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Abstract

:

The paper aims to study the geometrical quality and opportunities of the state-of-the-art 3D camera Matterport Pro and examine its potential for industrial archaeology applications. The presented study consisted of two steps. In the first step, the geometrical quality of the camera-generated point cloud was investigated on the calibration test field. The geometrical quality was checked in two ways: (1) with distance comparison between reference targets and (2) with point cloud comparison. The coordinates of the reference targets were determined using a high-precision total station, while the FARO Scanner generated the reference point cloud. The study established that Matterport Pro has a scale systematic error that must be accounted for in 3D modeling and the inventory of archaeological objects. In the second step, the geometrical quality of the camera was checked for the actual archaeological object. As such an object, the historical copper-shaft Quincy Mine in Michigan State Upper Peninsula was considered. The specific subject of the study was one of the largest hoist engines in the world. The Matterport Pro camera scanned the indoor environment of the hoist engine house. The accuracy of the 3D model of the hoist engine was checked using additional linear measurements on-site. It was found that the accuracy of 1% showed that the camera specification can be improved through calibration. As an output of the second step, the accurately refined 3D model of the hoist engine’s interior was built. That model was embedded into a 3D model of the hoist engine’s house for usage in virtual tours of the Quincy Mine Museum. Finally, a virtual tour was created of the Quincy Mine house with exterior and interior models referenced to the geographical frame.
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1. Introduction


Industrial archaeology is one of the attractive directions for the preservation of cultural heritage. The inventory and certification of the industrial objects that are listed in the national and international organizations’ services as those that had a prominent effect on industrial development are indispensable steps in their restoration and preservation [1,2]. Researchers have become increasingly interested in the new measuring equipment deployed for industrial archaeology applications in recent years. The role of digital close-range photogrammetry, terrestrial laser scanning, unmanned aerial systems, low-cost digital cameras, camera-equipped total stations, etc., has been extensively studied in recent years [3,4]. The standards and the main requirements for surveying and documentation in industrial archaeology have been established in classic works [1,2]. These works described the conventional methods for surveying in industrial archaeology. These methods are obsolete and inconvenient compared to today’s technologies. To date, the general approach is that the surveying results must be presented in a 3D digital format [5,6,7] with appropriate attributes linked to geospatial databases [8,9]. Among the recent examples are different photogrammetric approaches, like panoramic cameras for archaeological surveying [10,11], low-cost photogrammetry [12,13,14], and range cameras [15,16]. On the other hand, active sensors, e.g., terrestrial laser scanners, have occupied another niche and provide detailed 3D models of archaeological sites [17]. Laser scanning data are especially useful for integration with photogrammetric data [18]. This approach allows the retrieval of dense 3D models with high-quality texture [19]. Despite the high efficiency of terrestrial surveying, some archaeological features can be captured from aerial surveying. Thanks to the development of reliable and stable UAVs, it has become possible to apply them to archaeological site surveying with appropriate accuracy and detail [20,21]. Recently, one more remote sensing technology has become popular, namely thermal imaging. This technology provides vital data about hidden features of archaeological sites. However, thermal data must be accompanied by other remote sensing information, e.g., laser scanning, as long as thermal data have a low resolution and geometric accuracy is very low [22,23]. Narrowing down the study object specifically to industrial archaeology, we may notice that considerable research attention has been directed toward remote sensing technologies, including digital close-range photogrammetry and terrestrial laser scanning and their various applications to industrial archaeology [24,25]. Many of the recent works on industrial archaeology have revolved around mapping various machines and mechanisms from ancient times until the last century. Among the most interesting projects, it is worth mentioning the documenting of kilns using photogrammetry [26]; tide mills using terrestrial laser scanning [27]; windmills using total station surveying [28]; steam engines using digital mapping [29]; sluices using a combination of terrestrial laser scanning, photogrammetry, total station, and thermal surveys [30]; machine for cutting grass using digital mapping [31]; woolen mills using terrestrial laser scanning [32]; etc. Moreover, there is a clear tendency for further integrating 3D digital models into VR/AR [33,34]. A recent line of research has concentrated on relatively new remote sensing technology known as 3D cameras. Three-dimensional cameras play a significant role in indoor surveying and 3D modeling. A good example of this technology is the Matterport Pro 3D camera [35,36]. The study of 3D camera capabilities has become an essential aspect of their application to industrial archaeology. To date, scant attention has been paid to the question of the geometrical quality of data generated by 3D cameras. Much previous work on remote sensing and 3D cameras, particularly applications to industrial archaeology, has focused on quantitative characteristics. Meanwhile, the geometric quality is not considered in detail. Three-dimensional indoor cameras are a pretty new technological direction in photogrammetry [15]. The application of these cameras has increased significantly in recent years. The main subject of 3D indoor cameras is real estate surveying [35]. However, the opportunities for such cameras are not restricted to real estate. Industrial archaeology is a good practice for 3D indoor cameras among the different applications. The primary goal of industrial archaeology is well-known and consists of object documentation that significantly affected industrial production in the past [1,2,5,37]. Regarding this aim, industrial archaeology needs tools and approaches that provide fast and precise data collection. Before, we already figured out that photogrammetry generally supports various solutions to the tasks for the conditions mentioned earlier. Still, it needs special skills and software that ordinary users or archaeological scientists do not always have. Employing a 3D camera, such as 3D Matterport Pro, is an excellent way to circumvent the problem of high-skilled employees’ engagement and specific software usage. Matterport is a relatively young start-up project from California, the U.S. The critical advantage of Matterport is its ease of use of this technology. There is no need to have special training or buy special software to operate the camera. The surveying procedure boils down to collecting field data and uploading the raw data to the processing server. As an output, the user obtains a 3D model, point cloud, plans, cross-sections, etc. Despite the high level of automation, the accuracy of the final results is still questionable. The company declares that the accuracy level is 0.01%. Little research has been performed on the Matterport Pro camera’s accuracy in detail. Some studies have been conducted in this area of investigation [38,39,40,41]. However, the given studies have touched on the accuracy issue without in-depth examination. The work [22] is worth mentioning, where the ground study of the Matterport Pro camera is presented. Notwithstanding, the authors [22] did not consider the reasons for the Matterport Pro’s accuracy degradation, nor did they point out how to refine it. Relatively little is understood about point cloud accuracy and probable systematic errors. These issues are essential since industrial archaeology needs high accuracy for some applications. Thus, one of the presented study’s goals is to examine and explain the expected accuracy of the point cloud generated by Matterport Pro. However, the answer to the accuracy question is just half of the issue. There remain many unanswered questions about the opportunities of cameras such as Matterport Pro to model the objects of industrial archaeology, including in the mining industry [42,43]. The objects of the mining industry take a unique role among the various objects of industrial archaeology. The mining industry drove the Industrial Revolution and was an essential element of scientific progress. Therefore, many abandoned and partially destroyed objects from the mining industry have a historical and scientific worth from the point of view of industrial archaeology. It is worth mentioning that there is limited research investigating the Matterport Pro 3D camera for outdoor surveying. Here, again, the work [22] only attempts to investigate Matterport Pro data for outdoor modeling.



