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Abstract

:

The construction industry requires comprehensive and accurate as-built information for a variety of applications, including building renovations, historic building preservation and structural health monitoring. Reality capture technology facilitates the recording of as-built information in the form of point clouds. However, the emerging development trends of scan planning and multi-technology fusion in point cloud acquisition methods have not been adequately addressed in research regarding their effects on point cloud registration quality and data quality in the built environment. This study aims to extensively investigate the impact of scan planning and multi-technology fusion on point cloud registration and data quality. Registration quality is evaluated using registration error (RE) and scan overlap rate (SOR), representing registration accuracy and registration coincidence rate, respectively. Conversely, data quality is assessed using point error (PE) and coverage rate (CR), which denote data accuracy and data completeness. Additionally, this study proposes a voxel centroid approach and the PCP rate to calculate and optimize the CR, tackling the industry’s challenge of quantifying point cloud completeness.
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1. Introduction


As-built information serves as the foundation of many applications in the construction industry, including building renovations, historic building preservation, structural health monitoring, construction quality assessment and construction tracking [1,2,3,4]. However, prior to the advent of reality capture technologies, as-built information was difficult to obtain, leading to reliance on as-designed drawings for building information. As-designed drawings have some limitations. First, given the age of most existing buildings, design drawings are often incomplete or poorly preserved because of inadequate data storage methods. Second, the construction process frequently deviates from the original design, and many existing buildings have undergone retrofits; thus, design drawings often fail to accurately represent a building’s current condition [5,6,7,8,9,10].



Over the past decade, reality capture technologies have increasingly gained popularity in the construction industry, enabling practitioners to use point cloud data (PCD) as a reference for obtaining as-built information [11]. PCD consist of densely packed points in a three-dimensional (3D) coordinate system, with each point typically being defined by its X-, Y- and Z-coordinates. These data are commonly used to represent the surface shape of objects [5]. As a cutting-edge technology in the construction industry, reality capture has intersected with other building technologies, giving rise to new methods and application scenarios. Scan-to-building information modelling (BIM) reconstruction combines reality capture and BIM techniques to produce as-built or as-is models. The process involves three main steps. First, building information is gathered using reality capture technology, resulting in raw PCD. Second, the raw PCD, which are typically located in different coordinate systems, are processed using registration, downsampling or other algorithms, generating a complete set of PCD representing different parts of a building. Third, using various modelling methods, modellers use the processed PCD to create an as-is model [12].



Point cloud quality directly influences the representation of as-built information and the accuracy and completeness of as-is BIM models. As reality capture technologies advance, researchers in the construction industry are concentrating on two aspects of PCD collection: scan planning, which primarily concerns scanner position and parameters, and multi-technology fusion, which integrates various technologies to compensate for the limitations of individual technologies. The main objective of this study is to investigate the effects of multi-technology fusion and scan planning on point cloud registration and data quality. Three distinct PCD collection scenarios—terrestrial laser scanning (TLS) without scan planning, TLS with scan planning, and multi-technology fusion with scan planning—are presented. Subsequently, the registration quality and data quality of these three scenarios are quantified and compared.




2. Research Background


2.1. Reality Capture Technologies


Reality capture technologies in the construction industry are primarily based on noncontact optical and electronic equipment [13], which can be classified into three types based on its technical principles: TLS, mobile laser scanning (MLS) and digital photogrammetry (DP).



TLS is a static 3D capture technology utilising ground placement to generate dense point clouds based on time-of-flight or phase-shift distance measurement principles [5,13,14,15,16]. TLS technology has been used for over a decade in a wide range of applications, including as-built surveys for engineering projects [17,18] and the documentation and modelling of cultural heritage sites [19,20]. With advances in instrumentation, it is now possible to capture large, precise 3D PCD at a rate of up to 1 million points per second. The XYZ-coordinates, intensity value and RGB colour information of each data point are recorded either by using an internal camera or by supplementing the PCD with external camera imagery [21]. While its applications are broad, TLS is mainly used in open areas with few obstructions. The scanner used in TLS is static, meaning that it cannot move during the scanning process, resulting in more blocked data when scanning complex environments [22].



Compared with TLS, MLS is more flexible [23] and involves the use of laser scanners that move dynamically during the scanning process. These scanners may be handheld or mounted on a vehicle or drone. Their flexibility and diverse vehicle combinations make mobile laser scanners more suitable for PCD collection in complex environments with many obstructions [24]. For instance, Eker [25] used a handheld mobile laser scanner to collect forest road data to measure surface deformation. Williams et al. [26] demonstrated the application of MLS in complex urban traffic scenarios. Other studies have focused on the use of MLS for indoor spaces [27,28].



In the construction industry, reality capture technologies based on laser scanning generally require an active laser emission module. However, these methods suffer from data loss or noise when scanning certain materials, such as glass, mirrors or dark and rough materials [12,29]. This has led academics and industry practitioners to increasingly focus on the use of DP, which involves converting multiple photographs into PCD. DP technology can be categorised into traditional methods, which require advance knowledge of the position and orientation of each camera, and structure-from-motion methods, which calculate the camera’s position and location using feature point extraction [30,31,32,33]. The use of unmanned aerial vehicles (UAVs) has expanded the range of DP applications, enabling the acquisition of 3D data from various perspectives. UAV-based DP (UAVDP) has been utilised in a range of construction industry scenarios, including monitoring the health of bridge structures [34], measuring large reinforced-concrete structures and evaluating the risks of gas and oil pipelines [35].




2.2. Scan Planning and Multi-Technology Fusion


In recent years, scan planning and multi-technology fusion methods have become prevalent in the collection of PCD. Effective scan planning relies on optimizing scanner positions and parameters to satisfy data quality requirements and minimize data collection time. Various studies have approached this challenge differently, with some focusing on algorithmic approaches, such as Qiu et al. [36], who proposed a genetic algorithm based on user-defined data quality requirements. Others, such as Song et al. [37], integrated geometric feature clustering and data quality checking methods to address traditional laser scan planning approaches’ limitations. Automated scan planning methods have also been proposed, such as those by Díaz Vilariño et al. [38] and Zhang et al. [39], which aim to optimize the number and position of scans while maximizing point cloud coverage and minimizing scan time. Studies such as Soudarissanane and Lindenbergh’s [40] and those of others [41,42,43,44,45,46] have sought to obtain a target point cloud with the fewest scans while maintaining sufficient coverage, accuracy, resolution and scan overlap.



The increasing prevalence of multi-technology fusion methods has provided new opportunities to ensure PCD collection quality while capitalizing on the advantages and mitigating the constraints of each individual technique [47]. Abdelazeem et al. [48] developed a novel fusion approach that optimally integrates TLS and UAV sensor data to create an enhanced, comprehensive 3D map of a building. Yu et al. [49] proposed a fusion method for point cloud generation based on LiDAR and imagery data, effectively filling gaps in the point cloud, increasing point cloud density and improving registration accuracy. Moon et al. [50] presented a method for generating and merging hybrid PCD acquired from laser scanning and UAV-based image processing, comparing datasets obtained from different techniques using case study examples. Panagiotidis et al. [51] investigated the fusion of UAV-based laser scanning and TLS data for improved 3D tree structure mapping and more accurate tree metric estimates. These studies highlight the potential of multi-technology fusion methods in complex applications, offering new possibilities for improving the quality and efficiency of PCD collection.




