SfM photogrammetry.



3.1. Non-CP and CP SfM Photogrammetry


Of the total of 110 images, all were successfully aligned during the image processing. The average imaging distance of 2 m was achieved for both sets of images, with the ground sampling distance (GSD) of 0.9 mm/pix. For both sets of images, nine GCPs and six ChPs were used, with the accuracy in the reference system being 10 times better for CP photogrammetry. After filtering dense cloud by the number of points with confidence >3, only 4.5% of points remained for non-CP photogrammetry and 51% remained for CP photogrammetry. Detailed parameters of image processing with and without polarization are given in Table 3.



The final results from both sets of images were two dense point clouds (Figure 7), with GCPs error estimates from CP photogrammetry in Figure 8. As can be seen, the non-CP photogrammetry dense cloud has a significantly lower quality with a large number of empty areas, which then also leads to a lower quality of the subsequently created 3D mesh model or other point cloud analysis.




3.2. Terrestrial Laser Scanning


The object of interest, the ice tunnel, was cut from the resulting TLS point cloud, containing approximately 6 million points. Within TLS, the scanner camera was not used for the photo-texturing of individual points (due to the bad illumination in the cave); therefore, the point cloud contained only the laser beam reflectivity information (in addition to the spatial coordinates). TLS was also referenced to the geodetic control monumented in the cave, connected to the national coordinate system. The final TLS point cloud of the tunnel is displayed in Figure 9.



However, when applying terrestrial laser scanning, it is also necessary to consider the type of scanner/scanning system and the scanning data it can provide. For Leica ScanStation C10 used in this research, it follows that we can only obtain coordinates of one reflection of the laser beam. Depending on the scanning system, it is possible to obtain coordinates of multiple reflections and filter only the first reflection of the laser beam. This can lead to better results and less noisy point clouds.





4. Discussion


The spatial survey is an integral part of the mapping and documentation of cave systems. Traditional geodetic methods are nowadays well established and commonly used [39,40,41], but they do not always allow a sufficiently accurate capture of cave spaces or are time consuming. Therefore, in recent years, technologies such as TLS and digital photogrammetry have also come to the fore in the field of cave mapping, allowing the surveying of even larger cave systems with high detail and accuracy in a short time [22,23,25,58,59].



Ice caves worldwide have also long been the subject of spatial surveying by geodetic methods, in particular TLS [44,60,61,62], but also by SfM photogrammetry [22,43]. However, in parallel with spatial surveys in these caves, spatio-temporal monitoring of the ice fill is often carried out [63,64,65,66].



In some cases, however, these technologies also fail. For example, in ice caves, the structure and texture of the ice can cause problems in capturing the progression of the ice surface, resulting in data with significant noise or areas with no data.



Dobšiná Ice Cave is a typical example where TLS was used to obtain an overall model of the cave, and digital photogrammetry was used for a more detailed modelling of selected sites for the purpose of the long-term monitoring of ice-filling dynamics [38,67]. However, in some parts of the cave, these technologies also failed, and their results were not applicable (Figure 7), especially in the tunnel cut in the ice filling. As can be seen in Figure 9, Figure 10 and Figure 11, individual results imply the following. The laser scanning beam penetrates well below the ice surface, in some places up to 70 cm (Figure 11). On the other hand, using conventional SfM photogrammetry, although the resulting point cloud is free of such outliers (Figure 11), the significant reflections of artificial illumination from the ice made the point cloud very sparse with many empty spots and near-surface noise (Figure 9).



For these reasons, we proposed using cross-polarized photogrammetry, by which we could filter out unwanted reflections and thus obtain a compact, dense point cloud covering the shape of the tunnel without significant noise. The following Figure 11 shows detailed images with various ice surface textures and reflections, depending on the method of illumination. It can be clearly seen that when using only artificial illumination in the cave (a), images are very sensitive to proper exposure, the texture of the ice is fading away, and the ice creates reflections. On the other hand, when using the mounted camera flash with no polarization (b), the texture and exposure are better; however, reflections are still present. Finally, by using flash with cross polarization (c), we can obtain a clear, sharp texture of the ice with no reflections from other light sources.



At the bottom, changes in illumination and reflections from the ice are visible in the overall image of the tunnel without polarization (d) and with polarization (e).



The point cloud obtained from CP SfM photogrammetry is denser and more compact than that from non-CP photogrammetry and does not contain as many outliers and noise points. The difference in the quality of the photogrammetric processing is also visible in the statistical parameters. Although the number of points in the dense cloud is comparable, after filtering out points with confidence <3, only 4.5% and 51% of the points remained for non-CP SfM and CP SfM, respectively. Accuracy in the reference system is also significantly better in favour of the CP SfM with 3 mm compared to 36 mm.