The aim of the presented study is threefold. The first is to check the actual accuracy of the point cloud generated by the Matterport Pro 3D camera. The second is to provide the calibration procedure with a possible solution to improve accuracy. The third is in line with the accuracy of the Matterport Pro 3D camera for industrial archaeology studies, namely for the objects of the copper mining industry. For this step, the Quincy Mine Hoist Association was chosen to survey the hoist engine and provide the 3D model for a virtual tour of the Association Museum.



The remainder of this paper is structured as follows. Section 2 outlines the data used for the ongoing study with a bit of history, how data were gathered, and which equipment and software were used for data processing. Section 3 is dedicated to the detailed study of the Matterport Pro camera calibration, accuracy, and comprehensive analysis of the obtained results after processing. Section 4 is dedicated to surveying the Quincy Mine Hoist Engine and 3D modeling. The Quincy Mine Museum will use the modeling results for a virtual tour. In the Discussion section, the quality check model and its refinement after calibration are emphasized. At the very end, valuable recommendations are given. Finally, Section 5 presets the conclusions.




2. Materials and Methods


2.1. Data for Accuracy Check and Calibration Method


The data were collected in the test field to check the accuracy and calibrate the 3D camera. The room for the test field is located in the Great Lakes Research Center at Michigan Technological University. The test field was created in a big hall with a size of 10 × 12 m and a height of over 3 m. The targets are black-and-white squares printed on paper (e.g., see Figure 1). In total, 21 targets were placed on the walls and ceiling of the hall. The total station TOPCON determined the coordinates of the targets from two stations in the local coordinate system. The total station and the targets’ emplacement in the hall are presented in Figure 1.



The same targets were measured using terrestrial laser scanner FARO for control (Figure 2). The scanner’s accuracy and total station accuracy are compared in what follows.



These data were used to study the Matterport Pro point cloud accuracy. FARO scanning was accomplished from four stations. The coordinate system was local. After the scans’ referencing in one model, the total size of the obtained model was over 40 million points (Figure 3).



In the next step, Matterport Pro surveyed the same hall (Figure 4), and scanning results were forwarded to the Matterport company’s processing server (Figure 5). See Video S1: 3D Tour of Test Field in the Supplementary Materials section. Surveying was gained by Matterport Pro from eight stations with a model size of over 4 million points. It is essential to mention that Matterport Pro’s data capturing took just 10 min. These data were used for accuracy checks and revealing systematic errors.



A three-dimensional point cloud and a horizontal plan (Figure 6) were generated as an output of the processing stage. The coordinates of the targets were measured on the point cloud.



The accuracy check is suggested to be carried out in two ways: (1) distance comparison and (2) cloud-to-cloud comparison. For the first approach, the distances between targets were used for the accuracy check insofar as the distances are invariant of the coordinate system. The distances were calculated using the well-known expressions:


   d  t s   =   Δ  x  t s  2  + Δ  y  t s  2  + Δ  z  t s  2    ;    d  c a m   =   Δ  x  c a m  2  + Δ  y  c a m  2  + Δ  z  c a m  2    ,  



(1)




where    d  t s     is the total station distance and    d  c a m     is the Matterport Pro distance. Based on the distances, the differences were calculated:


   Δ d  =  d  c a m   −  d  t s   .  



(2)







The obtained differences were used for further analysis. This approach works well when we deal with target coordinates. However, to estimate the point cloud accuracy, we need the TLS point cloud and the Matterport Pro point cloud and apply cloud-to-cloud comparison. The Iterative Closest Point (ICP) algorithm is a well-known approach for such a comparison. The procedure for the standard ICP is outlined in many sources, e.g., [44,45,46]. ICP was suggested and developed in 1992 by Besl and McKay [46]. This method has become the most popular method for the tasks of 3D modeling. The method has obtained increasing popularity in recent years and has many modifications. Here, we will use a standard ICP. The idea ICP is to orient two point clouds or 3D models to the fixed coordinate frame without reference data. The algorithm searches and references a pair of points in the different coordinate systems during each iteration. Once the pair has been defined, the algorithm determines transformation parameters to minimize the function [46]:


  f   R , t   =  ∑  i = 1    N m     ∑  j = 1    N p     w  i j   | |  m i  −     R  s   p i  + t   | |  2  ,  



(3)




where    N m  ,  N p    are numbers of points in clouds M and P;   R ,  s  ,   t   are rotation matrix, scale scalar or matrix, and shift vector between two coordinate systems;    m i  ,  p i    are point vectors; and    w  i j     values are the weights. From (3), we obtain the following:


  f   R , t   =  1 N   ∑  i = 1  N  | |  m i  −     R  s   p i  + t   | |  2  .  