2.3. PCD Quality Evaluation


PCD serve as the foundation of as-built information; thus, their quality has a direct influence on the accuracy and completeness of as-built information. Researchers have focused on two aspects pertaining to PCD quality: the quantification or calculation methods used for evaluation and the factors affecting PCD quality. Using four evaluation criteria—completeness, level of accuracy, level of density and registration capability—Aryan et al. [14] investigated the influence of scan planning on the quality of point clouds obtained using TLS. Wang et al. [52] investigated the effect of PCD quality on model quality and proposed two metrics for quantifying PCD quality: degree of completeness and point density. Soudarissanane et al. [53] studied the influence of scanner placement distance, target object material and incidence angle on PCD quality, which was measured using two criteria: laser intensity and fitting noise level. Huang et al. [54] presented a machine learning framework to assess the local quality of PCD obtained using indoor mobile mapping in complex scenarios. Their experimental results demonstrate that the proposed framework achieves promising quality assessment outcomes with limited labelled data and a large number of unlabelled data. Other studies have focused on the impact of environmental factors such as scanner calibration, windy weather conditions, high light levels, reflective surfaces and dynamic scenes on PCD quality [13,55,56].





3. Methodology


3.1. Framework


This study aims to explore the effect of scan planning and multi-technology fusion on the registration and data quality of point clouds. A controlled experimental method was used to collect relevant data and evaluate registration and data quality under different PCD collection scenarios. The variables for the PCD collection methods were scan planning or no scan planning (referring to whether the positions of the terrestrial laser scanner were preplanned) and multi-technology fusion or single technology (referring to the number of technologies employed in the PCD collection scenario). We established three scenarios (see details in Section 4.2) based on these variables and compared the results of each scenario to determine the effect of each method on registration and data quality.



Registration quality was measured using registration error (RE) and scan overlap rate (SOR), which were calculated from each adjacent scan collected from the scenarios. RE represents registration accuracy, which means the accuracy of registration between two adjacent point cloud scans in the same scenario, and SOR represents the registration coincidence rate, which means the degree of overlap between two adjacent point cloud scans in the same scenario. Data quality was measured using point error (PE) and coverage rate (CR). PE represents data accuracy, which refers to the discrepancy between the point cloud model and reality that was calculated using the ground truth values obtained with high-precision measuring instruments and the measured values from the PCD. CR represents data completeness, which refers to the completeness or integrity of the point cloud in comparison with reality that was calculated using a ground truth model. The following subsections present the calculation and analysis of registration quality and data quality. All point cloud processing and computations carried out in the methodology were executed using Python, specifically leveraging the capabilities of the Open3D and NumPy libraries.




3.2. Registration Quality


For each scenario, numerous point clouds were generated from different scans of independent coordinate systems. Following registration, each pair of adjacent point clouds exhibited corresponding RE and SOR. The following sections show the process used to calculate RE and SOR.



3.2.1. Step 1: Calculation of Rotation Matrix and Translation Vector


Point cloud registration is a prerequisite for computing RE and SOR. Two parameters can be obtained during registration: rotation matrix R and translation vector t. Point cloud registration typically consists of two components. The first is coarse registration using methods such as 3D shape contexts [57], point feature histograms [58] and point pair features [59], primarily conducted to compute an approximate initial alignment state necessary for fine registration. The second is fine registration, mainly using the iterative closest point (ICP) [60] or its variants to achieve a more precise alignment between the source and target point clouds. Overall, this process can be divided into three main steps.



In the first step, corresponding points in the source and target point clouds are determined, forming a set of point pairs based on specific conditions of the algorithm:


  P =     p   1   ,   p   2   , … ,   p   n      



(1)






  Q =     q   1   ,   q   2   , … ,   q   n      



(2)




where P represents the set of corresponding points in the source PCD and Q represents the set of corresponding points in the target PCD. The points in both sets are matched one to one, forming point pairs.



In the second step, rotation matrix R and translation vector t are defined to transform the source point cloud.


    q   i   = R   p   i   + t  



(3)







In the third step, the least squares method is applied iteratively to minimise the sum of squared errors between the source and target point clouds.


    a r g m i n   R , t     ∑  i = 1   n          R   p   i   + t   −   q   i       2    



(4)







In this study, we employed a combination of the three-point registration method and the point-to-point ICP algorithm for registering adjacent point clouds for each scenario (see Figure 1). In the three-point registration method, we manually selected three noncollinear corresponding points in the source and target point clouds, forming point pairs, which we used to calculate the initial rotation and translation matrices for the ICP algorithm. Based on the initial matrices provided by the three-point registration method, the point-to-point ICP algorithm generated new point pairs by defining a threshold. The threshold is an initial parameter in the ICP algorithm, which indicates the search range for corresponding points in the source point cloud. In this study, we set a uniform threshold of 0.03 for all ICP registration algorithms to control for the variables and minimise their effect on the results. Using the newly generated point pairs, we ultimately obtained the final iterated rotation matrix R and translation vector t.




3.2.2. Step 2: Calculation of RE and SOR


Once Step 1 was complete, the two critical parameters—rotation matrix R and translation vector t—had become known quantities. To calculate the RE between each source and target point cloud, we first aligned the source and target point clouds using the known rotation matrix R and translation vector t. Next, we obtained the number of point pairs by searching for corresponding points once more (see Figure 2). We then calculated the vector difference between each pair of points, and finally, computed the average of these differences. The final formula can be expressed as


   RE    =   1   N     ∑  i   N        R   p   i   + t   −   q   i      



(5)




where N is the number of point pairs;     p   i     and     q   i     are the corresponding points in the source and target point clouds, respectively; R is the rotation matrix; and t is the translation matrix.



To compute the SOR, we used the Jaccard index method. In addition to the number of point pairs (No), the number of points in the source and target point clouds must also be predetermined. In the SOR calculation, point pairs are those located in the intersecting portion of the source and target point clouds. The total number of points in the source and target point clouds minus the number of points in the overlapping part was considered the union part. From this, we can derive the following calculation:


  S O R =     S ∩ T       S ∪ T     =   N o   N s + N t − N o    



(6)




where S represents the source point cloud, T represents the target point cloud, No represents the number of point pairs, Ns represents the total number of points in the source PCD and Nt represents the total number of points in the target PCD.





3.3. Data Quality


The final finely registered PCD models for each scenario had different levels of data quality. To calculate the PE and CR for each scenario, three elements are essential: the complete finely registered PCD model for each scenario, the ground truth values and the ground truth model. The following sections present the full process used for the data processing of essential elements and for calculating PE and CR.



3.3.1. Step 1: Prepare and Process the Finely Registered PCD Model, Ground Truth Values and Ground Truth Model


The ground truth values served as the foundation for calculating PE. In multi-technology fusion, different technologies are used to collect point clouds from different parts of a building. In some areas, more than three techniques may be used, resulting in inconsistent PE values in different parts of the final finely registered model. Under such circumstances, the arrangement of ground truth values needs to be comprehensive. First, ground truth values should apply to a range of building regions. Second, ground truth values should encompass a diverse range of lengths. Third, for special areas involving the fusion of multiple technologies, a greater number of ground truth values needs to be obtained. The arrangement of ground truth values used in the experiments is presented in Section 4.1.



The finely registered PCD model was generated by registering all scans within a single scenario and was the basis for calculating PE and CR. Once registration was complete, we measured the corresponding values—referred to as measured values—at the same positions as the ground truth values within the point cloud. Once all measured values were recorded, we performed downsampling on the finely registered model. This process resulted in 10 downsampled finely registered PCD models at different resolutions (0.01–0.1 m) at 0.01 m intervals, which were then used for calculating the CR.