A difference model between the TLS and CP SfM point cloud was created in CloudCompare 2.16 software using the Compute Cloud/Cloud Distance function to obtain a robust evaluation and comparison of results. Figure 11a shows a difference model with a maximum distance of points in the TLS cloud from points in the CP SfM cloud of 60 cm. However, the highest differences occurred around the survey stations from which the TLS was performed—the laser beam was incident on the surface at a greater angle, so the penetration under the surface was higher, and reflection and scattering from the surface were lower.



When the difference model was filtered by the maximum distance of 1 cm to obtain a better visual representation (Figure 11b), approximately 3,300,000 points were filtered out (55% of the TLS cloud, mainly around the TLS stations). All remaining differences of points are almost evenly distributed; the overall noise of the TLS cloud, when compared to the CP SfM cloud, is up to 10 mm.



When comparing the resulting point clouds from TLS, CP SfM and non-CP SfM using three vertical cross sections (Figure 11c; A—through a scanning station, B—between scanning stations, C—through a scanning station), the differences using these technologies are clearly visible. Although the TLS point cloud covers the entire surface of the tunnel without significant holes, the penetration of the beam through the ice makes such a cloud unusable. Although the cloud from non-CP photogrammetry is not as noisy, most of the surface is without any points, making such a cloud unusable as well. Only the cloud from CP photogrammetry covers the entire surface of the tunnel densely enough without additional noise.



Regarding the subsequent processing of point clouds to obtain 3D mesh models from photogrammetry point clouds, both data sets were used to generate a 3D model. However, Figure 12 clearly shows that the 3D mesh model from the non-CP point cloud (left) is too noisy, with holes, and thus unusable. Then, the 3D mesh model from the CP point cloud (right) forms a homogenous and closed surface, which is appropriate for potential further processing/analysis.



It follows from the above that the use of cross polarization in SfM photogrammetry can successfully suppress reflections, and we can thus obtain reliable and accurate results. Moreover, it is achievable without increased time or financial demands, even for such reflective surfaces in such challenging environments. Based on this procedure, it is possible to carry out a regular stage survey of these parts of the cave and perform multi-temporal analyses of ice-filling dynamics. These multi-temporal results can then be used, including climate data from the cave, to model the future behaviour of the ice in the cave.




5. Future Work


Future work in spatial surveying of this cave, particularly of such challenging ice surfaces, will focus on using other alternative approaches in TLS and SfM photogrammetry technologies. As previously mentioned, the Leica ScanStation C10 laser scanner provides a point cloud from each individual laser beam reflection. Better results could be obtained by using a newer scanner (such as Leica RTC360) that allows noise filtering (ambiguous points, mixed pixels, etc.) in the data processing. Another option is to use scanners with other wavelengths of the laser signal or scanners from other manufacturers (Riegl, Faro Focus) that allow working with the raw scan data, analyzing and filtering it according to different criteria.



Another point for a photogrammetric survey is the illumination. Since there is only artificial illumination in the cave, we can use different types of light sources (which is not so easy to implement due to the fixed location of the actual lighting and limited sources of electricity). However, different types of illumination can be considered. For instance, polarizing filters on all light sources, camera flash with a polarizing filter as the only light source, or light sources with more diffused illumination.




6. Conclusions


In photogrammetric applications using digital images (Structure-from-Motion, dense stereo matching, etc.), reflections and flares of light from surfaces can lead to incorrect measurements, errors in image matching, and thus gross errors in the resulting point cloud. Cross polarization in the form of polarizing filters mounted on the light source and the camera lens can be used to overcome this problem and eliminate distracting reflections. This leads to homogeneous illumination in the images, resulting in better quality image matching and generating dense point clouds without gross errors, noise, or areas without points.



Polarizing filters are widely used in common and professional photography, as they allow us to obtain photos with more vivid colours, higher saturation, and without reflections from reflective surfaces. In photogrammetry, they are mainly used in the digital reconstruction of historical artefacts and works of art. So far, however, cross polarization has found only very little application in photogrammetric measurement and imaging of specific surfaces in geomorphology.