(4)




where   N =  ∑  i = 1    N m     ∑  j = 1    N p     w  i j    .



In the works [45,46], it is pointed out that ICP allows one to achieve the local minimum. The assignment of preliminary values of transformation parameters is a crucial condition to figure out the global minimum. This condition is easy to accomplish in our case. The idea of the ICP can be grasped from Figure 7.



This algorithm can also be treated as a kind of calibration, as far as the transformation of two clouds allows for the calculation of a scale parameter between these clouds.



However, a stricter approach for the calibration should be based on the target coordinates. In this case, the blunders in coordinates will not affect the accuracy of the parameters as far as they can be easily ruled out. For the 3D camera calibration, we suggest using the Helmert transformation in space. The general form of this transformation is as follows:


         x     y     z        t s   =       T x       T y       T z       +       1 + d  s x       R z      −  R y        −  R z      1 + d  s y       R x         R y      −  R x      1 + d  s z               x     y     z        c a m    



(5)




where    x  t s   ,  y  t s   ,  z  t s     are target coordinates in the total station coordinate system;    x  c a m   ,  y  c a m   ,  z  c a m     are target coordinates in the Matterport coordinate system;   T x , T y , T z   are shifts of the coordinate systems;    R x  ,  R y  ,  R z    are rotation matrix coefficients; and   d  s x  , d  s y  , d  s z    are scale coefficients.



This transformation allows for determining scale coefficients that can be used to correct the Matterport Pro data in what follows.



Therefore, a geometrical quality check will be established through two accuracy checks: distance comparison and cloud-to-cloud comparison. The calibration will be studied in cloud-to-cloud comparison and spatial Helmert transformation.




2.2. Study Object and Data for Modeling


It was mentioned that industrial archaeology comprises different engineering, social, and technological sciences to study the history and aftermath of past industrial activities [37]. As a multidisciplinary science, industrial archaeology examines miscellaneous objects. Among these are mechanisms and machines. The mining industry is an example of the application and dissemination of cutting-edge technologies, which is why the objects of the mining industry include different equipment that is the subject of industrial archaeology. On this basis, the Quincy Mine copper shaft, placed in the Upper Peninsula Michigan (Figure 8), was selected to study the Matterport Pro’s capabilities for industrial archaeology.



Upon the in-depth study of various archival materials at the Michigan Technological University library and discussions with members of the Quincy Mine Hoist Association, it was found that the Quincy Mine complex’s most attractive and exciting object is the Quincy Mine Hoist Engine. The Hoist Engine house is placed near Highway 41, Houghton, MI (Figure 8 and Figure 9).



The Quincy Mining Company (QMC) was established in 1846, with the main shaft at the Upper Peninsula Michigan. During the three years after 1859, the QMC evolved from a small shaft to a productive mining cluster. Extensive geological studies explored the large volumes of copper and silver ore. The company built the first complete plant in 1862, producing 2.1 million pounds of copper. The company grew from 1868 until 1920. The company’s personnel increased from 500 to 2000 people. The excavation power was 22 million pounds of copper yearly. During that time, the QMC technologies passed from a pre-mechanized to a highly mechanized era [40]. Yet the QMC had six shafts in operation at once. One of the largest massive steam-powered hoists in the world served these shafts—the Nordberg Steam Hoist [47] (Figure 10).



The Hoist Engine was placed in the house (Figure 11) 165 m from the shaft and provided the mining works.



At that time, the maximum depth of the shaft reached 2 miles. The Nordberg Steam Hoist served 256 levels where copper was extracted. Nowadays, the view of the Hoist Engine house is presented in Figure 12.



The active history of the Quincy Mine ended in 1945 when the last mining was carried out and the shaft was shut down. However, that was the beginning of a new history. The whole complex of mining buildings and engines of the Quincy Mine (Figure 13) became an object of industrial archaeology and its studies. In 1978, the Historic American Engineering Record (HAER) enlisted the Quincy Mine as a significant engineering and industrial object in the U.S., emphasizing the role of the QMC and the equipment used there.



The Quincy Mine Hoist Association was established and declared its mission “to preserve, interpret, and educate the public about the history of copper mining in Michigan” [47]. The association deployed a museum dedicated to the QMC at the shaft territory and has conducted tourist tours throughout the shaft objects since then. The core object of these tours is the Nordberg Steam Hoist (Figure 14).



As mentioned in the introduction, one of the final outputs of the research was the support of the QMHA with a 3D model of the Quincy Mine Hoist Engine for a virtual tour [48]. Therefore, the Hoist Engine house and the Nordberg Steam Hoist were selected for the study. The data obtained by the outdoor and indoor surveying were finally gathered into one virtual model to ensure the virtual environment for virtual tours around the Quincy Mine Hoist Engine. The output of this modeling will be given in Section 3.





