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Abstract


Highlights


This paper presents the results of laboratory studies on the impact of the type, color, and brightness of render on the accuracy of measurements performed using the terrestrial laser scanning (TLS). Analyses were conducted for decorative renders of the “Roughcast” and “Scratched” types, with average brightness ranging from 143 to 243. It was found that the standard deviation of the mean distance for “Scratched” renders is approximately 26% higher than for “Roughcast” renders. The results indicate increased dispersion of measurement results as render brightness decreases. Within the analyzed range, it was observed that the blue color has the least impact on the TLS measurement results.



What are the main findings?




	
Scratched-type render causes a greater standard deviation in TLS measurements than the Roughcast-type one.



	
As the brightness of the renders decreases, the dispersion of the statistical parameters of the TLS measurements increases.








What is the implication of the main finding?




	
Depending on the render structure of the measured object, different TLS measurement accuracies are obtained.



	
The darker the render color on the object, the greater the dispersion of the TLS measurement results.









Abstract


This paper presents the results of laboratory research regarding the influence of the structure and color of decorative renders on the accuracy of measurements conducted using Leica ScanStation P40 terrestrial laser scanning (TLS). The study examined whether and how differences in render structure and color (brightness) affect the quality of data acquired via TLS. The color and brightness measurements of the test fields were performed using a flatbed scanner. The RGB color and luminance analysis of the test fields were conducted using the software “ImageJ” version 1.54g. The measurements were conducted for light-colored renders (average brightness from 143 to 243). The research found no clear relationship established between the type and color of render and the accuracy of laser scanning. The results indicate increased measurement dispersion with decreasing render brightness. It was found that the standard deviation of distance measurements for Scratched-type renders is approximately 26% higher than for Roughcast-type render.
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1. Introduction


Laser scanning technology, including terrestrial laser scanning (TLS), has been considered one of the most significant achievements in surveying over the past decade. The data acquired through this technology provides information that has revolutionized the field of 3D modeling. This measurement technology encompasses a wide range of applications, such as



	
Geodesy and engineering (e.g., precise measurements of terrain and engineering structures; creation of three-dimensional infrastructure models; spatial planning and construction process organization) [1,2,3,4,5,6,7];



	
Architecture and conservation works (e.g., digitization of objects and creation of digital twins; monitoring of structural deformations; creation or reconstruction of geometric documentation) [8,9,10,11,12,13,14,15,16];



	
Forestry and ecology (e.g., creation of 3D forest models, including tree height measurement, crown structure, and biomass distribution; monitoring changes in forest ecosystems; studies on the deforestation or on the impact of climate change) [17,18,19,20,21,22];



	
Archeology (e.g., scanning of archeological objects and creation of precise excavation site maps; non-destructive, contactless examination of delicate archeological artifacts) [23,24,25,26];



	
Safety and security (e.g., mapping disaster sites; documenting accident scenes; inspecting critical infrastructure) [27,28,29,30,31,32].






The key objective of our study is to investigate the accuracy of measurements made with the use of laser scanning technology. This issue is critical due to the fact that abovementioned technology has been extensively used to acquire 3D data. In our research, the main question was whether the structure and color of render affect the accuracy of surface scanning. Prior studies and publications regarding scanner testing have been lacking laboratory research on a large group of real reflective surfaces (renders) conducted under controlled and constant laboratory conditions.



TLS technology is characterized by high efficiency and precision, enabling the visualization of both surface shape and process kinematics. It provides data that can be used by specialists from various scientific disciplines to interpret ongoing phenomena [1]. Terrestrial laser scanning (TLS) is one of the most accurate methods for surface analysis, allowing for the assessment of surface roughness, structure, and both micro- and macro-textures [33,34]. Due to precise 3D measurements, TLS enables the evaluation of surface irregularities (for example, roughness, defects, and deformations). With the use of TLS, roughness can be analyzed through several key aspects. The first one is the distribution and density of the point cloud. The greater the number of points on a given area, the more accurate the analysis of surface irregularities is, which allows for the precise representation of its structure [35]. Another factor is the intensity of the reflected signal, which can reveal differences in light reflection from various surface fragments [36]. These variations may indicate local texture differences and structural variability of the examined material. Laser beam scattering also plays a significant role. On rough surfaces, light reflects in multiple directions, affecting measurements and potentially increasing their variability [37]. Considering these three aspects allows for a comprehensive analysis of surface irregularities and its characteristics by using TLS technology [38,39]. The analysis of signal reflection intensity in TLS technology is based on measuring the intensity of the laser beam reflected from different surfaces [40]. This enables the identification of materials with different properties, as various structures and chemical compositions influence how light is reflected. Rough surfaces typically cause irregular scattering of the laser beam, which results in variability in signal intensity [40]. Depending on the degree of material roughness and its characteristics, the reflected pulses may have varying values, which provide valuable information during structural analysis of the examined surface [41]. The use of statistical models in surface roughness analysis relies on mathematical processing of data obtained from TLS technology. One of the key parameters used to assess irregularities is the standard deviation of point heights in the cloud. This value allows for a quantitative determination of topographic variability, which is crucial when analyzing diverse surfaces [42]. Additionally, advanced algorithms enable the analysis of surface variability at different scales, allowing for precise determination of both micro- and macro-textures of the studied area. This enables us to obtain a comprehensive picture of the surface structure and its properties, which is applicable in many fields such as geodesy, engineering, and environmental analysis. The accuracy of height and shape measurements in TLS technology may be limited in the case of very rough surfaces, where artifacts or increased measurement uncertainty may occur. Irregularities can cause local disturbances in the laser beam reflection, which results in errors in interpreting the height of individual points in the cloud. Another important factor is laser signal dispersion, which involves the scattering of light in various directions due to contact with an uneven surface structure [40]. This phenomenon can lead to point cloud blurring, making it difficult to accurately reproduce the examined surface. Additionally, the variability in reflection intensity poses a challenge when classifying materials with different properties. Diverse signal reflection can make it difficult to clearly distinguish materials [42,43], especially when they have similar optical characteristics, which affects the accuracy of data analysis and its interpretation. In paper [39], the authors proposed the use of TLS technology to study cones ranging from 5 to 8 m in height made of washed gravel in three different grain size ranges (0–2 mm, 8–16 mm, 32–60 mm). The study employed two modern photogrammetric methods commonly used in the 3D measurements: terrestrial laser scanning (TLS) and the Structure-from-Motion (SfM) technique based on digital images acquired using an unmanned aerial vehicle (UAV). A comparative analysis was conducted to evaluate the potential of the TLS and the UAV methods in measuring the angle of repose (their strengths and weaknesses), and a simplified measurement version was proposed. Both methods yielded very similar results, with measurement uncertainty ranging from 0.4° to 0.7°.



