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Abstract

:

Traditional quality inspection of prefabricated components is labor intensive, time-consuming, and error prone. This study developed an automated geometric quality inspection technique for prefabricated housing units using building information modeling (BIM) and light detection and ranging (LiDAR). The proposed technique collects the 3D laser scanned data of the prefabricated unit using a LiDAR which contains accurate as-built surface geometries of the prefabricated unit. On the other hand, the BIM model of the prefabricated unit contains the as-designed geometries of the unit. The scanned data and BIM model are then automatically processed to inspect the geometric quality of individual elements of the prefabricated units including both structural and mechanical elements, as well as electrical and plumbing (MEP) elements. To validate the proposed technique, experiments were conducted on two prefabricated bathroom units (PBUs). The inspection results showed that the proposed technique can provide accurate quality inspection results with 0.7 mm and 0.9 mm accuracy for structural and MEP elements, respectively. In addition, the experiments also showed that the proposed technique greatly improves the inspection efficiency regarding time and labor.
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1. Introduction


Prefabricated construction [1,2], which denotes the approach of manufacturing construction components in an off-site factory, then transporting manufactured components or semi-components to the construction site, and finally installing all components sequentially to formulate buildings [3,4], is becoming increasingly popular in the building and construction industry over the past decades. Prefabricated construction, considered as an innovative and cleaner construction approach, can significantly improve construction productivity [5,6], reduce construction time [7], and minimize construction wastes [8]. Therefore, prefabricated construction has been highly recognized by the global construction industry and increasingly popular among the architecture, engineering, and construction (AEC) industry in different countries and regions. For example, the first adoption of a prefabricated construction project in the US can be dated back to the middle of the 1800s [9]. According to a survey conducted in the year 2014, 10,334 single family panelized/pre-cut home and 10,560 single family modular homes started in 2014 were geographically concentrated in the East North Central, South, and Mid-Atlantic regions of the US [10]. In Hong Kong, the Hong Kong Housing Authority adopted prefabrication construction in the mid-1980s [11]. In Catalonia of Spain, the construction of school centers started to use prefabrication to assemble more than 200 public educational edifices since 2002 [12]. In order to promote the greater uptake of prefabrication, the UK off-site construction sector established a campaigning organization, known as Buildoffsite [13]. In Australia, prefabricated construction practices take up 3% of the construction work undertaken and over 54 corporations constitute the off-site manufacturing (OSM) industry in Australia, working in non-volumetric and volumetric pre-assembly and modular buildings [14]. Singapore has also been promoting prefabrication actively. For example, the Building and Construction Authority (BCA) of Singapore has stipulated that the adoption of prefabrication methods was one of the land sale conditions for some selected land parcels sold [15]. Subsequently, in 2015, BCA further stipulated that for the developments of these selected land parcels, the minimum level of use of prefabricated prefinished volumetric construction should be 65% of the total constructed floor area [16].



The assembly of prefabricated components is the main activity during the construction stage. The geometric quality of prefabricated components impacts on the productivity of installation the most, because unexpected construction delays and system failure can occur if the geometric qualities of prefabricated components are poor [17]. Thus, management of the geometric variability is a major challenge for prefabrication construction [18]. For example, construction delays and additional costs for repair or replacement are required if there are serious dimensional defects or volumetric defects on prefabricated units at the manufacturing stage of an off-site construction project [19]. Another study on two modular prefabricated high-rise buildings shows that the geometric inflexibility of prefabricated units once on site was a major design limitation using prefabrication approaches [20]. Therefore, geometric quality inspection of prefabricated components in factory plays an important role in prefabrication construction.



In order to guarantee the geometric quality of prefabricated components, traditional inspections are usually conducted manually as shown in Figure 1. For example, measurement tapes are used to inspect the dimensions of different prefabricated components, and a straight edge and a slip gauge are used for flatness inspection of concrete surfaces. However, manual inspection is usually labor intensive, time-consuming, and error prone, especially when the number of prefabricated components becomes large. For instance, approximately 40 min was required to manually inspect the positions of 88 rebars on a 12 m long reinforced precast concrete panel, leading to increased labor cost [21]. Therefore, an automated geometric quality inspection technique for prefabricated components is needed to improve the efficiency and accuracy of geometric quality inspection.