3. Results


3.1. Accuracy Check—Distance Comparison


According to the procedures outlined in the previous section, the accuracy check is possible in two ways. The first approach is the distance comparison. To achieve this aim, three data sets were acquired. We have the target coordinates determined by the Topcon total station (TOPCON), measured on the Faro TLS point cloud (FARO), and measured on the Matterport 3D point cloud (MP). Therefore, we may determine three sets of differences: TOPCON vs. MP, TOPCON vs. FARO, and FARO vs. MP. In total, 210 distances were calculated using (1), and appropriate differences were determined using (2). If we consider one of the distance sets as a reference, we can treat the differences as deviations of one data set according to another. This premise is eligible as far as the total station measurements are many times more precise than other measurements, and of course, FARO measurements are more accurate than Matterport measurements. Thus, in what follows, we will consider deviations. These deviations are presented in Figure 15, Figure 16 and Figure 17.



The appropriate histograms were generated to grasp the features of the presented distance deviations (Figure 18, Figure 19 and Figure 20).



Despite the slight deviations in the histograms (asymmetry), the obtained deviations obey a normal distribution but with a significant systematic shift. This shift is evident in the graphs in Figure 15, Figure 16 and Figure 17. The inferences regarding the yielded distance deviations are possible using descriptive statistics. The standard parameters of the descriptive statistics were calculated and are given in Table 1.



Since the longest distance does not exceed 12 m, the total station measurements are accepted as errorless. This assertion is eligible as far as the distance accuracy for the total station in reflectorless mode is ±2 mm. The accuracy of TLS is approximately on the same level. However, due to minor errors in the targets’ center determination on the point cloud, the TLS is supposed to be less accurate than the total station. Under this precondition, let us analyze the figures in Table 1. First, the accuracy of the total station and TLS is compatible. This means that in what follows, we may use the TLS point cloud as a reference for cloud-to-cloud comparison. Second, the root mean square errors for Matterport regarding the total station and TLS are statistically similar at 14 mm and 16.6 mm, respectively. If we accept the mean measured distance of 8.3 m, then relative distance accuracy equals 1:600 and 1:500 or 0.17% and 0.2%. These results are much better than the accuracy for Matterport declared by the manufacturer (1%). However, the distances are relatively short, and after sorting the deviations by distance length in ascending order, it was found that deviations have a clear systematic trend. The disparities grow with length. The histograms (Figure 18 and Figure 20) also clarify the systematic trend. The following analysis will be based on the deviations between the total station and Matterport. Systematic errors distort the distances, as we may infer from Figure 15 and Figure 17. Almost all the deviations have positive values with a central meaning near 0.03 m. Such a value exceeds the measurement accuracy considerably. The simple analysis has shown that the measured values from the 3D camera must be corrected for a scale factor of nearly 1.004. This result pushed the thought that the 3D camera distances are distorted by linear components depending on the distance length. A simple polynomial approximation was used to deal with both of these components. As a basic equation, the following expression was considered:


  f  ∆  =  p 0  +  p 1  d +  p 2   d 2  + … .  



(6)




where    p 0  ,  p 1  ,  p 2    are polynomial coefficients.



In expression (6), it is more than enough to account for the first two coefficients. Therefore, a simple linear model was constructed. The following parameters present the linear model with a 95% confidence level: p0 = −4.606 × 10−5, confidence interval (0.003531, 0.003439); p1 = 0.003624, confidence interval (0.003238, 0.00401); adjusted R-square = 0.62; RMS error = 0.0102 m. Figure 21 shows that some differences may be treated as outliers. After the elimination of these blunders, the model was refined, and the following parameters and their estimations were obtained with a 95% confidence level: p0 = 0.0001, confidence interval (−0.00318, 0.00333); p1 = 0.003537, confidence interval (0.00318, 0.0039); adjusted R-square = 0.63; RMS error = 0.0094 m. The coefficient of determination R-squared has a reliable value, and the polynomial coefficients are in the bounds of the interval for a 95% confidence level. However, only the first coefficient must be considered practically significant. The correction equation is


  f  ∆  = 0.003537 d .  



(7)







Expression (7) is used to calculate the corrected deviations for the 3D camera distances. After applying the scale factor, the distribution of the differences changed significantly (see Figure 22). The deviations are scattered randomly, and there is no recognizable dependency between these deviations and distance length. Yet a systematic shift still moves the deviations slightly towards negative values.



The root mean square error for the measured distances was 9.4 mm. If we accept the previous mean measured distance of 8.3 m, then, in effect, the relative distance accuracy equals 1:880 or 0.11%. Of course, this result looks overly optimistic, and probably, for longer distances, the distortions will be different. Thus, the checking procedure confirmed the existence of the scale systematic error in the Matterport data. But this scale error cannot be suggested as a scaling coefficient as far as it is applied for distances, not coordinates. Thus, the scale error states the fact of systematic errors but is useless for data correction. Furthermore, since this scale error is bound to the coordinates of the scanty set of particular targets, it is worth determining the systematic error and accounting for the whole point cloud.




3.2. Accuracy Check—Clouds Comparison


The cloud-to-cloud comparison will be denoted as C2C. For this comparison, two point clouds were used. FARO point cloud was assigned as a reference cloud. FARO point cloud was compared with the Matterport-generated point cloud (MP). The comparison of these clouds was accomplished using CloudCompare software (Version 2.12.4). To obtain reliable results, we need to reconcile these two clouds. The FARO point cloud was almost ten times bigger than the MP cloud. So the FARO point cloud was decimated to reduce the cloud size to 4M points. The FARO cloud was downsampled evenly to obtain a cloud of approximately the same size with a similar resolution. The first ICP transformation has been accomplished using default parameters (Figure 23).



In Figure 23, the effect of blunders is significant. Therefore, before the analysis, both clouds should be cleaned from the blunders. The simple filter that restricts the difference values was applied. After employing the filter, the difference values look similar to the distance comparison in Section 3.1 (see absolute distances scale in Figure 24).