This paper aimed to demonstrate the use of cross polarization in photogrammetry and in geomorphological applications, where specific surfaces producing significant reflections may also occur, making the use of classical photogrammetric imaging impossible. One such example is the surface of ice filling in underground spaces, which can be challenging to survey spatially. Due to the physical properties of the ice and its surface, traditional technologies such as tacheometry, TLS, or digital photogrammetry fail here, as demonstrated by the artificial tunnel in the ice filling in Dobšiná Ice Cave. However, results from cross-polarized photogrammetry show that such an approach is able to produce images suitable for photogrammetric processing and thus obtain a sufficiently accurate and high-quality 3D model. By combining these technologies, it is then possible to obtain an overall model of the glaciated parts of the cave, which can be used for the regular monitoring of the dynamics of ice-filling changes, providing data for further analysis to better understand the impact of climate change on underground glaciers and their protection.
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Figure 1. Location of Dobšiná Ice Cave (Slovakia). 
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Figure 2. Dobšiná Ice Cave—ground plan of the glaciated part (top), and ice decoration in Great Hall (left) and artificial ice tunnel (right) (source: authors). 
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Figure 3. Different ice surfaces in the cave (source: authors). (a) smooth, compact ice with deposits in layers; (b) smooth, clear ice with a densely cracked surface; (c) frost formed from crystals of a few mm to cm in size; (d) smooth and transparent ice formed from freshly accreted water. 
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Figure 4. DSLR camera with flash and polarizing filter setup for imaging. Blue represents polarized incident light; red reflecting light with altered polarization (after [31]). 
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Figure 5. An example of a target monumentation on the ice surface. 
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Figure 6. General processing workflow. 
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Figure 7. Dense point cloud after filtering by confidence >3; top–non-CP photogrammetry; bottom–CP photogrammetry. 
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Figure 8. Error estimates of GCPs from CP (a) and non-CP (b) photogrammetry in Agisoft MetaShape software—a side view of the tunnel. Z error is represented by ellipse colour, and X,Y errors by ellipse shape. 
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Figure 9. TLS point cloud of the tunnel from the top and through the tunnel. 
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Figure 10. Effect of cross polarization on ice surface reflections: (a) artificial electric illumination, (b) flash with no polarization, (c) flash with cross polarization, (d) a typical image without CP effect, (e) the effect of cross polarization on reflections. 
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Figure 11. Comparison of the resulting point clouds by difference models (a,b) and vertical cross sections A, B, C (c). 
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Figure 12. A perspective view through the mesh model of the ice tunnel; (left)—non-CP photogrammetry, (right)—CP photogrammetry. 
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Table 1. Parameters of DSLR camera and polarizing filter.
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Camera






	
Model

	
Sensor

[mm]

	
Pixel size

[µm]

	
Resolution

[pix]

	
Focal length

[mm]

	
Format




	
Pentax K-5

	
23.6 × 15.7

	
4.77

	
4928 × 3264

	
15.0

	
RAW→Tiff




	
Polarizing filter




	
Transmittance

	
Efficiency

	
Polarization axis

	
Wavelength

	
Thickness

	
Reliability




	
Single (42%) Crossed (≤0.005%)

	
99.99%

	
50mm

	
380–700 nm

	
0.19 mm

	
30–80 °C











 





Table 2. Settings used for image processing in Agisoft MetaShape software.
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	Align Images
	Gradual Filtering





	Accuracy—high
	1 Reconstruction uncertainty <15



	Key point limit—400,000
	2 Projection accuracy <3



	Tie point limit—0
	3 Reprojection error <0.3



	Image coordinates accuracy
	Dense cloud generation



	Marker accuracy—0.1 pix
	Quality—high



	Tie point accuracy—0.3 pix
	Depth filtering—moderate



	Measurement accuracy
	Calculate point confidence



	Marker accuracy—0.005 m
	







1 Remove points in the sparse point cloud with poor geometry. A level of 15 can be considered as equal to an acceptable base-to-height ratio of 1:5.5. 2 Remove points in the sparse point cloud with high pixel matching error. The value of 3 can be the most suitable and achievable from non-metric consumer cameras (DSLR, UAV). 3 Remove points in the sparse point cloud with high pixel residual error.













 





Table 3. Parameters of imaging and image processing for data sets with non-CP and CP images.
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Parameters of Imaging and Image Processing




	

	
No Polarization

	
Cross Polarization






	
No. of used images

	
110




	
Average imaging distance

	
2 m




	
1 No. of tie points

	
19,836

	
24,492




	
No. of reconstructed points

	
54,000,000

	
70,000,000




	
2 No. of points with confidence > 3

	
2,400,000 (4.5%)

	
36,000,000 (51%)




	
3 Ground sample distance

	
0.9 mm/pix




	
4 Maximal 