In the past decade, building information modeling (BIM) and light detection and ranging (LiDAR) have been widely applied to address various issues in the AEC industry. A BIM model, which contains rich geometric and semantic information of buildings and civil infrastructures, is commonly used for data storage, visualization, and management of building elements throughout the project lifecycle. A LiDAR, which is also known as 3D laser scanning, can obtain 3D point cloud data of objects with a high speed and high accuracy using laser-based measurement techniques. The LiDAR has been popularly adopted for various applications including surface defect detection [22], dimension estimation [23], construction progress monitoring [24], and as-built BIM reconstruction [25,26]. Despite the previous studies, there is still a lack of research on geometric quality inspection of prefabricated components using BIM and LiDAR.



This study aimed to develop an automated geometric quality inspection technique for specific types of prefabricated components, namely, prefabricated housing units, using BIM and LiDAR. The laser scanned data of prefabricated housing units are acquired, and the as-built geometries of the structural and mechanical and electrical and plumbing (MEP) elements of the prefabricated housing units are automatically extracted using the developed algorithms. By comparing the as-built geometries with the as-designed ones in BIM, the geometric quality is assessed based on certain tolerance values. Furthermore, the geometric quality inspection results are stored in the BIM model for further use. The rest of this paper is organized as follows. Section 2 introduces the research background with regard to prefabricated housing in Singapore, BIM and LiDAR technologies, and the related works on quality inspection of prefabricated elements using LiDAR. Then, the checklist for the geometric quality inspection of prefabricated housing units is identified and explained in Section 3, which defines the inspection scope of this study. Section 4 illustrates the developed automated geometric quality inspection technique, followed by experimental validation in Section 5. Last, Section 6 summarizes and concludes this study and suggests future works.




2. Research Background


2.1. Prefabricated Housing in Singapore


As a country with limited labor supply and natural resources, Singapore pays much attention to productivity in its different industries, especially in the local AEC industry that is labor intensive [27]. Recently, the BCA of Singapore has been seeking potential alternatives to improve construction productivity [28] which resulted in the adoption of the concept Design for Manufacturing and Assembly (DfMA) that fundamentally changes the traditional design and construction processes [29]. As a new construction approach in the AEC industry, DfMA requires more off-site activities, while the manpower and time needed for onsite construction is reduced which brings substantial improvement in construction productivity. The DfMA technique supports various types of prefabricated housing units, and the two most popular technologies include the prefabricated prefinished volumetric construction (PPVC) and prefabricated bathroom unit (PBU).



The PPVC refers to a construction method in which volumetric modules with finishes completed for walls, floors, and ceilings are manufactured in off-site factories and then assembled onsite as shown in Figure 2a. The PPVC is one of the most significant technologies that support the DfMA concept to speedup the construction process. Regarding manpower and time savings, PPVC can possibly improve construction productivity by up to 40%, depending on the nature of the projects. In addition, increased off-site works in a factory environment make onsite construction more environmentally friendly due to the reduced dust and noise pollution and also safer for workers. Due to the advantages, PPVC turns out to be selectively mandatory for construction projects that are developed on land released by the government [15]. Furthermore, BCA has published an acceptance framework to certify PPVC suppliers and manufacturers to guarantee different PPVC systems used are reliable and durable [15]. Another local authority in Singapore, the Housing and Development Board (HDB), also shows a strong interest in PPVC and is adopting PPVC for public housing.



A PBU refers to a bathroom unit preassembled off-site complete with finishes, sanitary wares, concealed pipes, conduits, ceiling, bathroom cabinets, shower screen, and fittings before installing in position as shown in Figure 2b. The bathroom is usually one of the smallest rooms in a dwelling unit. However, it is also one of the most labor-intensive elements to be constructed because it involves lots of building trades such as waterproofing, finishes, accessories, plumbing, sanitary, and electrical works. By shifting most of the fabrication work and wet trades off-site to the controlled environment of a factory, PBUs can yield both time and manpower savings by about 60%. Furthermore, there is a better control of both materials and the prefabrication process, resulting in higher quality finishes and lesser wastage [30].