The preferred ground truth models, which represent real-world conditions, are high-precision as-built BIM models. In this paper, the method for calculating the CR required the advance voxelisation of the as-built model. The entire process involved three steps:




	
We converted the as-built BIM model into a mesh model.



	
We performed uniform dense sampling on the mesh surface to generate a dense point cloud.



	
We converted the dense point cloud into voxels to create a voxel model. A total of 10 voxel models were generated, with voxel size ranging from 0.05 m to 0.5 m at 0.05 m intervals.








Before performing point cloud downsampling and converting the mesh model into a voxel model, it is essential to ensure that the original finely registered PCD and mesh models have been properly registered (i.e., spatially aligned with consistent scales, using the same unit of length as the basis for measurement) and that the voxel grid coordinates maintain the same direction as the XYZ-axes of the world coordinate system in which the mesh model resides.



After data processing, we obtained the ground truth and measured values. For each scenario, 10 finely registered PCD models with different resolutions and 10 voxel models with varying voxel sizes were generated (see Figure 3).




3.3.2. Step 2: Calculation of PE and CR


Based on the ground truth and measured values obtained in Step 1, we calculated PE as follows:


  P E =   X t − X m    



(7)




where Xt represents the ground truth value and Xm represents the measured value.



We propose a method—the voxel centroid approach—to calculate the CR value. In Step 1, we obtained finely registered PCD models at different resolutions for each scenario and voxel models with different voxel sizes. The CR was calculated according to the following five steps:




	
Input each downsampled PCD model and each voxel model.



	
Construct a k-dimensional (k-d) tree for the point cloud to optimise the data structure and enable efficient nearest-neighbour searching.



	
Calculate the centre of each voxel in the voxel model as


  C = V o + I   ∗ d +   d   2    



(8)




where C represents the coordinate of the centre of the current voxel in the world coordinate system, Vo denotes the coordinates of the voxel coordinate system’s origin in the world coordinate system, I represents the index of the current voxel, and d denotes the voxel size (see Figure 4).



	
Utilise the k-d tree to search for the point nearest to each voxel centre, and determine whether the voxel is occupied. For each voxel centre (C), find the nearest point (P) using the k-d tree. Calculate the distance between C and P. If the distance is less than half of the voxel’s edge length (i.e., <d/2, where d is voxel size), define the voxel as occupied (see Figure 5).



	
Calculate the CR of the corresponding point cloud as follows:


  C R =   N p   N    



(9)




where Np represents the number of occupied voxels and N represents the total number of voxels.










3.4. Regression Analysis


In our study, we employed regression analysis to estimate the coefficients. Among the three scenarios (Scenario 1, Scenario 2 and Scenario 3), Scenario 2 was designated as the control group. To see how much the dependent variable (RE, SOR, PE and CR) changed when we moved from Scenario 2 to either Scenario 1 or Scenario 3, we used separate dummy variables in our regression models. The dummy variables were assigned values of 0 or 1. For an observation in Scenario 1, the dummy variable for Scenario 1 was 1, and for Scenario 3, it was 0. If an observation was in Scenario 3, the dummy variable for Scenario 3 was 1, and for Scenario 1, it was 0. This assignment strategy signifies the presence or absence of the respective scenarios in the observation. The computed correlation coefficients for Scenarios 1 and 3 represent the magnitude and direction of the changes in these scenarios relative to Scenario 2. Specifically, a negative coefficient implied a decrease, while a positive coefficient suggested an increase. The regression model was established as follows:


  R E = β 0 + β 1 ×    Scenario   1    + β 3 ×    Scenario   3    + + ε  



(10)






  S O R = β 0 + β 1 ×    Scenario   1    + β 3 ×    Scenario   3    + ε  



(11)






  P E = β 0 + β 1 ×    Scenario   1    + β 3 ×    Scenario   3    + ε  



(12)






  C R = β 0 + β 1 ×    Scenario   1    + β 3 ×    Scenario   3    + ε  



(13)




where the Scenario 1 and Scenario 3 terms correspond to the dummy variables for these scenarios; β0 is the intercept term of the regression equation, while β1 and β3 represent the regression coefficients associated with Scenarios 1 and 3, respectively; lastly, ε stands for the error term, capturing the variance not explained by the model.





4. Experimental Setup


Bond University’s Sustainable Building (see Figure 6) is a remarkable structure, boasting state-of-the-art eco-friendly features and a cutting-edge design. Located in Gold Coast, Australia, this iconic building has set the standard in green building practices, featuring an energy-efficient design, rainwater collection, natural ventilation systems, and optimal use of daylight, earning it a 6-Star Green Star Rating—the highest sustainability rating in Australia. This building was selected as the scanning target for this experiment. The specific building components for point cloud data (PCD) collection included floors, ceilings, walls, columns, doors, windows, roofs and external decorations. All other components captured in the PCD, such as tables, chairs and trees, were considered noise points and removed following the registration process.



In this experiment, we developed three different PCD collection scenarios based on either scan planning or no scan planning and either a single technology (TLS) or multi-technology fusion. The first PCD collection method (Scenario 1) was based on TLS without advance scan planning to collect point clouds for the entire building. The second method (Scenario 2) was based on TLS with scan planning to scan the entire building. The third method (Scenario 3) simultaneously used TLS, MLS and UAVDP to scan buildings after performing advance scan planning (see Table 1). In this research, we used FARO Focus S70 (FS70) to represent TLS, FARO Freestyle 2 (FF2) to represent MLS and DJI Mini 3 Pro plus Bentley Systems ContextCapture software to represent UAVDP (see Figure 7).



4.1. Preparation: Ground Truth Values and Model


Ground truth values were collected using a laser rangefinder with accuracy of within 1 mm and were considered the baseline for the point cloud. First, we posted 100 markers (in two groups of 50) in various points throughout the building, including in each room, the corridors and the outdoor open spaces. Each group of markers was levelled to the same height using the laser level (Figure 8). Once the markers had been posted, we used a laser rangefinder to collect truth values for each target group. In total, 50 ground truth values were obtained, and the PCD generated in each scenario had 50 corresponding measured values.



A complete as-built BIM model was employed as the ground truth model to assist in the calculation of the CR values. The as-built BIM model (see Figure 9), provided by Bond University, was created based on highly accurate PCD and other surveying data. The research team ensured the integrity of the model by comparing it with real-world conditions. Additionally, the as-built BIM model was converted into 10 voxel models with sizes ranging from 0.05 m to 0.5 m at 0.05 m intervals.




4.2. PCD Collection


For each scenario, several scans were generated to capture the PCD for different building parts. Every two scans within the same scenario were registered as a scan pair. Ultimately, each scenario produced original finely registered PCD (see Figure 10). After establishing spatial alignment with the mesh model, we downsampled the PCD within the same spatial coordinate system, generating 10 downsampled PCD ranging from 0.01 m to 0.1 m at 0.01 m intervals.



4.2.1. Scenario 1: TLS Method


Scenario 1 involved the use of TLS without advance scan planning for the collection of PCD from the building. The primary device used for the TLS method was the FS70. In the experiment, the actual scanning was performed by a professional who had over 2 years of point cloud collection experience. He was instructed to set up the FS70 directly at the site without prior scan planning, solely relying on his understanding and experience of the site. The resolution and quality parameters of the FS70 were set at 1/4 and 3, respectively. The estimated time for a single scan was 6 min and 49 s. Given that the experiment mostly took place indoors, the GPS was not activated. However, the inclinometer and compass were activated to provide correction parameters during the post-registration process. PCD collection progressed from indoor to outdoor environments and from lower to higher elevations. A total of 90 scans was collected using TLS, and 88 scan pairs were produced by registering adjacent scans in pairs.