The accuracy of terrestrial laser scanning (TLS) depends on various factors, including surface properties and scanning settings. Different studies have emphasized that the accuracy of TLS is influenced by several factors, including the physical properties of the scanned surfaces, scanning angles, instrument specifications, and configuration settings. Gordon and colleagues [44] demonstrated that TLS can significantly exceed its nominal point precision when measuring deformation. While the typical single-point precision for medium-to-long-range scanners ranges from ±2 mm to ±25 mm, dense point cloud data allows for much greater theoretical surface precision. Their experiments showed that TLS systems could detect vertical deflections with an accuracy six to twelve times better than their specified single-point precision. In one instance, a scanner with ±6 mm point precision achieved a deformation measurement accuracy of ±0.5 mm (RMS), illustrating the potential of TLS in high-precision applications when properly employed. Mala and Al-shrafany [45] focused on how different materials and angles of incidence affect the accuracy of TLS point clouds. Their study found that smooth surfaces such as glass and steel are more sensitive to changes in angle, producing greater measurement errors compared to rough surfaces. For example, at a 0° angle of incidence, the tachymeter target reflected data roughly 20 cm closer to the scanner compared to other materials, while at 75°, the difference was reduced to about 2 mm. Additionally, smooth materials showed higher RMSE values, with glass reaching up to 4 cm at a 45° angle, whereas rough materials generally had RMSEs under 1 cm. These findings underscore the importance of considering both surface reflectivity and roughness when conducting high-accuracy TLS surveys. Brown and Hugenholtz [46] examined the effects of scan resolution and survey configuration on TLS-derived measurements of land surface roughness. They highlighted that survey parameters such as scanner height, distance to the object, and the number of scanning positions have a substantial impact on data accuracy, especially at the centimeter scale. Incorrect configuration choices can lead to distorted representations of surface micro-topography, particularly in applications requiring precise morphological detail. Mills and Fotopoulos [47] addressed the impact of instrument noise and measurement scale on geological surface roughness assessments using TLS. They observed that rangefinder noise can lead to an overestimation of roughness by up to 5%, whereas mismatches between the size of surface features (asperities) and the effective measurement radius may result in underestimation by as much as 20%. The study recommends calibration protocols tailored to specific TLS instruments and target surfaces, as these systematic biases can significantly affect results in geomorphological and geotechnical applications. Overall, these studies collectively highlight that while TLS is a powerful tool for non-contact surface measurement, its effectiveness depends heavily on careful consideration of instrument characteristics, environmental factors, and surface properties. High-accuracy outcomes require not only high-quality hardware but also optimized scanning strategies and calibration tailored to the specific nature of the survey task.




2. Materials for Research


When examining various construction objects using TLS scanners, it is important to note that these objects are often covered with different finishing materials. Among the many available options, one of the most commonly used solutions is decorative render. These renders can be made from various materials and are characterized by a wide range of colors and textures. In Poland, the most popular renders are made from silicate or silicone, colored with acrylic pigments. The structure of renders can also vary, both in terms of grain size (typically ranging from 1.5 to 3 mm) and application technique. One of the decorative render types, commonly known among renderers as “Roughcast”, is applied to the wall using circular motions or by spaying (Figure 1a). The second most frequently used decorative render is the one with a texture resembling scratched tunnels in wood (Figure 1b). This effect is achieved by applying the render with linear strokes, where the larger grains of the material create the characteristic “Scratched” traces.



In order to conduct the experiment, 83 panels were collected, each panel made of hardboard (HDF) measuring 0.60 × 0.40 m and coated with two types of decorative render in various colors. The panels were sourced from a home improvement store after a display change; therefore, those were in various technical conditions (cracks, damage, splashes, dampness). Half of each panel was covered with Roughcast-type decorative render (Figure 1a), and the other half with Scratched-type render. Unfortunately, some panels were unsuitable for the experiment, and some colors were duplicated. Ultimately, 52 distinct panels were selected, yielding 104 test fields with varying surface structures and colors. Unfortunately, for the study, we could only use the available panels with brightness levels ranging from 143 to 243. For future research, we plan to acquire new panels with a wider range of brightness.




3. Course of the Laboratory Experiment


To determine whether different render structures and colors affect the TLS measurements, it was essential to ensure consistent and repeatable measurement conditions. Studies involving instruments and reflective surface parameters are best conducted in laboratory settings [48,49,50,51,52].



Laboratory tests using laser scanners generally focus on two aspects: the accuracy of the instruments and the influence of the reflective surface on measurement precision. Kersten and Lindstaedt [49] tested five different scanners on the same laboratory base. Their findings confirmed the correctness of the data provided in the manufacturers’ technical specifications. Yaman and Yilmaz [50] investigated the impact of surface color on measurement accuracy. From a distance of 35 m, they scanned a 2.1 × 2.8 m test area covered with smooth film in four different colors (white, red, blue, and green). They achieved the best results with the white film. Voegtle, Schwab, and Landes [42] used a Trimble GX scanner from a distance of 14 m to test various reflective materials, including different colored and gray-scale papers, various wood surfaces, and metal plates. Their analysis concluded that the best scanning results (high precision) are obtained by scanning bright, non-specular surfaces at night. Bauer and Woschnitz [51] conducted tests on the Leica RTC360 scanner in a metrology laboratory using a 30 m comparator, with a comparison to interferometric measurements. While the results were satisfactory (showing smaller deviations than stated by the manufacturer), significant systematic factors were identified.