2.2. BIM and LiDAR Technologies


The BIM model, which is able to store geometric and semantic information of building elements, has been widely utilized through the life cycle of building projects for the past decade, including the planning, design, construction, operation and maintenance (O&M), and demolition stages. For the planning stage, the information provided by BIM can assist engineers to make effective decisions [31]. In the design stage, BIM is utilized in various perspectives, including assessing embodied energy associated with building material [32], eliminating the extra cost of design changes [33], calculating green rating of buildings [34], and also identifying clashes during mechanical, electronica, and plumbing (MEP) design [35]. In the construction stage, BIM applications include construction site layout planning [36], safety management based on visualization [37] and rules [38], equipment deployment [39], and dynamic project financing monitoring [40]. As for the O&M stage, BIM has been commonly used in facility management [41], emergency response [42], and indoor environmental quality monitoring [43]. In the demolition stage, BIM is mainly utilized to estimate the material quantities to be deconstructed [44] and minimize the demolition waste [45].



The LiDAR technology can be used to efficiently and accurately capture the 3D surface geometries of the target objects using the collected 3D laser scanned data [46]. The laser scanned data obtained from LiDAR contain a set of 3D points with position information (XYZ coordinates), color values (RGB colors), and possibly other attributes (e.g., intensity value). Compared to conventional measurement approaches, which are usually conducted manually or using other electronic devices, LiDAR technology has a much higher measurement rate and better accuracy. Therefore, LiDAR has been leveraged to improve the productivity of several industries, such as geography [47], agriculture [48], manufacturing [49], and construction [50,51]. To use LiDAR for certain applications, the following steps are usually needed including data acquisition, data cleansing, data registration, data segmentation, and object recognition. As for data acquisition, LiDAR measures the distance to the target object by emitting laser beams and receiving the reflected signals from the target. The collected laser scanned data usually contain noise data due to the technical limitations of the devices. Therefore, different methods and algorithms were proposed to remove noise data including mixed pixels [52] and other noise [53]. Data registration aims to combine scanned data from multiple scan locations into the same reference system, which often includes a coarse registration [54] and a fine registration [55]. After data registration, the registered laser scanned data can be clustered with similar features into homogeneous regions [56], which is known as data segmentation. For many applications, the final goal of using LiDAR is to generate semantically rich 3D models from the laser scanned data through object recognition, in which the laser scanned data are labeled into different classes [26].




2.3. Quality Inspection of Prefabricated Elements with LiDAR


Previous studies have adopted LiDAR for the quality inspection of prefabricated construction elements. These studies can be divided into two categories: dimensional quality inspection and surface quality inspection. For dimensional quality inspection, Kim et al. [57] developed a new algorithm to automatically extract the edges and corners of precast concrete elements from the laser scanned data in order to estimate the dimensional quality of these elements. Later, Kim et al. [58] validated the developed algorithm on full-scale precast concrete elements in an off-site manufacturing factory, showing promising efficiency and accuracy of the technique. Furthermore, Wang et al. [23] developed an algorithm to inspect the side surfaces of precast concrete elements with irregular geometries and complex features, such as shear keys and flat ducts, from laser scanned data. In another study, Wang et al. [21] proposed to use colored laser scanned data to check the positions of reinforcement bars on reinforced precast concrete elements and onsite validation showed that the proposed technique was accurate and efficient. Some other researchers are focused on the inspection of discrepancies and alignment of prefabricated components. Safa et al. [59] introduced an automated process for the quality management of prefabricated pipe spools based on 3D point cloud data collected from photogrammetry and laser scanning. Based on 3D point cloud data and robotic kinematics theories, Nahangi et al. [60] developed a method to quantity and analyze the local discrepancy in the assemblies of construction components. Rausch et al. [61] developed a dimensional variation analysis (DVA) approach based on kinematics theory to analyze the dimensional variability in construction assemblies from point cloud data and BIM. Furthermore, the quality inspection of welded metal components has also drawn attention from researchers. For example, Rodríguez-Martín et al. [62] leveraged point cloud data to measure the angle of each welded plaque and the misalignment for the welded union.