Now, it is possible to embark on the refined ICP transformation and further C2C distance calculation. Due to the vast redundancy of point clouds, we decided to study the effect of point cloud size on the ICP transformation results. The results are outlined in Table 2.



In Table 2, we have five sizes of point clouds. For each size, the ICP orientation without scale coefficient has been accomplished (three shifts and three rotations were determined). The distances between the two clouds after the orientation were calculated. These distances are deviations between two clouds, and the mean value and RMS error describe their distribution. The mean value and RMS error are reduced as the cloud size gets smaller. However, on the other hand, the orientation RMS error grows and finally becomes two times bigger than for the original cloud orientation. This proves that the redundancy of the original cloud provides reliable results, and it is not recommended to downsample the original Matterport point cloud. Secondly, the ICP orientation with the scale coefficient was carried out. The orientation RMS error equals ±7 mm for the original point cloud. C2C comparison showed an RMS error of ±4 mm, which is equivalent to the accuracy of the FARO point cloud. The results can be considered reliable. The scale coefficient 1.003381 is close to the scale coefficient according to distance-to-distance comparison 1.003537. Despite some differences deviating significantly from the mean value, the overall picture shows admissible deviations for the whole test field (Figure 25).



Therefore, we may use the scale coefficient to correct the Matterport point cloud to obtain an undistorted point cloud. However, as in the previous case, the scale coefficient scales point coordinates similarly. Such a scale coefficient does not account for the condition for which the distortions will differ along different coordinate axes. Therefore, calibration is mandatory.




3.3. Calibration


The reliable determination of the scale error is a subject of calibration. Insofar as we stress the primary attention on the scale error, applying a 3D Helmert transformation with three scale coefficients was suggested to draw out the scale errors. The coordinates of target points in both local coordinate systems (total station and Matterport) were used for the transformation. The transformation parameters were found using the program JAG3D [49]. The transformation parameters and their accuracy estimation are presented in Table 3.



Among the various parameters in Table 3 of interest are scale coefficients   d  s x  , d  s y  , d  s z   . These scale coefficients present the systematic distortion of the Matterport point cloud along the coordinate axes. The scale along the z-axis is insignificant and can be neglected in what follows. This fact is proved by hypothesis testing in the rightmost column in Table 3. The coordinates, coordinate accuracy, and coordinate deviations on targets are given in Table 4.



The deviations in Table 4 are the resultant of transformation and describe the accuracy after conversion. The deviation vectors in the horizontal plane are presented in Figure 26, whereas the spatial deviations are in Figure 27.



Figure 26 and Figure 27 exhibit a random distribution for deviations at the targets after the coordinate transformation. Thus, some of the systematic errors were ruled out from the data. Then, we may recommend using the scale coefficients   d  s x    = 1.003268 and   d  s y    = 1.003899 as calibration parameters given in Table 3 to correct the coordinates of the Matterport point cloud. Surveying a historical industrial object was accomplished to prove the accepted premise, and the scale coefficients obtained above were applied to correct the 3D model of the historical object.




3.4. Quincy Mine Hoist Engine: Outdoor and Indoor Surveying and Modeling


The whole process of outdoor and indoor surveying and modeling is presented in Figure 28.



The data-acquisition process can be divided into two steps. In the first step, a low-cost digital camera gathered data for the Hoist Engine house 3D model (Figure 29). The photogrammetric processing procedure for the house modeling was conventional, and images were processed using Agisoft Metashape software (Version 1.7.2).



The results of the modeling are necessary for further virtual model creation. The Hoist Engine house model was converted to a 3D obj file. The model in this file was textured and referenced to the satellite imagery (Figure 30).



The second step was the data acquisition of the house’s indoor environment by Matterport Pro (Figure 31). It is worth mentioning the large size of the Nordberg Steam Hoist. The engine’s height is over 12 m, and to overcome this issue, surveying was performed from the surrounding platforms. Simultaneously, the Matterport Pro’s performance was tested for adverse weather conditions. During data capturing, the temperature was below −10 °C. However, Matterport Pro managed these critical conditions pretty well.



Some images captured by Matterport Pro and exported to the Matterport software (Version 770.22031) are portrayed in Figure 32.



The surveying was accomplished on the ground, from ladders and platforms around the Hoist Engine. The total size of the point cloud obtained from 56 stations is almost 49 million points. The surveying time did not exceed 1 h, which demonstrates the high capability of the Matterport Pro camera for surveying such complex industrial objects. The data were sent to the Matterport processing server. Matterport processing software provides powerful tools for visualization, measurements, drawings, and point cloud generation. A screenshot of the whole data set is shown in Figure 33.



A video that presents the overview of the data set is provided via the Supplementary Materials section (Video S2: Short Introduction QM). Figure 34, Figure 35 and Figure 36 present the measurement option in the Matterport software.



Finally, the rendered 3D model of the Quincy Mine Hoist Engine house was generated. Video S3: 3D Trip Around Hoist Engine, from Supplementary Materials, demonstrates how any user can walk around the object, step up on its top, and carry out the required measurements. Moreover, the obtained 3D model was embedded into the house photogrammetric model, which, in turn, was placed on the georeferenced satellite imagery. A demo of the whole tour from the space to the indoor view was released using Unity3D software (Version 1.5). As a result, any user can open up the application on a PC, walk around the house, look in the Hoist Engine house, and even make distance and coordinate measurements inside the house. In the Supplementary Materials section, the sample case of how this can be carried out is given in Video S4: QM VR Unity3D. As mentioned, the Matterport software allows for generating the colorized point cloud. Such a point cloud may be used for various virtual applications and precise measurements. This option is essential for industrial archaeology, where the dimensions of the objects must be determined accurately. The geometric quality of the Quincy Mine Hoist Engine model was checked. These results are presented in Section 4.