The University of Agriculture in Kraków houses a metrology laboratory [53] with dimensions of 37.5 m in length, 6.8 m in width, and 4.2 m in height. The laboratory, located in the basement, is well-insulated from its surroundings. In the laboratory, the climatic and lighting conditions are constant for short periods of time due to the large volume of the laboratory. The measurements were carried out over 8 h. The average temperature during the measurement was 20.6 degrees Celsius (outside the building 26.0 C). Pressure was 1007.8 hPa, and humidity was 66%. During the measurement, the renders were illuminated with the average intensity of 270 Lux (measured with a luxmeter). Among other features, it includes measurement pillars that are 1.42 m high and 0.46 m in diameter. Each pillar is equipped with plates designed for forced centering of geodetic instruments [54], which were used during the measurements to position both the TLS scanner and the test panels. In Figure 2, there is a photograph of the equipment setup during the measurement process.



The Leica P40 laser scanner was mounted on a centering plate using a special mounting bracket [55]. Test panels were placed on a second post approximately 8 m away. To ensure measurement repeatability during tests with different control panels, a customized measurement frame was constructed, in which the panels were mounted for the duration of the measurement (Figure 3).



The measurement frame was made of steel and powder-coated in black. The internal dimensions of the frame were 0.58 × 0.38 m. During measurement, the frame was bolted to the centering plate. The test panel was inserted into the frame from the back so that it fit tightly. It was then secured from behind using a special clamp. In order to ensure repeatable panel positioning during measurements, the clamp was fastened to the frame with four screws (one in each corner) using a torque wrench.



The Leica ScanStation P40 scanner, introduced to the market in 2015, is known for its high measurement precision. Compared to previous Leica devices, it features a more powerful laser that emits more photons. One of the scanner’s main advantages is its ability to effectively measure dark and reflective surfaces. During scanning, the HDR mode can be used, which significantly reduces the time required to generate final products from the acquired point cloud. The Leica P40 enables precise measurements at a rate of up to 1,000,000 points per second over distances of up to 270 m. Its angular range is 360° horizontally and 270° vertically. This scanner can be used under harsh environmental conditions (e.g., in underground mining). Its construction is resistant to water and dust. The instrument operates in temperatures ranging from −20 °C to +50 °C [56].



Terrestrial laser scanning (TLS) enables the acquisition of highly accurate measurements, which allow us, among other things, to create precise three-dimensional models of terrain or objects. TLS scanners can also collect large amounts of data in a relatively short period of time, which significantly speeds up data acquisition in comparison to traditional surveying methods. The TLS can be performed from a distance, eliminating the need for direct contact with the scanned area. Despite its many advantages, TLS effectiveness can be limited by weather conditions such as rain, fog, or intense sunlight, which significantly affect measurement quality. Laser scanners may struggle to accurately measure surfaces with very low or very high reflectivity. Water bodies also pose challenges, as the laser can reflect off its surface, introducing noise into the collected data [57,58].



The object was measured using a single scanner station. Before starting the measurement, the instrument had to be properly leveled and configured with basic settings such as vertical and horizontal scanning ranges, vertical and horizontal resolutions of 0.003 m (Figure 4b), a scanning mode, and a distance to the object of 8.000 m. The device was positioned to scan the entire surface of the test panel mounted in the fixed frame. The scanner was operated in “scan + photo” mode, meaning that in addition to the point cloud, photographs were also captured at the station, allowing for visualization of the panels in their original colors. A key feature of the scanner was the ability to quickly define the scanning range in the horizontal plane. Limiting the scanning range to the size of the frame allowed for the acquisition of data solely related to the scanned panels. This reduced both the measurement time and the time required for data processing. The scanner settings are shown in Figure 4.



In order to precisely determine the colors of individual test panels without the influence of lighting conditions on the measurement, a flatbed scanner (for documents) with its own lighting was used. After the TLS measurement, each panel was scanned using a high-quality Plustek OpticPro A320 flatbed scanner. This is an A3-format scanner with high scanning resolution and accurate color reproduction. As a result of this scanning process, 104 uncompressed image files in TIFF (Tagged Image File Format) were obtained at a resolution of 600 dpi. The image dimensions were 7200 × 10,200 pixels.



The measurement results obtained in this way were processed for the purpose of conducting detailed analyses.




4. Measurement Data


The initial computational process (processing measurement data for analysis) was divided into two independent stages. In the first stage, point clouds for individual test fields on the control panels were generated based on the TLS measurement data. In the second stage, a color analysis of the panels was conducted.



The direct output from the laser scanning included point clouds in the .bin format and images in the compressed “.jpg” format. The first step involved importing the point clouds into the Leica Cyclone 360 software [59]. In order to do this, a local database had to be created. The next step in project development was to identify elements within the point clouds and to remove fragments unrelated to the analyzed panel. Due to the use of a narrowed scanning range during the measurement, the point clouds were already appropriately limited, which facilitated the elimination of noise and unnecessary elements. The processing of point clouds obtained from the test panel measurements was conducted using Leica Cyclone REGISTER (CORE), an advanced platform dedicated to spatial data analysis [54]. This software offers extensive functionality for modeling, analysis, visualization, and presentation of point clouds. The terrestrial laser scanning data was imported with full geometric accuracy and dataset completeness, while minimizing automation in the initial processing steps. This approach allowed for manual control over key stages of data registration and interpretation. By avoiding filtering and subsampling, the actual measurement environment was accurately recreated [51]. High precision in the point cloud properties was achieved by applying resolution and accuracy parameters at the level of 0.001 m. The processing system configuration was adapted to handle large volumes of data, ensuring both data quality and operational efficiency.



As a result of processing the measurement point clouds, 104 text files in xyz format were obtained (each column represents coordinates in the scanner’s local coordinate system). Each file contains 4489 measurement points arranged in a measurement grid with approximately 3 mm spacing. The grid dimensions are 0.2 × 0.2 m.