For surface geometry inspection, Kim et al. [63] proposed a technique that could simultaneously localize and quantify the spalling defects on precast concrete surfaces from laser scanned data. In addition, Wang et al. [64] checked the surface geometry of precast concrete elements regarding surface flatness and distortion based on laser scanned data. The proposed techniques were implemented and validated on both small-scale 3D printed specimens and full-scale precast concrete slabs. Some other research efforts are reported on surface quality of floor slabs. For example, Bosché and Guenet [65] proposed a floor surface measurement method based on laser scanned data and BIM, which could measure floor flatness with the Straightedge and F-Numbers methods. Li et al. [66] applied 3D laser scanning for the flatness assessment of both construction surface and component surface and presented a comprehensive color-coded deviation map for concrete surface flatness visualization.



In general, there are limited previous studies on the quality inspection of precast and prefabricated elements, compared to in situ constructions. Among the limited studies, most of them are focused on the geometric quality inspection of a single precast or prefabricated element. Few studies are conducted for the geometric quality inspection of an entire prefabricated housing unit, such as a PPVC or PBU, which contains multiple construction elements from different disciplines. In this study, the developed technique is able to inspect the geometric quality of prefabricated housing units that contain multiple elements and to inspect the geometric quality of both structural and MEP elements.





3. Checklist for Geometric Quality Inspection of Prefabricated Housing Units


In order to carry out the geometric quality inspection of prefabricated housing units, the inspection checklist and tolerance for each item in the checklist should be identified. Therefore, according to the Construction Quality Assessment System (CONQUAS) stipulated by BCA, the geometric quality inspection checklist and the corresponding tolerance of prefabricated housing units are summarized in Table 1. The checklist includes two main categories of elements in prefabricated housing units: structural elements and MEP elements as illustrated in Section 3.1 and Section 3.2, respectively.



3.1. Structural Elements


For each structural element, such as a wall panel, the checklist items include dimension, opening dimension, opening position, straightness, squareness, twist, and flatness. The first three items are focused on dimensional quality, while the latter four items are focused on surface quality.



3.1.1. Dimension


Dimension inspection is the most common and important item for the geometric quality inspection of structural elements. Measurement tapes are usually used to conduct dimension inspection as shown in Figure 3. It is common that the actual dimensions of prefabricated structural elements are slightly different from the as-designed dimensions. However, the dimension variation should be within an acceptable tolerance.



For the structural element shown in Figure 3, the dimensions are measured as the lengths of all the four edges such as L1 to L4. The tolerance value depends on the length of edges. If the edge length L is no more than 3 m, the tolerance value is ±6 mm; if the edge length L is between 3 m and 4.5 m, the tolerance value is ±9 mm; if the edge length L is between 4.5 m and 6 m, the tolerance value is ±12 mm. For an edge length L longer than 6 m, the tolerance value increases by ±6 mm for every subsequent 6 m.




3.1.2. Opening Dimension


Openings are often needed on prefabricated structural elements to enable the insertion of MEP services. To ensure proper installation and connection of MEP services, the dimensions of openings must conform to the designed blueprint. The dimensions of an opening are measured as the lengths of all the opening edges (e.g., d1 to d4 in Figure 4), traditionally by a measurement tape. The tolerance value for opening dimension is ±10 mm according to the regulation.




3.1.3. Opening Position


The positions of an opening are also important for proper installation and connection of MEP services. As shown in Figure 4, the positions of an opening are measured as the distances from edges of the opening to the edges of the structural element such as p1 to p4. The tolerance value for opening positions is ±25 mm according to the regulation.




3.1.4. Straightness


As a measure of surface quality, straightness is used to ensure that the prefabricated structural element follows the axis or intended line. Specifically, straightness is measured as the maximum deviation,    d  s t    , from an edge to the line containing the two ends of the edge as shown in Figure 5. The straightness can be measured along all four edges of a structural element. The tolerance of straightness depends on the length L of the element edge where the straightness is measured. If the length L is no more than 3 m, the tolerance value is 6 mm; if the length L is between 3 m and 4.5 m, the tolerance value is 9 mm; if the length L is between 4.5 m and 6 m, the tolerance value is 12 mm. For a length L longer than 6 m, the tolerance value increases by 6 mm for every subsequent 6 m.