4.2.2. Scenario 2: Scan Planning Plus TLS Method


Scenario 2 involved the use of advance scan planning to determine reasonable scan positions for the TLS scanner. The FS70 was still the primary device utilised for PCD collection in this scenario. In the experiment, the actual executor remained the same as in Scenario 1. However, in Scenario 2, they were allowed to perform scan planning in advance using design drawings and then place the FS70 according to the scan plans (see Figure 11). In designing the scan plan, the TLS scanner positions were mainly determined using the following two rules: first, the potential impact of obstructions had to be considered; second, the numbering of the scan positions had to be coherent to avoid any issues during the three-point registration. All scan parameters of the FS70 were consistent with those utilised in Scenario 1. A total of 102 scans were collected using TLS, and 97 scan pairs were produced by registering adjacent scans in pairs.




4.2.3. Scenario 3: Scan Planning Plus TLS Plus MLS Plus UAVDP Method


Scenario 3 built on Scenario 2 and incorporated MLS and UAVDP in addition to TLS and scan planning. The devices utilised in this scenario were the FS70, the FF2 and DJI Mini 3 Pro plus ContextCapture software. As in Scenario 2, the actual executor remained the same, and design drawings served as the basis for scan planning in Scenario 3 (see Figure 12). However, the entire building area was divided into three distinct zones: the first comprised open spaces and corridors, which are generally larger and have fewer obstructions than rooms; the second comprised rooms, which are smaller and contain numerous obstructions compared with open spaces and corridors; and the third comprised the roof area, which is considered a high-risk zone given the challenges in collecting PCD using the FS70 and the FF2. The installation locations of the FS70 and the flight trajectory and altitude of the UAV were preplanned. The FS70 parameters were the same as those used in Scenarios 1 and 2. With respect to the FF2 parameter settings, the data range was set to 3 m, and plan detection was disabled. Scan optimisation and stray point filtering were both set to standard. In addition, the 20 small markers included in the FF2 kit were used to assist each FF2 room scan. The flight path and altitude of the DJI Mini 3 Pro involved circumnavigating the target building, with the camera facing downwards at an angle of 30 degrees from a height of 15 m and at 45 degrees from a height of 20 m (see Figure 13). We collected a total of 40 scans with TLS, 53 scans with MLS and 1 scan created from 102 images obtained with UAVDP, and 93 scan pairs were produced by registering adjacent scans in pairs.






5. Results


5.1. RE


Based on the scan pairs, 88 RE values were calculated for Scenario 1; 97, for Scenario 2; and 93, for Scenario 3 (see Figure 14). Table 2 shows that the ranges of RE values were 0.2–13.2 mm in Scenario 1, 0.2–11.4 mm in Scenario 2 and 0.3–18.9 mm in Scenario 3. The differences between the maximum and minimum RE values were 13 mm for Scenario 1, 11.2 mm for Scenario 2 and 18.6 mm for Scenario 3. Standard deviations were 3.19 mm for Scenario 1, 2.79 mm for Scenario 2 and 4.11 mm for Scenario 3. Therefore, among the three scenarios, Scenario 3 exhibited the largest range and the highest degree of variability in RE values, with the most dispersed data distribution. Conversely, Scenario 2 demonstrated the smallest range and the lowest degree of variability, with the most concentrated data distribution. If we set the acceptable RE value to within 1 cm, 12% of RE values in Scenario 3 exceeded this threshold (compared with only 2% in Scenario 1 and 3% in Scenario 2). These results indicate that the method used in Scenario 3 for PCD collection, using the same point cloud registration method, resulted in the lowest point cloud registration accuracy among the three scanning methods employed. A possible reason for this may be that Scenario 3 was the only scenario that involved nonhomogeneous point cloud registration, while Scenarios 1 and 2 only involved the registration of data collected using the FS70.



According to the regression analysis results (see Table 3), the method used in Scenario 1 significantly increased RE values by an average of 1.60 mm compared with Scenario 2 at a significance level of 1% (p = 0.002). Scenario 3 significantly increased the RE values by an average of 2.84 mm compared with Scenario 2, also at a 1% significance level (p = 0.000). From this, we can draw two conclusions. First, when using TLS, scan planning significantly reduces the RE values, improving the registration accuracy of the point cloud. Second, when scan planning is applied in both cases, the multi-technology fusion method is significantly less accurate with respect to registration than the TLS method alone.




5.2. SOR


Based on the scan pairs, 88 SOR values were calculated for Scenario 1; 97, for Scenario 2; and 93, for Scenario 3 (see Figure 15). Table 4 shows that the ranges between the maximum and minimum SOR values were 42.8%, 55.5% and 44.6% for Scenarios 1, 2 and 3, respectively. Standard deviations were 3.19 mm for Scenario 1, 2.79 mm for Scenario 2 and 4.11 mm for Scenario 3. Scenario 2 had 12 more scans than Scenario 1 and 8 more scans than Scenario 3; however, the degree of variability and data distribution of the SOR values in Scenario 2 was the highest and largest among all scenarios. This indicates that an increased number or density of scan positions does not necessarily guarantee a more concentrated SOR value. If we set the acceptable standard for SOR values to more than 20%, 20% of SOR values in Scenario 1, 7% in Scenario 2, and 9% in Scenario 3 failed to meet this standard. Moreover, Scenario 1 also had the lowest mean SOR value, 26.92%, which is greater than the acceptable standard of 20%. Scenario 2 had the highest mean SOR value, 32.17%, and Scenario 3 stood at 30.07%. Considering the results of RE values, the increase in SOR values indeed had a positive impact on registration accuracy, reducing the RE values, such as in Scenario 1 vs. Scenario 2. However, in Scenario 3, due to the factors of nonhomogeneous point cloud registration, the increase in SOR values compared with Scenario 1 did not lead to an improvement in registration accuracy.



The regression analysis results (see Table 5) show that the SOR values in Scenario 1 were significantly reduced by 5.24% compared with Scenario 2 at a 1% significance level (p = 0.000). Although the average SOR values of Scenario 3 were reduced by 2.1% compared with that of Scenario 2, there was no significant relationship (p = 0.116). From this, we can infer that scan planning significantly improves the SOR values between scans for PCD collection. Compared with the exclusive use of TLS or homogeneous point clouds, multi-technology fusion or nonhomogeneous point clouds do not significantly reduce the SOR values between the source and target PCD during point cloud registration using the same point cloud registration method.