The color and brightness analysis of the test fields was conducted for a rectangle measuring 8400 × 6300 pixels. ImageJ software, version 1.54g, was used for image analysis. Within the analyzed rectangle, average RGB color values (R—red, G—green, B—blue) were determined along with the random dispersion values for each color, as well as the medians for each random dispersion. Additionally, the mean brightness of the points was calculated according to the following formula [60,61]:


  V =   R + G + B   / 3 ,  



(1)







Additionally, the mean luminance value of the pixels was calculated, which is related to the natural perception of colors by humans [61,62]:


  Y = 0.299 R + 0.587 G + 0.114 B ,  



(2)







Figure 5 below presents the calculation results graphically. The horizontal axis shows the numbers of the successive test fields, while the vertical axes display the color medians and the mean brightness according to Equation (1), as well as the mean pixel luminance according to Equation (2). The numbers of the test panels (fields) have been assigned randomly and result solely from the scanning sequence.



As shown in Figure 5, the color range of the measurement panels is not highly diverse. The lowest values of the color components correspond to blue, while the highest correspond to red. Different pigments in the panels have different light absorption characteristics. Due to that, Figure 5 shows a systematic distribution of colors (the blue color has a lower average, while the red color has a higher average). The pigments in the blue-colored panels have greater light absorption, which leads to a weaker return signal and lower component values in the scans. On the other hand, red pigments have a higher light reflection coefficient, which results in higher values.



Analyzing the charts for luminance and mean brightness, similar values were obtained for all measured control panels. The panel colors can be considered bright, as all luminance and mean brightness values exceed 50% of the maximum value.




5. Analysis of Measurement Data


In order to determine whether different renders on the same panel differ in brightness parameters, the average values of mean brightness and mean luminance were compared, along with their respective averages for both types of render. The results of these analyses are presented below in Figure 6. The horizontal axis contains data corresponding to the Roughcast-type renders, while the vertical axis of the charts shows data corresponding to Scratched-type ones. An analysis of the relation between variables was conducted using the Pearson correlation.


  r =      ∑  i = 1  n      x i  −  x ¯    ⋅    y i  −  y ¯            ∑  i = 1  n        x i  −  x ¯     2    ⋅   ∑  i = 1  n        y i  −  y ¯     2         ,  



(3)




where




	
   x i  ,  y i   —two variables



	
   x ¯  ,  y ¯   —mean of variables








The data in Table 1 indicates that there are very strong positive correlations between the analyzed variables.



Black dots in Figure 6 represent individual panels, while in red color there are presented fitted lines. Different variants of approximation lines were tested, and it was ultimately decided that “Through origin” functions allow us to describe the measurement points best.
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Figure 6. Comparison of the average values of mean brightness and luminance between renders of the same color: (a) mean brightness; and (b) mean luminance. 






Figure 6. Comparison of the average values of mean brightness and luminance between renders of the same color: (a) mean brightness; and (b) mean luminance.
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When comparing the results shown in Figure 6, it can be concluded that for both mean brightness (Figure 6a) and mean luminance (Figure 6b), the values obtained for both types of render follow linear “Through origin” functions. This indicates that it can be assumed that the render colors on each test panel were the same. Minor differences may result from measurement accuracy and data dispersion. The distances of the plotted points from the approximated line are small, which confirms a good color match between different types of render of the same color (on the same test panel). Figure 6 also presents the standard deviations of mean brightness and mean luminance for each test field. In this case, greater differences in the results can be observed. The theoretical curve (red line) indicates that the random dispersion of Roughcast-type renders is slightly higher—by about 6%—than that of Scratched-type ones. This value was obtained with considerable dispersion (large distances from the fitted line), so while the result is interesting, it can be considered negligible for the purposes of further analyses.



The laser scanning results, in the form of point clouds, are in the scanner’s internal coordinate system. To perform analyses between individual control panels, the point clouds were transformed into a coordinate system associated with the measurement frame (the geometric center of each cloud) in the XZ plane, while the Y coordinate is perpendicular to the plane of the measurement frame. As a result of the transformation, square grids of measurement points were obtained, with dimensions listed below in Table 2.



As shown in Table 2, after the transformation, all points were brought into a single 3D coordinate system. The maximum distance between the scanner and the test panels recorded during the measurements was 8.0221 m, and the minimum was 8.0029 m, meaning the greatest discrepancy in scanner-to-panel distance measurements was 0.0192 m.



The first step was to analyze the results between the types of render on each of the m = 52 test panels, where two fields of n = 4489 points each were measured. The following statistical parameters were determined based on the measurements:




	
The distance between the extreme values of the measured distances within the test field k:


    d  Y k  =   max   j = 1 , 2 , … , n    Y  k , j   −   min   j = 1 , 2 , … , n    Y  k , j   .  



(4)







	
The mean value of the measured distances within the test field k:


      Y ¯  k  =   1 n     ∑  j = 1  n    Y  k , j     .  



(5)







	
The standard deviation of the measured distances within the test field k:


  ∀ j = 1 , 2 , … n ,    StDev     Y k    =     1  n − 1      ∑  j = 1  n        Y  k , j   −   Y ¯  k     2      .  



(6)












Figure 7 presents parameters (4)–(6) for each test panel. The horizontal axis shows the results for Roughcast-type render, while the vertical axis displays the results for Scratched-type one. This graphical presentation of the results enables a direct comparison between two render types from the same panel.



When analyzing the statistical parameters of the test panel measurements presented in Figure 7, it can be concluded that the standard deviation values are very low for the entire set of panels (Figure 7a). In practice, the standard deviation of the measurements is around 0.5 mm. This is a result of scanning points at 3 mm intervals, yielding 4489 points per test field. With such a high number of points, the standard deviation remains low. The distribution of discrepancies between the maximum and minimum distance measurements within a test field (Figure 7b) is far more interesting. These discrepancies range between 2.8 mm and 4.3 mm. It was assumed that abovementioned differences resulted mainly from the measurement accuracy of TLS during the experiment. Figure 7c shows the relationship between the mean distance values within the test field for each test panel. In this case, a significant linear correlation between the obtained mean values can be observed, which is also a satisfactory result. However, no significant dependency is visible between the test fields on the same panel. A linear relationship might be inferred, but such a result would carry a high approximation error. Further analysis regarding the color components and brightness of the test fields was conducted collectively, meaning for all m = 104 fields. Statistical parameters were calculated according to Formulas (4)–(6). Figure 8 below presents 15 charts. The first column shows the results for the mean distances within the test fields (5). The second column contains the standard deviations for each test field (6), while the third column presents the extreme measured distances (4).