3.1.5. Squareness


Squareness of a structural element surface is another important inspection item in the inspection checklist which is usually manually conducted using a try square at a corner as shown in Figure 6. When considering the squareness of a corner, the longer of two adjacent sides being checked is usually taken as the baseline. Then, the squareness is measured as the deviation    d  s q     between the shorter side and the assumptive line that is perpendicular to the longer side as shown in Figure 6. The squareness can be measured at all the four corners of a structural element. The tolerance of the deviation    d  s q     depends on the width W of the element (i.e., the length of the shorter side). If the width W is no more than 1.2 m, the tolerance value is 6 mm; if the width W is between 1.2 m and 1.8 m, the tolerance value is 9 mm; if the width W is larger than 1.8 m, the tolerance value is 12 mm.




3.1.6. Twist


Twist of a structural element surface is measured as the deviation    d  t w     of any corner from the plane containing the other three corners as shown in Figure 7. Therefore, twist can be measured at all the four corners of a structural element. The tolerance value of the deviation    d  t w     depends on the width W and length L of the structural element. If the width W is no more than 600 mm and the length L is no more than 6 m, the tolerance value is 6 mm; otherwise, the tolerance value is 12 mm.




3.1.7. Flatness


Flatness is also an important inspection item in the inspection checklist which is usually manually conducted using a straight edge and a slip gauge as shown in Figure 8. To measure the flatness of a surface, a 1.5 m straight edge is randomly placed on the surface, and the maximum gap    d  f l     between the surface and the straight edge is measured by a slip gauge. According to the regulation, the tolerance value for the gap    d  f l     is 6 mm for 1.5 m straight edge.





3.2. MEP Elements


The MEP elements include pipes and ducts to host MEP services. The dimensions and locations of these MEP elements must conform to the as-designed ones to ensure the quality of the assembled constructions. This study is mainly focused on a specific type of MEP elements, namely, cylindrical pipes.



As shown in Figure 9, the dimension of a pipe is measured as its diameter    d p   , and the position of a pipe is measured as the distances (   p h    and    p v   ) from its center to its adjacent edges of the structural element. The guidelines stipulated by BCA do not specify the tolerance value for pipe dimension and position. Based on the experiences of MEP engineers and fabricators, it is suggested that the tolerance for pipe dimension and position is 6 mm to ensure proper installation and connections of pipes within structural elements.





4. Proposed Geometric Quality Inspection Technique


The overview and detailed five-step process of the proposed geometric quality inspection technique are shown in Figure 10. First, the proposed technique uses a LiDAR to obtain the laser scanned data of the as-built prefabricated units. Scan planning is needed before data acquisition to make sure the acquired data fulfil the needs of geometric quality inspection. Second, data pre-processing is conducted to remove noise data from raw laser scanned data and then register the scanned data with the as-designed BIM. Next, the structural elements of the prefabricated units are inspected after identifying the as-built surfaces and edges and comparing to the as-designed ones. Fourth, the MEP elements of the prefabricated units are inspected based on the as-built dimensions and locations of the MEP elements. Fifth, inspection data obtained from the previous steps are stored in BIM using customized BIM element properties. The details of the five steps are illustrated in Section 4.1, Section 4.2, Section 4.3, Section 4.4 and Section 4.5, respectively.



4.1. Data Acquisition


Data acquisition aims to acquire the laser scanned data of the prefabricated unit to be inspected. It is essential to carefully determine the scanning parameters so that the acquired data fulfil the needs of quality inspection while the scanning time is minimized. As a result, before the acquisition of laser scanned data of the prefabricated housing unit, scan planning is performed in the following two steps.



4.1.1. Determination of required scanned data quality


To ensure reliable quality inspection results, the scanned data must have enough quality with regard to accuracy and spatial resolution. As shown in Figure 11, the accuracy of scanned data is measured as the ranging error of individual scan point between the measured and actual points. Spatial resolution of scanned data is measured as the distance between two adjacent scan points, and the spatial resolutions (   s h    and    s v   ) in horizontal and vertical directions can be different for a terrestrial LiDAR. Assuming that a scan point is measured with a root mean square error (RMSE) of 5 mm, the resulted object location measurement can have 5 mm error. Similarly, when the spatial resolution of scanned data is 5 mm, the resulted object dimension measurement will have an average error of 5 mm because object edges cannot be accurately estimated. Therefore, the required scanned data accuracy and spatial resolution depend on the allowable object location and dimension estimation error.