5.3. PE


Ground truth values based on 50 data points ranged from 1.240 m to 21.670 m. These ground truth values were paired with the measured values obtained from the finely registered PCD, resulting in PE values (see Table 6). As shown in Figure 16, as the ground truth values increased, the PE values calculated from the corresponding measured values for each scenario also increased. Of the three scenarios, Scenario 3 showed the most noticeable increase. In contrast, the proportion of PE values to the corresponding ground truth values was reduced. If a ground truth value was larger, the PE proportion was lower, indicating that the rate of error growth is much slower than the rate of ground truth value increase. Considering the overall data, if we adopted a criterion of less than 1 cm for acceptable PE values, 14% of the PE values in Scenario 3 did not meet this standard, whereas both Scenario 1 and Scenario 2 exhibited 0% of PE values that fail to meet this criterion. When ground truth values were less than 10 m, PCD measurements typically involved one-to-three scans, generating 29 PE values for each scenario. Of these cases, 100% of the PE values for each scenario were controlled within 1 cm. Under these conditions, the mean PE values for Scenarios 1, 2 and 3 were 1.17 mm, 0.59 mm and 3.52 mm, respectively. Conversely, when the ground truth value exceeded 10 m, PCD measurements typically involved more than three scans, resulting in 21 PE values for each scenario. In Scenarios 1 and 2, 100% of the PE values were less than 1 cm, while in Scenario 3, only 67.67% of the PEs were controlled within 1 cm. Under these conditions, the mean PE values for Scenarios 1, 2 and 3 were 3.24 mm, 2.29 mm and 8.52 mm, respectively. Consequently, larger PCD measurements typically require more scans and may have a compounding effect on errors, with the use of multi-technology fusion exhibiting larger PE values accumulation than the use of TLS alone.



The regression analysis results (see Table 7) show that Scenario 1 had an average increase of 0.74 mm in PE values compared with Scenario 2, but this difference was not statistically significant (p = 0.136). In contrast, Scenario 3 had an average increase of 4.32 mm in PE values compared with Scenario 2 at a 1% significance level (p = 0.000). These data suggest that when using only TLS for PCD collection, scan planning does not significantly reduce PE values, meaning that it does not significantly improve measurement accuracy. With scan planning, the use of multi-technology fusion results in a significant increase in PE values compared with TLS alone, indicating a decrease in accuracy.




5.4. CR


In this study, we introduced a voxel centroid approach to calculate CR values from 10 downsampled PCD and 10 voxel models with varying voxel sizes for each scenario, resulting in 100 CR values per scenario (a total of 300 CR values) (see Table 8). As illustrated in Figure 17, the CR values were significantly influenced by the voxel size parameter. Given the considerable variation in results within the same scenario, we believe that the outcome does not adequately reflect point cloud completeness. To determine the cause of these results, we further calculated the discrepancies between the ground truth model and the original point cloud (i.e., the undownsampled PCD model) using CloudCompare software (see Figure 18). The average distances between the ground truth models and the PCD models in Scenarios 1, 2 and 3 were 0.14 m, 0.13 m and 0.21 m, respectively. Additionally, we performed a filtering operation based on the distance from the original point cloud to the ground truth model. We found that as the distance threshold decreased, the proportion of points in the PCD that meets the distance requirement became smaller in relation to the overall point cloud (see Figure 18). This indicates that even if a particular portion of the point cloud is complete, the CR value for that portion may still be considerably low. Given the persistent distance discrepancy between the point cloud and the ground truth model following alignment, as the voxel size decreases, fewer points in the PCD can participate in CR calculation, ultimately leading to significantly underestimated results.



To address this issue, we propose the point cloud participation (PCP) rate as a compensatory value to reduce the effect of the distance between the ground truth model and the original point cloud of each scenario. The PCP rate represents the proportion of points in the original point cloud that are within a certain threshold distance (typically half the voxel size; that is, d/2) from the ground truth model. The calculation is as follows:


R_p = M/T








where R_p denotes the PCP rate, M is the number of points in the original point cloud with a distance from the ground truth model less than or equal to the threshold (d/2) and T is the total number of points in the original point cloud.



To incorporate the PCP rate (R_p) into the CR calculation, we define an adjusted CR (CR_adj) as


CR_adj = CR/R_p








where the CR values obtained under the same scenario and voxel size are compensated with the corresponding PCP rate calculated under the same scenario and voxel size, using half the voxel size as the threshold distance.



For each scenario, 10 PCP rates were calculated based on the distance from the original point cloud to the ground truth model (d/2), resulting in a total of 30 PCP rates. Consequently, 100 adjusted CR values were derived for each scenario, yielding a total of 300 CR_adj values (see Table 9). As shown in Figure 19d, the PCP rate continuously increased with the distance threshold, showing that a significant proportion of points was not close to the ground truth model surface. As the voxel size increases, more points can participate in the calculation of the CR value, thereby reducing the effect of the distance between the point cloud and ground truth model. With respect to the adjusted CR value trend, it is evident that a voxel size of 0.1 served as a demarcation point (see Figure 19). When excluding data with a voxel size of 0.05, the fluctuation range between the minimum and maximum values for Scenarios 1 to 3 could be controlled within 18.77%, 11.53% and 24.26%, respectively. Standard deviations for unadjusted CR values decreased from 14.32% to 5.29% for Scenario 1, from 13.57% to 3.40% for Scenario 2, and from 17.16% to 5.73% for Scenario 3. These results clearly demonstrate that CR values adjusted using PCP rate exhibit a higher degree of stability in reflecting the data completeness of point clouds than unadjusted CR values, significantly reducing the influence of the voxel size parameter.



According to the regression analysis (see Table 10), the CR_adj was significantly reduced by an average of 7.52% in Scenario 1 compared with Scenario 2 at a 1% significance level (p = 0.000). Further, CR_adj significantly increased by an average of 5.29% in Scenario 3 at a 1% significance level (p = 0.001). From this, we conclude that the application of scan planning in cloud collection methods significantly improves data completeness compared with no scan planning. Moreover, point cloud collection methods using multi-technology fusion significantly improve data completeness compared with the exclusive use of TLS.





6. Discussion


6.1. Findings


The key findings from our study are as follows:




	
Nonhomogeneous point cloud registration (as observed in Scenario 3) exhibited the largest range and the highest degree of variability in RE values, with the most dispersed data distribution, compared with homogeneous registration (as observed in Scenarios 1 and 2). The difference between the maximum and minimum RE values was 18.6 mm for Scenario 3, which was greater than that for Scenario 1 by 5.6 mm and exceeded that for Scenario 2 by 7.4 mm, respectively. The standard deviation of RE values was 4.11 mm for Scenario 3, which was greater than that for Scenario 1 by 0.92 mm and that for Scenario 2 by 1.32 mm.



	
The application of scan planning in Scenario 2 significantly reduced the RE values by an average of 1.6 mm compared with the no scan planning approach in Scenario 1, demonstrating an improvement in point cloud registration accuracy. Furthermore, the multi-technology fusion method in Scenario 3 generated significantly lower registration accuracy, with an average decrease of 2.84 mm in RE values compared with the TLS method in Scenario 2. Moreover, there were 12% of RE values in Scenario 3 that exceeded 1 cm (compared with only 2% in Scenario 1 and 3% in Scenario 2).



	
Compared with no scan planning (Scenario 1), the use of advance scan planning (Scenario 2) for PCD collection could significantly improve the registration coincidence rate between scans, with an average increase of 5.24% in SOR values. Additionally, employing multiple technologies (Scenario 3) or nonhomogeneous point clouds using the same point cloud registration method did not significantly affect the registration coincidence rate between source and target PCD during point cloud registration compared with using solely TLS (Scenario 2).



	
An increase in SOR values had a positive effect on registration accuracy, as evidenced by Scenario 2, which had an average SOR value 5.25% higher than that of Scenario 1 while exhibiting an average reduction of 1.6 mm in RE values. However, under the influence of nonhomogeneous point clouds, an increase in SOR values did not necessarily lead to an improvement in registration accuracy. For instance, although the average SOR values in Scenario 3 were 3.15% higher than those in Scenario 1, the average RE values were 1.24 mm higher than those in Scenario 1.