In relation to the RGB color components, it is difficult to identify any functional dependencies between the colors and the analyzed statistical parameters (Figure 8). However, it can be observed that as the values of the color components, mean luminance, and mean brightness increase, the dispersion of the statistical parameter values decreases (the results become more consistent—the point cloud narrows). With regard to mean luminance and mean brightness, some functional relationships may also be inferred, but the dispersion of points on the charts is significant, making any approximation result highly imprecise (many values fall outside the regression).



Further analysis was conducted on measurements between different control panels. To perform this analysis, the first step involved recalculating the measurement points on each test field to a uniform point grid with a mesh size of 3 × 3 mm. This resulted in a consistent set of points (n = 4489), with 67 columns and 67 rows in each test field. The distance interpolation was performed using the Inverse Distance to Power method [63]. The points were then analyzed between test fields, separately for Roughcast-type and Scratched-type renders (m = 52). For each point, the mean distance value was calculated according to Formula (5), as well as the standard deviation:


  ∀ j = 1 , 2 , … n , ∀ k = 1 , 2 , … , m ,    StDev 2     Y j    =     1  n m − 1      ∑  k = 1  m        Y  k , j   −   Y ¯  j     2      ,  



(7)







Below, Figure 9 presents the distributions of mean distances to a given point on the test field for all renders, as well as separately for Roughcast-type and Scratched-type renders. As shown, the maximum discrepancies in mean distances to a given point are approximately 1 mm. As a result, there might be an attempt to identify a functional distribution of distances, but given the very small differences in mean distances between points on the control panel, such an analysis is not justified.



The analysis was also conducted on the distribution of result discrepancies at a given point, denoted as dY (the difference between the maximum and minimum value). Figure 10 presents the dY discrepancies in the form of color maps. It should be noted that smaller discrepancies were recorded for Roughcast-type renders, ranging from 7 to 11 mm, while for Scratched-type ones, the discrepancies ranged from 13 to 19 mm. For the cumulative results of all renders, the calculations for Scratched renders had the greatest significance.



Based on the mean distances measured to a given point on the measurement grid, standard deviations (StDev2) were calculated in accordance with Equation (7). The obtained results are presented graphically in Figure 11, showing the function for all panels as well as for individual render types, depending on their color components, mean brightness, and mean luminance.



The results of the standard deviation calculations shown in Figure 11—comparing the mean values at specific points with those measured on individual test fields—do not reveal significant differences that would allow for a clear interpretation. In the graphs related to mean brightness and mean luminance, it can be observed that as the brightness increases, the standard deviation StdDev2 (7) decreases. However, due to the fact that the result clouds are broad, the approximation using a theoretical function does not yield reliable results. Interestingly, as the mean brightness and mean luminance decrease, the dispersion of results obtained increases for different test fields but with similar brightness parameters. Regarding the RGB color components, the patterns for the green and red components resemble those of brightness and luminance. In contrast, the results for the blue component are more scattered, with the result cloud appearing almost parallel to the horizontal axis.



Subsequently, the analysis was conducted on the standard deviation values (StDev2) depending on the types of render. Since, according to Figure 6, different renders on a given panel share the same color parameters, it was decided to compare the renders in pairs. The results of this analysis are presented in Figure 12.



Pearson’s correlation (3) was used to check the relationship between variables. The Pearson correlation r was calculated at 0.857, which confirms a strong linear correlation between the standard deviations for both types of render. Therefore, it was decided to approximate the results using a linear function. According to this approximating function, Scratched-type renders exhibit an approximately 26% higher standard deviation compared to the Roughcast-type ones.




6. Conclusions


The research presented in this paper aimed to assess the impact of decorative render parameters—in particular their type, color, and brightness—on the quality and accuracy of measurements performed using terrestrial laser scanning (TLS). Based on the conducted laboratory experiment, a number of conclusions were drawn, the most important of which are



	
The surface texture affects the precision of the TLS measurements.



	
The analysis showed that renders with the Scratched-type texture generate an approximately 26% higher standard deviation of distance measurements compared to the Roughcast-type ones.



	
The surface brightness influences the consistency of measurement results.



	
The clear trend was observed that the dispersion of the TLS statistical parameters increases as the render brightness decreases.



	
Darker surfaces reduce laser light reflectivity, resulting in decreased data repeatability.



	
The influence of RGB color components on measurement results proved to be minor, with blue-colored renders causing the smallest deviations, suggesting that this color interferes the least with a laser light reflection.






The abovementioned conclusions are subject to limitations due to the restricted range of comparative materials in terms of their brightness and color. Although the study conducted on 104 test fields provided a substantial amount of data, future research could explore a broader range of renders colors and textures. The study confirmed that the texture and brightness of render surfaces are significant factors when modeling objects based on TLS data. In applications requiring high surface modeling precision—such as architectural diagnostics or conservation works—the type and optical properties of materials should be taken into account. Choosing brighter and less textured surfaces may contribute to improved measurement quality.



The designed research methodology proved effective (in analyses of the surface structure of the test plates). The use of a custom-built frame for positioning the panels, uniform lighting conditions, and surface brightness analysis based on high-resolution scans enabled the acquisition of repeatable and reliable comparative results.



The study confirms that despite its high precision, the TLS technology can be sensitive to the microtexture and optical properties of scanned materials, which should be considered when planning measurements and interpreting results (for example, in studies of deformation of tunnel linings).