4. Discussion


The paper’s primary goal was the geometrical quality check of the 3D cameras for industrial archaeology applications. This step allows us to finally prove or disprove our inferences regarding achievable accuracy and the calibration effect for the Matterport Pro camera. Furthermore, the field experiment results will help us interpret the outputs of distance comparison in Section 3.1 and Section 3.2. We have performed the test measurements using the obtained model to reach our aim. The test is based on the distance comparison between the map and on-site distances. In this way, we may check out the Matterport Pro accuracy in real field works and apply our scale coefficients from calibration. The historical map of the Quincy Mine Hoist Engine house was used to check the calibration quality (Figure 37). The control dimensions listed in Table 5 were taken from the map. The Matterport Pro distances were taken directly from the 3D model (Figure 38). After the calibration, the control dimensions were measured a second time, and the appropriately corrected differences were calculated.



The model was oriented so that the main house axes were parallel to the coordinate axes. Therefore, we can use different scales for perpendicular distances.



From Table 5, we may infer that after deploying the calibration coefficients, the distance accuracy has improved by up to 21%. The total accuracy constitutes 0.64% of the measured distance, which is much better than the 1% declared by the manufacturer. Despite the general enhancement, a systematic trend was not entirely eliminated throughout the calibration procedure. This means that 3D camera calibration is not a straightforward process. On the other hand, the probable reason for these results is the object’s size. Considering that the largest size of the test field was 12 m, which is almost three times less than a surveyed object, one may infer that the calibration has to account for the presumable size of the surveying object.



Now, let us get back to discussing the accuracy obtained from various comparison approaches. The RMS error for the measured distances in the test field is 1:880 or 0.11%. This result is six times better than the outcome of the actual field experiment. How can this be? To figure it out, we need to analyze the measurement scheme. The test field was surveyed from eight Matterport stations. In this case, the surveying distance varies from 4 m to 8 m; in other words, this range is believed to be optimal for Matterport surveying. Almost 95% of points were captured from each station. This means we have a high measurement redundancy, n = 8. Even if we suppose that the accuracy for a distance    m   d f      = 0.64% is valid, then we will have the integrated distance accuracy for the test    m   D f     .


   m   D t    =    m   d f       n    = 0.23 % .  











But this value includes the errors of non-marked point measurements. In the test field, we had the printed targets with reliably identifiable centers. In the actual object, we faced the need to measure the distances to vague faces or edges, which are damaged or poorly manufactured. In reality, the vague faces or edges could add the error    m   d e      of up to ±0.02 m to the measured distances, which is equivalent to a relative error of 0.20%. If we rule out this error from the results of our field measurements, we obtain    m   D f    = 0.18 % .   That is pretty much the exact figure obtained in Section 3.1. As we are convinced that the overly optimistic results obtained are ensured by ideal measurement conditions. Therefore, despite the significant difference, both accuracies are compatible since they present different measurement conditions. Based on the presented results, the following recommendations should be accounted for to achieve the best geometrical data quality using the 3D indoor camera:




	(1)

	
Try to ensure high data redundancy, increase the number of surveying stations, and use the camera field of view to be sure that each part of the object was captured six to eight times.




	(2)

	
Place and capture the artificial targets with known coordinates. After the cloud generation, these targets will serve as an additional source of control and correction.




	(3)

	
Perform camera calibration. It is preferable to calibrate the camera in the field conditions using targets with known coordinates.




	(4)

	
Mark the points of interest.









A few recommendations can be derived for surveying and simulating industrial archaeology objects using Matterport Pro 3D or similar cameras. These recommendations improve the data reliability and make the processing procedure smooth. Among those are the following.



	(1)

	
Pre-surveying design should be performed based on a preliminary sketch of the surveying object. Industrial objects have a very complex geometry, and to grasp all the features of the object, the preliminary design of the scanning stations must be developed.




	(2)

	
The study has shown the high reliability of the Matterport Pro 3D camera in adverse conditions, e.g., low temperature and high humidity. These conditions go hand in hand with industrial archaeology objects. Anyway, the control of the environmental parameters is highly recommended before and during surveying.




	(3)

	
These cameras operate in visual bands, and good lighting conditions must be ensured. This recommendation is crucial for industrial archaeology that deals with objects and rooms full of industrial equipment and “dead zones”.




	(4)

	
The Matterport Pro 3D data processing is only possible with Matterport software. The surveyor has to bear this fact in mind. The further processing and integration of the Matterport Pro 3D data is only possible after pre-processing in Matterport-based software and export of surveying data into the point cloud.







The suggestions that are listed above could improve data accuracy and reliability.