	
Compared with the use of a single technology (TLS), a fusion of multiple technologies led to a wider and less stable PE distribution range in PCD.



	
Scan planning did not significantly reduce PE values in PCD collection, indicating no significant improvement in data accuracy. However, the use of multi-technology fusion (Scenario 3) significantly increased PE values by an average of 4.32 mm compared with the use of TLS alone (Scenario 2), suggesting a decrease in data accuracy. Moreover, 14% of PE values in Scenario 3 exceeded 1 cm, whereas both Scenario 1 and Scenario 2 exhibited 0% of PE values exceeding this threshold.



	
As the measured values increased, the use of multi-technology fusion for PCD collection tended to generate more severe error accumulation than TLS-based techniques. When ground truth values were less than 10 m, the mean PE values for Scenarios 1, 2 and 3 were 1.17 mm, 0.59 mm and 3.52 mm, respectively. Conversely, when the ground truth value exceeded 10 m, the mean PE values for Scenarios 1, 2 and 3 were 3.24 mm, 2.29 mm and 8.52 mm, respectively.



	
The calculation of CR values was significantly influenced by voxel size because of discrepancies between ground truth model and PCD, leading to considerable variations in results within the same scenario. Indeed, the PCP rate, when utilised as a compensatory value, effectively mitigated the influence of voxel size on the results to a certain extent. This, in turn, led to more stable and reliable data outcomes.



	
The implementation of scan planning and multiple technologies played a positive role in the improvement of data completeness. The application of scan planning (Scenario 2) in cloud collection methods significantly increased the CR_adj values by an average of 7.52% compared with no scan planning (Scenario 1). Moreover, point cloud collection methods using multi-technology fusion (Scenario 3) significantly increased the CR_adj values by an average of 5.29% compared with the exclusive use of TLS (Scenario 2).









6.2. Recommendations


Based on the findings of this study, we make the following recommendations:




	
In situations where only TLS is available, scan planning may be essential for specific applications, such as quality inspection based on point clouds. This conclusion is based on our experimental results, which show an average coverage improvement of 7.52% when scan planning was employed (Scenario 1) compared with scenarios without scan planning (Scenario 2). This improvement was statistically significant. In many point cloud applications, such as quality inspections, achieving sufficient coverage is crucial. Insufficient coverage in point cloud data may hinder the detection of defects, such as cracks on wall surfaces or dimensional inaccuracies. However, the utilization of scan planning methods is not without drawbacks. To elaborate, in Scenario 2, there were 12 more scan positions than in Scenario 1, leading to an additional scan time of 81 min and 48 s. Yet, there was no a significant difference in data accuracy between point cloud data collected with and without scan planning. In relatively simple application scenarios, such as the scan-to-BIM reconstruction of a basic room, the implementation of scan planning might be time-consuming without providing substantial improvements in data accuracy. While it may enhance data completeness, the significance of this factor decreases for straightforward and uncomplicated structures. However, for applications in which high data completeness and data accuracy are required, such as quality assessment involving the observation of many components, employing scan planning to improve point cloud coverage rate would be prudent.



	
Our results show that the acquisition of PCD using multi-technology fusion may be a double-edged sword. In terms of registration and data accuracy, the use of multiple technologies generates larger average RE and PE values than the use of TLS alone. However, multi-technology fusion excels in point cloud CR_adj values, with Scenario 3 achieving average increases of 12.80% and 5.29% compared with Scenarios 1 and 2, respectively. Therefore, the use of multiple technologies for point cloud collection is highly suitable for scenarios that demand high data completeness but have less stringent data accuracy requirements, such as generating game environments, construction process tracking or creating digital models for management purposes. However, for point cloud applications that require higher accuracy, such as the detection of concrete cracking, the use of multiple technologies may not be suitable because of its uncontrollable error distribution and lower precision.



	
We found that the use of multi-technology fusion to collect PCD resulted in a wider and more unstable error distribution. Therefore, in future research requiring the quantification of point cloud accuracy, ground truth values should be arranged in different regions and across various distances throughout the building to ensure comprehensive coverage and more reliable results.









6.3. Limitations and Future Research Directions


The primary objective of this study was to investigate the effects of scan planning and multi-technology fusion on point cloud registration and data quality. However, this research had several limitations, which warrant consideration in future studies.



First, when examining the effect of scan planning on point cloud registration and data quality, we only considered the influence of positional factors, not the effects of different scanning parameters. A potential direction for future research may be to use different scanning parameters as variables, setting up corresponding scenarios and employing quantitative methods for registration and data quality to investigate their effects.



Second, we only compared the effects of TLS and multi-technology fusion on point cloud registration and data quality. However, many PCD collection technologies exist, and comparing these technologies in various combinations may yield different results. Thus, a potential future research direction may be to investigate registration and data quality outcomes using various other technology combinations.



Third, we employed the same registration method to investigate the effects of different PCD collection methods on data and registration quality. Different registration methods could potentially yield different results. Therefore, it may be appropriate to explore the influence of PCD collection methods using various registration methods, which could provide more comprehensive insights.



Fourth, this study presents a comprehensive approach to quantifying registration and data quality, specifically by employing an innovative method of calculating point cloud CR values using a voxel centroid approach. However, this method is limited, because despite the alignment between the ground truth model with the point cloud, a discrepancy between them still exists. This discrepancy results in only a portion of the point cloud being involved in CR value calculation. Currently, as-built BIM models are unable to avoid this discrepancy. First, when constructing as-built BIM models, modellers cannot overcome the limitations imposed by BIM software rules. For example, in Revit software, the angle between walls is a perfect 90-degree angle, while in point cloud models or the real world, the angle between walls may differ because of construction errors. Similarly, walls in Revit are perfect planes, while they have uneven surfaces in the real world. Second, although as-built BIM models are based on high-precision point clouds, manual modelling is still the mainstream approach, leading to the possibility of human errors in the modelling process. These factors make it difficult for as-built BIM models to align perfectly with the collected point cloud model.



When there is a discrepancy between the ground truth model and the point cloud, it is essential to ensure that at least half of the voxel size (d/2) is greater than the error between the point cloud and the model when calculating the CR. This ensures that a high proportion of the point cloud is involved in the calculation.



Given the challenges encountered by the current method, we recommend three future research directions to address these issues:




	
Investigate how to develop a ground truth model that perfectly fits with high-precision point clouds. One approach could involve moving away from traditional BIM authoring tools to develop an accurate method specifically tailored to point cloud modelling. Another approach could involve the use of high-coverage, high-precision point clouds themselves as the ground truth model; however, the challenge lies in collecting a high-coverage, high-precision point cloud while ensuring the integrity of the components within it.



	
Research the feasibility of projecting the point cloud onto the ground truth model surface before calculating the CR values. This could directly eliminate the distance between the point cloud and the ground truth model, potentially improving the accuracy of the CR calculation.



	
Similar to the current study, calculate the PCP rate as a compensating factor and subsequently calculate the adjusted CR value. However, while the current study calculated the PCP rate using the original PCD model and the ground truth model, future researchers could directly use the corresponding downsampled point cloud to calculate the PCP rate and compensate the CR value. This approach could yield more accurate results.








By pursuing these research directions, it may be possible to accurately compare the differences in point cloud quality among various PCD collection methods, investigate the effect of different variables on point cloud quality and develop more robust and accurate methods for quantifying point cloud registration and data quality.