Author Contributions


Conceptualization: A.K. and I.P.; Methodology: A.K., I.P., and R.G.; Software: A.K.; Validation: A.M. and R.G.; Formal analysis: A.M. and R.G.; Investigation: A.K. and I.P.; Resources: A.M.; Data curation: A.M. and R.G.; Writing—original draft preparation: A.K., A.M., I.P., and R.G.; Writing—review and editing: A.K., A.M., I.P., and R.G.; Visualization: R.G.; Supervision: A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All research data are available via email contact.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Bazarnik, M. Terrestial Laser Scanning 3D as a useful method for monitoring of urban areas endangered by landslides. Geol. Geophys. Environ. 2015, 41, 63–64. [Google Scholar] [CrossRef]

	



Opoku, D.-G.J.; Perera, S.; Osei-Kyei, R.; Rashidi, M. Digital twin application in the construction industry: A literature review. J. Build. Eng. 2021, 40, 102726. [Google Scholar] [CrossRef]

	



Bello, S.A.; Oyedele, L.O.; Akinade, O.O.; Bilal, M.; Delgado, J.M.D.; Akanbi, L.A.; Ajayi, A.O.; Owolabi, H.A. Cloud computing in construction industry: Use cases, benefits and challenges. Autom. Constr. 2020, 122, 103441. [Google Scholar] [CrossRef]

	



Wang, Q.; Tan, Y.; Mei, Z. Computational methods of acquisition and processing of 3D point cloud data for construction applications. Arch. Comput. Methods Eng. 2020, 27, 479–499. [Google Scholar] [CrossRef]

	



Xiong, X.H.; Adan, A.; Akinci, B.; Huber, D. Automatic creation of semantically rich 3D building models from laser scanner data. Autom. Constr. 2013, 31, 325–337. [Google Scholar] [CrossRef]

	



Zhang, C.; Arditi, D. Advanced progress control of infrastructure construction projects using terrestrial laser scanning technology. Infrastructures 2020, 5, 83. [Google Scholar] [CrossRef]

	



Kwinta, A.; Gradka, R. Dynamic objects geometry measurement by laser scanning—A case study. Geomat. Landmanagement Lands. 2021, 1, 41–56. [Google Scholar] [CrossRef]

	



Barsi, F.; Barsotti, R.; Bennati, S. Equilibrium of Masonry Sail Vaults: The Case Study of a Subterranean Vault by Antonio da Sangallo the Elder in the Ldquofortezza Vecchiardquo in Livorno; Springer International Publishing: Cham, Switzerland, 2020; pp. 2094–2103. [Google Scholar]

	



Batur, M.; Yilmaz, O.; Ozener, H. A case study of deformation measurements of istanbul land walls via terrestrial laser scanning. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 6362–6371. [Google Scholar] [CrossRef]

	



D’Altri, A.M.; Milani, G.; de Miranda, S.; Castellazzi, G.; Sarhosis, V. Stability analysis of leaning historic masonry structures. Autom. Constr. 2018, 92, 199–213. [Google Scholar] [CrossRef]

	



Jaafar, H.A.; Meng, X.L.; Sowter, A.; Bryan, P. New approach for monitoring historic and heritage buildings: Using terrestrial laser scanning and generalised procrustes analysis. Struct. Control. Health Monit. 2017, 24, e1987. [Google Scholar] [CrossRef]

	



Mustafa, M.H.; Ali, M.; Hashim, K.S.H.Y.; Suhaimi, M.S.M. Recreating historical malay architecture with bim process. Int. J. Built Environ. Sustain. 2020, 7, 79–89. [Google Scholar] [CrossRef]

	



Leon-Robles, C.A.; Reinoso-Gordo, J.F.; Gonzalez-Quinones, J.J. Heritage building information modeling (h-bim) applied to a stone bridge. ISPRS Int. J. Geo-Inf. 2019, 8, 121. [Google Scholar] [CrossRef]

	



Biagini, C.; Capone, P.; Donato, V.; Facchini, N. Towards the bim implementation for historical building restoration sites. Autom. Constr. 2016, 71, 74–86. [Google Scholar] [CrossRef]

	



Piech, I.; Klapa, P.; Szatan, P. The use of terrestrial laser scanning in the preservation of valuable architectural objects. Geomat. Landmanagement Landsc. 2021, 3, 53–64. [Google Scholar] [CrossRef]

	



Piech, I.; Cichoń, B. 3D Modelling of the Kraków Barbican using photogrammetric methods. Urban. Archit. Files Pol. Acad. Sci. Kraków Branch 2024, LII, 65–83. [Google Scholar]

	



Kurczyński, Z.; Bakuła, K. Zaawansowane technologie wspomagające przeciwdziałanie zagrożeniom związanym z powodziami. Arch. Fotogram. Kartogr. I Teledetekcji 2016, 28, 39–52. [Google Scholar]

	



Wężyk, P.; Szostak, M.; Zięba-Kulawik, K.; Rysiak, P.; Hawryło, P.; Ratajczak, M. Preliminary results of the time monumental tree monitoring based on terrestrial laser scanning—A case study of the oak Bartek in Zagnańsk (Poland). Arch. Fotogram. Kartogr. I Teledetekcji 2015, 27, 185–200. [Google Scholar]

	



Wężyk, P.; Szostak, M.; Tompalski, P. Use of Airborne Laser Scanning Data for a Revision and Update of a Digital Forest Map and its Descriptive Database: A Case Study from the Tatra National Park. In The Carpathians: Integrating Nature and Society Towards Sustainability; Springer: Berlin/Heidelberg, Germany, 2013; Part IV; pp. 615–627. [Google Scholar] [CrossRef]

	



Martin-Ducup, O.; Ploton, P.; Barbier, N.; Takoudjou, S.M.; Mofack, G.I.; Kamdem, N.G.; Pélissier, R. Terrestrial laser scanning reveals convergence of tree architecture with increasingly dominant crown canopy position. Funct. Ecol. 2020, 3, 2442–2452. [Google Scholar] [CrossRef]

	



Muir, J.; Phinn, S.; Eyre, T.; Scarth, P. Measuring plot scale woodland structure using terrestrial laser scanning. Remote Sens. Ecol. Conserv. 2018, 4, 320–338. [Google Scholar] [CrossRef]

	



Hackenberg, J.; Wassenberg, M.; Spiecker, H.; Sun, D. Non Destructive Method for Biomass Prediction Combining TLS Derived Tree Volume and Wood Density. Forests 2015, 6, 1274–1300. [Google Scholar] [CrossRef]