5. Conclusions


The presented study has been dedicated to the accuracy-check and calibration procedure of the 3D indoor camera for industrial archaeology applications. As a case study, the Matterport Pro camera has been investigated. The general picture emerging from the study is that the calibration procedure for the 3D camera is an inevitable stage. The accomplished geometrical quality check has shown significant systematic errors in the camera’s results. A positive correlation was obtained between distances and systematic deviations. Given the fact that systematic errors exist, the calibration procedure was suggested and accomplished. This step allowed us to obtain the scale coefficients that are considered as calibration parameters. These calibration parameters were applied for the actual surveying results of the Quincy Mine Hoist Engine. The results provide convincing evidence showing that for the 3D camera, improved accuracy is possible. An accuracy enhancement of up to 21% was achieved. However, our findings are only generalizable within the study sample since the size of the calibration test field was considerably smaller than the surveyed object. Unaccounted systematic errors distorted the data in a still significant manner. These findings are less surprising if we consider the larger test field and more sophisticated calibration model. Future studies will have to consider the design of the calibration test field and the development of the new calibration model.
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Figure 1. Coordinating reference targets using the total station. 
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Figure 2. Test field scanning by FARO Scanner. 
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Figure 3. Point cloud of the test field with control targets retrieved from FARO Scanner data. 
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Figure 4. Test field surveying by the Matterport Pro camera. 
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Figure 5. Three-dimensional model of the test field after processing by the Matterport server. 
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Figure 6. Horizontal plan of the test field after processing by the Matterport server. 
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Figure 7. ICP orientation workflow: (a) two point clouds; (b) discrepancies determination; (c) first transformation; (d) nth transformation iteration. 
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Figure 8. The location of the Quincy Mine at the Upper Peninsula Michigan. 
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Figure 9. Archive map of the Quincy Mine, 1906; the scope of the study is in a boxed area (the image courtesy Michigan Technological University J. Robert Van Pelt and John and Ruanne Opie Library Archive). 
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Figure 10. General view of the Quincy Mine, 1882–1920, with the Hoist Engine house leftward (archive image) [47]. 
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Figure 11. Cross-section of the Quincy Mine Hoist Engine house, 1921 (archive image) [47]. 
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Figure 12. Current view of the Quincy Mine Hoist Engine house. 
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Figure 13. The model of the shaft inside the Quincy Mine Hoist Engine house. 
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Figure 14. The Quincy Mine Hoist Engine view. 
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Figure 15. Distances deviations: Total station vs. Matterport. 
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Figure 16. Distances deviations: Total station vs. FARO Scanner. 
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Figure 17. Distances deviations: FARO Scanner vs. Matterport. 
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Figure 18. Histogram of deviations: Total station vs. Matterport. 
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Figure 19. Histogram of deviations: Total station vs. FARO scanner. 
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Figure 20. Histogram of deviations: FARO scanner vs. Matterport. 
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Figure 21. Results of the linear approximation. 
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Figure 22. Distance deviations after linear trend correction. 
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Figure 23. Colored 3D point cloud after C2C comparison; distance units are meters. Color-scale units are meters. 
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Figure 24. Colored 3D point cloud after blunder exclusion; distance units are meters. Color-scale units are meters. 






Figure 24. Colored 3D point cloud after blunder exclusion; distance units are meters. Color-scale units are meters.



[image: Heritage 06 00327 g024]







[image: Heritage 06 00327 g025] 





Figure 25. C2C distance deviations after the systematic error correction; distance units are meters. Color-scale units are meters. 
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Figure 26. Vector plot of transformation errors in the horizontal plane. 
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Figure 27. Vector plot of transformation errors in 3D space. 
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Figure 28. Flowchart of outdoor and indoor surveying of the Hoist Engine house. 
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Figure 29. Flowchart of outdoor and indoor surveying of the Hoist Engine house. 
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Figure 30. Three-dimensional model of the Hoist Engine house. 
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Figure 31. One of the Matterport Pro surveying stations inside the Hoist Engine house. 
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Figure 32. Panoramic images of the Hoist Engine: (a) from the ground; (b) from the platform. 
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Figure 33. The whole data set obtained by Matterport Pro with places of the camera set up. 
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Figure 34. The view screenshot from the platform surrounding the hoist engine. 






Figure 34. The view screenshot from the platform surrounding the hoist engine.



[image: Heritage 06 00327 g034]







[image: Heritage 06 00327 g035] 





Figure 35. The ladder height measurement option in the Matterport software menu. 
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Figure 36. The measurements of the Hoist Engine concrete foundations in the Matterport software menu. 
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Figure 37. The map of the Quincy Mine Hoist Engine house (dimensions are in feet) [47]. 
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Figure 38. Distance measurements according to the map of the Quincy Mine Hoist Engine house. 






Figure 38. Distance measurements according to the map of the Quincy Mine Hoist Engine house.
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Table 1. Descriptive statistics of the distance deviations.






Table 1. Descriptive statistics of the distance deviations.





	Parameters, m
	FARO Scanner vs. Matterport, m
	Total Station vs. Matterport, m
	Total Station vs. FARO Scanner, m





	Mean
	0.0216
	0.0305
	0.0088



	Median
	0.0224
	0.0306
	0.0093



	Standard Deviation
	0.0141
	0.0166
	0.0044



	Range
	0.0782
	0.0903
	0.0224



	Minimum
	−0.0077
	−0.0086
	−0.0025



	Maximum
	0.0705
	0.0816
	0.0199



	Count
	210
	210
	210










 





Table 2. ICP transformation accuracy and C2C comparison.






Table 2. ICP transformation accuracy and C2C comparison.





	
Points

	
Orientation RMSE, m

	
No Scale Adjust, m

	
Orientation RMSE, m

	
Scale Adjust, m




	
C2C Mean

	
C2C RMS

	
C2C Mean

	
C2C RMSE

	
Scale






	
Original clouds

	
0.0104

	
0.0129

	
0.0093

	
0.0072

	
0.0062

	
0.0041

	
1.003381




	
2M

	
0.0092

	
0.0134

	
0.0142

	
0.0087

	
0.0084

	
0.0079

	
1.000630




	
1M

	
0.0119

	
0.0064

	
0.0055

	
0.0121

	
0.0063

	
0.0046

	
0.999946




	
500K

	
0.0157

	
0.0064

	
0.0055

	
0.0161

	
0.0063

	
0.0046

	
0.999891




	
200K

	
0.0236

	
0.0071

	
0.0064

	
0.0240

	
0.0064

	
0.0046

	
0.999767











 





Table 3. List of transformation parameters.