7. Conclusions


This study aimed to investigate the effects of scan planning and multi-technology fusion on point cloud registration and data quality in various collection scenarios. We established three PCD collection scenarios and compared their registration and data quality to assess the effectiveness of scan planning and multi-technology fusion.



Registration quality was quantified using registration error (RE) and scan overlap rate (SOR), representing registration accuracy and registration coincidence rate, respectively. Data quality was quantified using point error (PE) and coverage rate (CR), representing data accuracy and data completeness, respectively.



Our findings indicate that scan planning significantly enhances registration accuracy and registration coincidence rate. However, it does not have a considerable impact on data accuracy. In contrast, the use of multi-technology fusion, when compared with the use of TLS-technology alone, results in reduced registration and data accuracy without significantly affecting the registration coincidence rate. Both scan planning and multi-technology fusion independently contribute to the positive impact on data completeness of point clouds.



This study offers valuable insights into the effects of scan planning and multi-technology fusion on point cloud registration and data quality. The quality data derived using the three PCD collection methods in the specific building context can serve as a reference for predicting point cloud quality in similar architectural environments using the same collection methods.
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Figure 1. Registration process. Note: ICP: iterative closest point; PCD: point cloud data; relative_RMSE: relative root-mean-square error. 
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Figure 2. Registration error. Note: Once the source and target point clouds were aligned using the predetermined transformation matrix R and transformation vector t, the mean distances between all point pairs were calculated to generate the registration error value for each point pair. PCD: point cloud data. 
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Figure 3. Finely registered point cloud data models and voxel models. Note: For each scenario, the finely registered model (original point cloud data) was downsampled into 10 point clouds at different resolutions. The mesh model was also converted into 10 voxel models with different voxel sizes. 
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Figure 4. Relationship between the voxel model and voxel coordinate system. Note: Vo (p, j, q) represents the coordinates of the voxel coordinate system origin in the world coordinate system. The voxel side length divided in the voxel coordinate system is equal to the voxel side length (d) of the voxel model. I (e, d, f) is the position index of the voxel in the voxel coordinate system. 
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Figure 5. The defining of the occupied voxels. Note: A voxel is defined as occupied if the distance between at least one point in the point cloud and the voxel centre is less than half of the voxel edge length (d/2); otherwise, it is considered unoccupied. The sphere within the voxel can be understood as the point cloud search range formed by taking the voxel centre as the origin and half of the voxel size as the radius. 
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Figure 6. Bond University’s sustainable building. 
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Figure 7. FARO Freestyle 2 (right); FARO Focus S70 (left); DJI Mini 3 Pro (top). 
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Figure 8. (a,b) Application of the laser level to ensure markers were at the same height; (c) use of a laser rangefinder to measure the distance between each group of markers. 
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Figure 9. Ground truth model provided by Bond University. Note: From left to right, the sequence illustrates the process of converting the as-built BIM model into a voxel model. 
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Figure 10. Finely registered point cloud data from (a) Scenario 1, (b) Scenario 2 and (c) Scenario 3. 
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Figure 11. Scan plan in Scenario 2 for (a) Level 1, (b) Level 2, (c) Level 3. Note: The red points represent the placement positions of the FS70. The red-filled areas indicate closed areas that could not be accessed or were too narrow for the placement of the FS70. 
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Figure 12. Scan plans in Scenario 3 for (a) Level 1, (b) Level 2, (c) Level 3. Note: The red points represent the placement positions of the FS70. The red-filled areas indicate closed areas that could not be accessed. The purple regions represent the scanning areas of the FF2. 
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Figure 13. (a) DJI Mini 3 Pro flight trajectory and (b) the point cloud generated using images. 
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Figure 14. Registration error values from each scenario. 
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Figure 15. Scan overlap rates for each scenario. 
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Figure 16. (Left) Specific point errors corresponding to their ground truth values. (Right) Ratio of point errors to all ground truth values. 
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Figure 17. Coverage rate for different scenarios; from left to right: Scenario 1, Scenario 2 and Scenario 3. 
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Figure 18. Colour models and histograms showing the distance between each point in the PCD and the ground truth model (top: Scenario 1; middle: Scenario 2; bottom: Scenario 3). Note: C2M: point cloud-to-ground truth model. 
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Figure 19. Adjusted coverage rate values for (a) Scenario 1, (b) Scenario 2 and (c) Scenario 3. (d) PCP rate obtained from the original point cloud at a corresponding distance from the mesh model. 
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Table 1. Comparison of different point cloud data collection methods.
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	Advance Scan Planning
	TLS
	TLS + MLS + UAVDP





	No
	Scenario 1
	—



	Yes
	Scenario 2
	Scenario 3







Note: TLS: terrestrial laser scanning; MLS: mobile laser scanning; UAVDP: unmanned aerial vehicle-based digital photogrammetry.
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Table 2. Registration error results.
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	Evaluation Metric
	Scenario 1
	Scenario 2
	Scenario 3





	Range (mm)
	0.2–13.2
	0.2–11.4
	0.3–18.9



	Mean value (mm)
	4.39
	2.79
	5.63



	Standard deviation (mm)
	3.19
	2.79
	4.11










[image: Table] 





Table 3. Regression analysis results for registration error.
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	Coefficient
	t-Value
	p-Value





	Scenario 1
	1.60 ***
	3.19
	0.002



	Scenario 3
	2.84 ***
	5.75
	0.000



	Constant
	2.79 ***
	8.07
	0.000







Note: Scenario 2 was used as the control group. *** p < 0.01; ** p < 0.05; * p < 0.1.
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Table 4. Scan overlap rate results.
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	Evaluation Metric
	Scenario 1
	Scenario 2
	Scenario 3





	Range (%)
	13.5–56.3
	16.0–71.5
	15.0–59.6



	Mean value (%)
	26.92
	32.17
	30.07



	Standard deviation (%)
	8.64
	10.80
	7.67
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Table 5. Regression analysis for scan overlap rate.
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	Coefficient
	t-Value
	p-Value





	Scenario 1
	−5.24 ***
	−3.89
	0.000



	Scenario 3
	−2.10
	−1.57
	0.116



	Constant
	32.17 ***
	34.56
	0.000







Note: Scenario 2 was used as the control group. *** p < 0.01; ** p < 0.05; * p < 0.1.
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Table 6. Point error results.
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	Evaluation Metric
	Scenario 1
	Scenario 2
	Scenario 3





	Range (mm)
	0–7
	0–5
	0–16



	Mean value (mm)
	2.04
	1.30
	5.62



	Standard deviation (mm)
	1.68
	1.22
	3.74
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Table 7. Regression analysis for point errors.
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	Coefficient
	t-Value
	p-Value





	Scenario 1
	0.74
	1.50
	0.136



	Scenario 3
	4.32 ***
	8.75
	0.000



	Constant
	1.30 ***
	3.72
	0.000







Note: Scenario 2 was used as the control group. *** p < 0.01; ** p < 0.05; * p < 0.1.
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Table 8. Coverage rate results.
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	Evaluation Metric
	Scenario 1
	Scenario 2
	Scenario 3





	Range (%)
	5.10–54.79
	9.01–61.12
	4.00–64.79



	Mean value (%)
	40.08
	47.06
	42.39



	Standard deviation (%)
	14.32
	13.57
	17.16
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Table 9. Adjusted coverage rate results.
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	Evaluation Metric
	Scenario 1
	Scenario 2
	Scenario 3