	



Marín-Buzón, C.; Pérez-Romero, A.M.; León-Bonillo, M.J.; Martínez-Álvarez, R.; Mejías-García, J.C.; Manzano-Agugliaro, F. Photogrammetry (SfM) vs. Terrestrial Laser Scanning (TLS) for Archaeological Excavations: Mosaic of Cantillana (Spain) as a Case Study. Appl. Sci. 2021, 11, 11994. [Google Scholar] [CrossRef]

	



Lerma, J.L.; Navarro, S.; Cabrelles, M.; Villaverde, V. Terrestrial laser scanning and close range photogrammetry for 3D archaeological documentation: The Upper Palaeolithic Cave of Parpalló as a case study. J. Archaeol. Sci. 2010, 37, 499–507. [Google Scholar] [CrossRef]

	



Apollonio, F.I.; Fantini, F.; Garagnani, S.; Gaiani, M. A Photogrammetry-Based Workflow for the Accurate 3D Construction and Visualization of Museums Assets. Remote Sens. 2021, 13, 486. [Google Scholar] [CrossRef]

	



Weber, J.; Powis, T.G. Assessing Terrestrial Laser Scanning in Complex Environments: An Approach from the Ancient Maya Site of Pacbitun, Belize. Adv. Archaeol. Pract. 2014, 2, 123–137. [Google Scholar] [CrossRef]

	



Chang, K.; Wang, E.; Chang, Y.; Cheng, H. Post-disaster structural evaluation using a terrestrial laser scanner. In Proceedings of the IIntegrating Generations FIG Working Week, Stockholm, Sweden, 14–19 June 2008. [Google Scholar]

	



Mukupa, W.; Roberts, G.W.; Hancock, C.M.; Al-Manasir, K. A review of the use of terrestrial laser scanning application for change detection and deformation monitoring of structures. Surv. Rev. 2017, 49, 99–116. [Google Scholar] [CrossRef]

	



Gordon, S.J.; Lichti, D.D. Modeling terrestrial laser scanner data for precise structural deformation measurement. J. Surv. Eng. 2007, 133, 72–80. [Google Scholar] [CrossRef]

	



Berberan, A.; Ferreira, I.; Portela, E.; Oliveira, S.; Oliveira, A.; Baptista, B. Overview on terrestrial laser scanning as a tool for dam surveillance. In Proceedings of the 6th International Dam Engineering Conference, Lisbon, Portugal, 15–17 February 2011. [Google Scholar]

	



Chang, K.T.; Wang, E.H. Developing procedures for post-earthquake structural evaluation by laser scanning techniques. Insight 2012, 54, 562–567. [Google Scholar] [CrossRef]

	



Gawronek, P.; Kwinta, A.; Sajdak, K.; Koczwara, P. TLS in Sustainable Mining Engineering: 3D Convergence and Surface Changes in Chamber Excavation in CH Salt Mine “Wieliczka”. Mining 2025, 5, 15. [Google Scholar] [CrossRef]

	



Makuch, M. Detection of rising damp and material changes on hyperboloid cooling tower shells based on the intensity of the reflected laser beam. Geomat. Landmanagement Landsc. 2023, 4, 135–156. [Google Scholar] [CrossRef]

	



Kwinta, A.; Bac-Bronowicz, J. Analysis of hyperboloid cooling tower projection on 2D shape. Geomat. Landmanagement Landsc. 2021, 3, 25–40. [Google Scholar] [CrossRef]

	



Makuch, M. Laser scanning in diagnostics of geometric imperfections of hyperboloid cooling towers. Geomat. Landmanagement Landscape. 2024, 4, 105–122. [Google Scholar] [CrossRef]

	



Mitka, B.; Makuch, M.; Gawronek, P. Zastosowanie intensywności wiązki odbicia w ocenie stanu powierzchni budowli zabytkowych. Epistem. Czas. Nauk.-Kult. 2016, 11–24. [Google Scholar]

	



Ulewicz, M.; Pawłowicz, J.A. Reflection intensity of terrestrial laser scanning dependence on the physical properties of building materials and scanning conditions. Mater. Bud.-Miesięcznik 2022, 63–65. [Google Scholar] [CrossRef]

	



Pesci, A.; Teza, G. Effects of surface irregularities on intensity data from laser scanning: An experimental approach. Ann. Geophys. 2008, 51, 839–848. [Google Scholar] [CrossRef]

	



Wójcik, A.; Klapa, P.; Mitka, B.; Piech, I. The use of TLS and UAV methods for measurement of the repose angle of granular materials in terrain conditions. Measurement 2019, 146, 780–791. [Google Scholar] [CrossRef]

	



Tan, K.; Cheng, X. Intensity data correction based on incidence angle and distance for terrestrial laser scanner. J. Appl. Remote Sens. 2015, 9, 94094. [Google Scholar] [CrossRef]

	



Zámečníková, M.; Wieser, A.; Woschitz, H.; Ressl, C. Influence of surface reflectivity on reflectorless electronic distance measurement and terrestrial laser scanning. J. Appl. Geodes. 2014, 8, 311–326. [Google Scholar] [CrossRef]

	



Voegtle, T.; Schwab, I.; Landes, T. Influences of different materials on the measurements of a terrestrial laser scanner (TLS). Proc. XXI Congr. Int. Soc. Photogramm. Remote Sens. ISPRS 2008, 37, 1061–1066. [Google Scholar]

	



Suchocki, C.; Katzer, J. An example of harnessing Terrestrial Laser Scanner for remote sensing of saturation of chosen building materials. Constr. Build. Mater. 2016, 122, 400–405. [Google Scholar] [CrossRef]

	



Gordon, S.; Lichti, D.; Stewart, M.; Franke, J. Structural deformation measurement using terrestrial laser scanners. In Proceedings of the 11th FIG Symposium on Deformation Measurements, Santorini, Greece, 25–28 May 2003. [Google Scholar]

	