Table 3. List of transformation parameters.





	Parameter
	Value
	σPar
	T ≤ Φ − 1|H0





	Tx
	1527.4054 m
	1.7 mm
	✘



	Ty
	1521.7045 m
	1.8 mm
	✘



	Tz
	28.8318 m
	3.9 mm
	✘



	q0
	−0.99991764
	0.00000139
	✘



	q1
	0.00139630
	0.00017123
	✘



	q2
	0.00016900
	0.00013625
	✔



	q3
	−0.01275706
	0.00010727
	✘



	dsx
	3268.3 mm/km
	273.0 mm/km
	✘



	dsy
	3898.6 mm/km
	346.4 mm/km
	✘



	dsz
	5574.1 mm/km
	2376.8 mm/km
	✔



	Rx
	0.17749 gon
	21.77 mgon
	✘



	Ry
	0.02378 gon
	17.38 mgon
	✔



	Rz
	398.37571 gon
	13.66 mgon
	✘










 





Table 4. Results of 3D Helmert transformation.
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	Point
	X, m
	Y, m
	Z, m
	σX mm
	σY mm
	σZ mm
	εX mm
	εY mm
	εZ mm





	A01
	1518.4487
	1521.7556
	29.1297
	3.1
	3.1
	3.4
	−7.5
	−2.3
	−2.6



	A02
	1518.3932
	1524.0000
	30.8259
	3.1
	3.1
	3.2
	1.9
	2.7
	3.4



	A03
	1518.3698
	1524.8976
	30.4800
	3.1
	3.1
	3.1
	0.1
	4.4
	−1.9



	A04
	1518.3388
	1526.2446
	29.8643
	3.1
	3.1
	3.2
	−0.7
	2.3
	1.9



	A05
	1518.3044
	1527.6758
	31.1795
	3.1
	3.2
	3.4
	4.5
	0.1
	−2.2



	A06
	1522.2479
	1528.2988
	29.7896
	3.1
	3.1
	3.2
	−0.6
	2.5
	0.9



	A07
	1523.4266
	1528.3300
	31.0545
	3.0
	3.1
	3.2
	−0.7
	−1.7
	2.7



	A08
	1525.1567
	1528.3728
	29.2959
	3.0
	3.1
	3.3
	0.5
	2.6
	0.9



	A09
	1526.7790
	1528.4166
	30.4297
	3.1
	3.1
	3.1
	2.0
	−1.8
	0.5



	A10
	1529.5683
	1528.4910
	30.1051
	3.1
	3.1
	3.2
	−0.4
	−2.3
	−1.4



	A11
	1530.4093
	1527.9206
	29.7500
	3.2
	3.1
	3.2
	−1.2
	−3.0
	−0.9



	A12
	1530.4640
	1526.9962
	30.2438
	3.1
	3.1
	3.2
	−4.7
	−0.7
	−1.6



	A13
	1530.7169
	1525.6147
	30.7894
	3.1
	3.1
	3.2
	−0.6
	−2.0
	−0.8



	A15
	1530.5836
	1520.1693
	30.7696
	3.2
	3.2
	3.3
	4.6
	1.7
	2.3



	A16
	1529.8039
	1519.3302
	30.0777
	3.2
	3.2
	3.3
	5.3
	4.3
	5.2



	A17
	1525.6651
	1519.2302
	30.4983
	3.1
	3.1
	3.1
	−5.8
	1.7
	−3.5



	A18
	1524.9542
	1519.6144
	30.0243
	3.1
	3.1
	3.1
	−0.6
	−1.1
	−1.5



	A19
	1523.4613
	1519.1684
	31.0058
	3.1
	3.1
	3.2
	−0.4
	0.9
	−2.3



	A20
	1518.9253
	1519.0448
	29.8003
	3.1
	3.2
	3.2
	2.1
	−4.3
	1.5



	A21
	1518.4664
	1519.2857
	30.4297
	3.1
	3.2
	3.2
	2.1
	−3.9
	−0.6










 





Table 5. Results of distance comparison in the Quincy Mine Hoist Engine house.
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	Distances
	Control Distances from Map, m
	Matterport Distances, m
	Differences, m
	Corrected Matterport Distances, m
	Corrected Differences, m





	1
	5.81
	5.79
	−0.02
	5.81
	0.003



	2
	5.81
	5.77
	−0.04
	5.79
	−0.018



	3
	5.81
	5.7
	−0.11
	5.72
	−0.088



	4
	5.81
	5.83
	0.02
	5.85
	0.043



	5
	5.73
	5.66
	−0.07
	5.68
	−0.048



	6
	2
	1.97
	−0.03
	1.98
	−0.024



	7
	2
	1.97
	−0.03
	1.98
	−0.024



	8
	2
	1.97
	−0.03
	1.98
	−0.024



	9
	23.16
	22.87
	−0.29
	22.96
	−0.201



	10
	23.16
	22.83
	−0.33
	22.92
	−0.241



	11
	23.16
	22.79
	−0.37
	22.88
	−0.281



	12
	29
	28.82
	−0.18
	28.91
	−0.086



	13
	29
	28.88
	−0.12
	28.97
	−0.026



	14
	29
	28.89
	−0.11
	28.98
	−0.016



	15
	28.4
	28.24
	−0.16
	28.33
	−0.068



	Mean
	14.66
	
	−0.125
	14.58
	−0.073



	RMS    m   d f     
	
	
	0.120
	
	0.094



	Relative
	
	
	1:122 (0.82%)
	
	1:155 (0.64%)
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