	Range (%)
	21.10–68.03
	31.56–73.89
	22.35–83.00



	Mean value (%)
	59.99
	67.50
	72.79



	Standard deviation (%)
	10.33
	7.82
	14.02
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Table 10. Regression analysis for adjusted coverage rate.
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	Coefficient
	t-Value
	p-Value





	Scenario 1
	−7.52 ***
	−4.83
	0.000



	Scenario 3
	5.29 ***
	3.39
	0.001



	Constant
	67.51 ***
	61.24
	0.000







Note: Scenario 2 was used as the control group. *** p < 0.01; ** p < 0.05; * p < 0.1.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Position 1

Position 2

Target PCD

Registered PCD





media/file30.png
Scan Overlap Rate (%)

80

60

30

60

20

80

60

40

| [ |Scenario 1

[ | Scenario 2

. |Scenario 3

0 20

40 60

Scan Pair

80

100





media/file18.png
\

As-built BIM model Mesh Model Voxel Model





media/file35.jpg
G e






media/file21.jpg
@ - s .
W=






media/file26.png





media/file27.jpg
Registration Error (mm)

20

15

10

20

15

10

20

15

10

[ Scenario |

Scan Pair

80

100





media/file3.jpg





media/file22.png
g.
g.
e

& |

j o5 L\ 'y Bl
. o5 | - \

102
®






media/file19.jpg





media/file7.jpg
Voxel Coordinate System

Voxel Index (1)

World Coordinate System

2






media/file28.png
Registration Error (mm)

| [ | Scenario 1

. |Scenario 3

0 20

40 60

Scan Pair

80

100





media/file10.png
Occupied Voxel

Point Cloud Data

Non-occupied Voxel

Voxel Model

Ground Truth Model





media/file33.jpg





media/file32.png
Point Error (mm)

20

—10

scenariol ©
 scenario 2 ©

scenario 3 © o
e e
[0) 6)
e’ 8 o °° .
__________ S AP R

- . A T
© o} o @
o
i o
0 S 10 15 20 25
Ground Truth Value(m)

Relative Point Error (%)

0.4

scenariol ©
scenario 2 ©
scenario 3 ©

10 15 20 JS
Ground Truth Value(m)





media/file14.png
1

el - | |\

o

L&

—_— .
3 H l

1..-~1.. b bl
I: | 7
1

T
e 1 VA
=1

lal #fd

.p - oy B

N
G AT RN
r - '
F

-t Y
e
P L ¥






media/file11.jpg





media/file6.png
0.0Tm
0
©00g¢g.- 0
0.07m
0.02m
Qe a- -
Qo0 ¢ - )
(.03m 0.08m
©00.. © 00090
0.04m 0.09m
©Q 00 © 0000
0.05m {.10m

aneras

EECrE)





media/file36.png
Gauss: mean = 0.137978 / sid dev. = 0.219990 [6136 classes)

80000 1

60000

Count

40000

20000

-0.5 0
C2M signed destances

Gauss: mean = 0.125204 / sid dev. = 0.211737 [6888 classes]

125000

25000

r

0
C2M signed distances

Gauss: mean = 0167812 / sid dev. = 0 218092 [7069 classes]

i ' } § il = :
4,?:'.\ .g, :-_., 2 = L oo R

| ez ueﬁu s i Ral -






media/file15.jpg





media/file37.jpg
‘1 . =

votsally 2 Vol oo

— o ()" [ oS
) e
gl loarowst

! w“ Fw
o ¥
H

i

P ] b om e os om ok o
Distancefm)





nav.xhtml


  buildings-13-01473


  
    		
      buildings-13-01473
    


  




  





media/file16.png





media/file2.png
r'--""\

Source PCD

Target PCD

I Three-pomt registration IL

Select three

corresponding |:> Generate

points for each
PCD

point pairs

Caculate
mitial R, t

| Point to point ICP registration |L

Calculate R, t

Generate <:|
point pairs

Find corresponding
points for each PCD
according to threhold

teration over 200 times

=

N

Input initial R, t

—

b
| Fine registered PCD ‘

T

!
g
- |
\-..

/

-






media/file20.png
e

i
N

1
s

0

"





media/file23.jpg





media/file5.jpg
i

e o o ©
o o o o
o o o o

QIR





media/file24.png





media/file29.jpg
Scan Overlap Rate (%)

80

60

2
3

N
8

=
B

60

&
&

8
8

60

40

20

[0 Scenario |

B Scenario 2

|| Scenario 3

20

40 60
Scan Pair

80






media/file1.jpg
Input Three-point registration

Select three
corresponding Generate Caculate
points for each o) point pairs o initial R, t
PCD

Target PCD

Point to point ICP reistration

Find corresponding
Generate || L it for each PCD

Calculate R. t it palts:
potatpe according to threhold

arrelative_RMSE < 10

Fine registered PCD

mding

Rt






media/file31.jpg
Point Error (mm)

Reluive Poin Eror (4)

:

04

=

ool &
sccnaio2 ©
Scomrio3 ©

S s w s
Ground Truth Value(m)

w5 o
Ground Truth Value(m)





media/file25.jpg





media/file12.png
' i i Ilfl:
\ | H Il !n
{1






media/file9.jpg
nput





media/file0.png





media/file38.png
(a) 8o

_ 1

Adjusted Coverage Rate (%)
=~ wn N ~
= [e) (e S
| | | |

o
(=)
1

20
0.5

/

0.4

v,
Voxel Size %m)

0.3

0.3

Voxel Size %1’%1)

0.1

0.1

0.

AN
oo

0.64
0.59
0.54
- 0.49
- 0.45

- 0.40

0.35
0.30

~
~

- 0.10 0.21

0.00

0.85
0.79
0.73
0.66
- 0.60

- 0.54

- 0.47

0.04 _
0.02 Downsampling (m)
0.00

(b) 707 0.74
0.70
°\?80_ 0.66
g 0.61
& 70 -
& - 0.57
=
o |
é 60 0.53
- - 0.49
8 |
ER 0.44
LS}
< 0.40
40
0.36
/
04 0.10 0.31
" 04 0.06
0.3 N 0% )
Voxel Size (m) 0.1 0.02 Downsampling (m)
0.00
100
(d) —a&— Scenario 1
- —&— Scenario 2
g0 L—*— Scenario 3
60 -
g
9
lav]
Y,
S 4
=¥ 0
20
O T | T T T T T |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Distance(m)





media/file8.png
.......

M

.....

e T

= ~Voxel Index

......

......
....
¥ W\ X

¢¢¢¢¢¢

\\\\\\\\
\\\\\\\\

\\\\\\\\

Voxel Coordinate System

The First Voxel Index
(0,0,0)

World Coordinate System





media/file34.png
Coverage Rate(%)
= .
1

D= 0.10
0.5
0.4

0.06
0.3

.04 S
Voxel Size?ﬁ%} 0.1 gpe  Sownsenplingim)

0.06

0,00

Coverage Rate(%)

L)
=
1

0. o 006
0.3

0.0 :
Voxel Size?ﬁ?l 10l PR, DommKiring(m)

0.00

0.61
0.55
0.49
0.43
0.37
0.31
0.24
0.18
0.12
0.06

0.00

Coverage Rate(%)

b
=
1

0.4 0.06 l

0.3 0.04 : :
Voxel Size?ﬁz‘l) 01 002 Downsampling(m)

0.00

0.33
0.26
0.20
0.13
0.07

0.00





media/file17.jpg
\

As-bullt BIM model [ Voxel Model