Mala, B.A.; Al-shrafany, D.M.S. The influence of the incident angles variation on the accuracy of TLS point cloud based on surface reflectivity and roughness. In Proceedings of the 4th International Conference on Recent Innovation in Engineering ICRIE 2023, Kurdistan Region, Iraq, 13–14 September 2023; University of Duhok: Kurdistan Region, Iraq; Volume 8, pp. 94–112. [Google Scholar]

	



Brown, O.W.; Hugenholtz, C.H. Quantifying the effects of terrestrial laser scanner settings and survey configuration on land surface roughness measurement. Geosphere 2013, 9, 367–377. [Google Scholar] [CrossRef]

	



Mills, G.; Fotopoulos, G. On the estimation of geological surface roughness from terrestrial laser scanner point clouds. Geosphere 2013, 9, 1410–1416. [Google Scholar] [CrossRef]

	



Muralikrishnan, B.; Rachakonda, P.; Lee, V.; Shilling, M.; Sawyer, D.; Cheok, G.; Cournoyer, L. Relative range error evaluation of terrestrial laser scanners using a plate, a sphere, and a novel dual-sphere-plate target. Measurement 2017, 111, 60–68. [Google Scholar] [CrossRef]

	



Kersten, T.P.; Lindstaedt, M. Geometric accuracy investigations of terrestrial laser scanner systems in the laboratory and in the field. Appl. Geomat. 2022, 14, 421–434. [Google Scholar] [CrossRef]

	



Yaman, A.; Yılmaz, H.M. The effect of object surface colors on terrestrial laser scanners. Int. J. Eng. Geosci. 2017, 2, 68–74. [Google Scholar] [CrossRef]

	



Bauer, P.; Woschitz, H. Laboratory Investigations of the Leica RTC360 Laser Scanner—Distance Measuring Performance. Sensors 2024, 24, 3742. [Google Scholar] [CrossRef]

	



Wujanz, D.; Burger, M.; Tschirschwitz, F.; Nietzschmann, T.; Neitzel, F.; Kersten, T.P. Determination of Intensity-Based Stochastic Models for Terrestrial Laser Scanners Utilising 3D-Point Clouds. Sensors 2018, 18, 2187. [Google Scholar] [CrossRef] [PubMed]

	



Kwinta, A.; Gargula, T. Analysis of using the modified centring plates with eccentric points for geodetic measurements. Appl. Geomat. 2023, 15, 885–896. [Google Scholar] [CrossRef]

	



Kwinta, A. Centering Plate for Geodetic Instruments. Polish Patent 127704, 8 October 2018. [Google Scholar]

	



Kwinta, A. Method of Fixing the Geodetic Device on the Centering Plate and the Device for Using the Method. Polish Patent 430400, 26 June 2019. [Google Scholar]

	



Leica ScanStation P40/P30—High-Definition 3D Laser Scanning Solution. Available online: https://leica-geosystems.com/en-gb/products/laser-scanners/scanners/leica-scanstation-p40--p30 (accessed on 8 May 2025).

	



Pesci, A.; Teza, G. Terrestrial Laser Scanner and Retro-Reflective Targets: An Experiment for Analyzing Errors. Ann. Geophys. 2008, 51, 839–848. [Google Scholar]

	



Soudarissanane, S.; Lindenbergh, R.; Menenti, M.; Teunissen, P. Scanning Geometry: Influencing Factor on the Quality of Terrestrial Laser Scanning Points. ISPRS J. Photogramm. Remote Sens. 2011, 66, 389–399. [Google Scholar] [CrossRef]

	



Leica Cyclone REGISTER Permanent. Available online: https://survey.crkennedy.com.au/products/lg798751/leica-cyclone-register-permanent (accessed on 8 May 2025).

	



Kanan, C.; Cottrell, G.W. Color-to-Grayscale: Does the Method Matter in Image Recognition? PLoS ONE 2012, 7, e29740. [Google Scholar] [CrossRef] [PubMed]

	



Güneş, A.; Kalkan, H.; Durmuş, E. Optimizing the color-to-grayscale conversion for image classification. SIViP 2016, 10, 853–860. [Google Scholar] [CrossRef]

	



Joshi, M.A. Digital Image Processing: An Algorithmic Approach; PHI Learning Pvt. Ltd.: Delhi, India, 2018. [Google Scholar]

	



Gradka, R.; Kwinta, A. A short review of interpolation methods used for terrain modelling. Geomat. Landmanagement Landsc. 2018, 4, 29–47. [Google Scholar] [CrossRef]








[image: Sensors 25 06219 g001] 





Figure 1. Example structure of decorative render: (a) Roughcast render; (b) Scratched render. 
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Figure 2. Research station–TLS and a panel with renders mounted in a holder. 
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Figure 3. Measurement frame for positioning the panel during scanning. 
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Figure 4. P40 scanner settings during measurement: (a) scanning range and mode; and (b) configured scanning resolution parameters. 
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Figure 5. Results of the color analysis of the test panels. 
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Figure 7. Comparison of parameters of measurement distances for different renders: (a) standard deviation; (b) distance between max and min distance; and (c) mean distance within the test field. 
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Figure 8. The mean distance, standard deviation, and measured distance range analyzed as functions of RGB, mean brightness, and mean luminance. 
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Figure 9. Mean distance in analysis. 
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Figure 10. Range dY in points analysis. 






Figure 10. Range dY in points analysis.



[image: Sensors 25 06219 g010]







[image: Sensors 25 06219 g011] 





Figure 11. Analyze of standard deviation (6) in points for all renders and separately for Roughcast-type renders and Scratched-type ones. 
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Figure 12. Comparison between StDev2 (6) of Roughcast-type and Scratched-type renders. 
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Table 1. The results of analysis of the relation between renders with the Pearson correlation “r”.
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	Brightness
	Luminance





	Mean
	0.975
	0.975



	Standard Deviation
	0.787
	0.809










 





Table 2. Statistical data from 104 grids.
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	Min
	Max
	Mean





	x
	−0.0997
	0.0997
	0.0000



	y
	8.0029
	8.0221
	8.0161



	z
	−0.0999
	0.0996
	0.0000
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