When the location and dimension estimation error obtained from scanned data is  ε  and the actual geometric discrepancy is  e , the measured discrepancy    e m    will be between   e − ε   and   e + ε  . For example, when the actual discrepancy is 7 mm and the estimation error is 3 mm, the measured discrepancy falls between 4 mm to 10 mm. In this case, although the actual discrepancy exceeds the tolerance value (e.g., 6 mm), it might be measured as a value smaller than the tolerance. A smaller estimation error always brings more reliable inspection results, but meanwhile requires a higher accuracy and spatial resolution of scanned data, which lead to a longer scanning time. Hence, a trade-off must be made between the reliability of inspection results and the time spent for scanned data acquisition. As discussed in Section 3, the checklist items for prefabricated housing inspection have tolerance values between 6 mm and 25 mm. After interviewing site engineers from prefabricators and contractors, it is suggested that the acquired scanned data should have an accuracy of ±2 mm and spatial resolution of 2 mm in both directions.




4.1.2. Determination of scanning parameters


After determining the required scanned data quality, proper scanning parameters are determined to make sure the acquire scanned data achieve the required quality. The scanning parameters mainly include the scanning device, scanning angular resolution, and scanning location.



The scanned data accuracy is determined by the scanning device and scanning location. Different LiDAR systems have different ranging accuracy depending on the working principle and hardware performance. For a specific LiDAR, the ranging accuracy also differs when the scanning locations are different. As shown in Figure 12, each scanning location can be described using the distance  D  from the LiDAR to the target and the incident angle  α  of the laser beam with respect to the target normal. When the distance  D  and incident angle  α  increase, a less amount of reflected laser beam from the target will be received by the LiDAR, thereby resulting in a lower ranging accuracy. Therefore, to guarantee a high scanned data accuracy, short distance  D  and small incident angle  α  are desired.



On the other hand, the spatial resolution of scanned data is determined by the scanning angular resolution and scanning location. As shown in Figure 12, a typical terrestrial LiDAR emits laser beams with an angle increment of  θ  which is known as angular resolution. As  θ  becomes larger, the spatial resolution increases. In addition, the spatial resolution is also affected by the scanning location including distance  D  and incident angle  α . As shown in Figure 12, the horizontal spatial resolution    s h    of the scanned data can be estimated as:


   s h  = θ D / c o s α  



(1)







Note that the horizontal spatial resolution    s h    is calculated using the horizontal incident angle  α . The vertical spatial resolution needs to be calculated with the corresponding vertical incident angle.



After determining the scanning parameters, the laser scanned data are obtained. If scanned data are collected at multiple stations, all the scans will be registered based on the sphere targets using the scanner’s data processing software (e.g., the FARO Scene).





4.2. Data Pre-Processing


4.2.1. Data Cleansing


Raw scanned data obtained from a LiDAR always contain a type of noise data, known as mixed pixels. The mixed pixels are firstly removed using the scanner’s data processing software. The laser scanned data may also contain unwanted data from objects other than the target. For example, although only scanned data near the target object (a prefabricated unit) are selected as shown in Figure 13a, the selected data still contain unwanted data from the roof, floor, and other objects (Figure 13b). Hence, it is necessary to remove these useless data before further processing.



Because the floor and roof are planar objects, the random sampling consensus (RANSAC) [67] algorithm is adopted to find the two planes. The RANSAC algorithm repeatedly makes random sampling from the dataset and computes a plane based on sampling points. For each estimated plane, the number of inliers (i.e., points that are close enough to the plane) is calculated and the plane with the most inliers is selected eventually. By setting the normal vector of the plane to be vertical (i.e., normal vector [0, 0, 1]), two planes representing the floor and roof are recognized and then removed from the scanned data. The remaining scanned data represent the target prefabricated unit and other nearby units as shown in Figure 13c.



To differentiate the target prefabricated unit and other units, the region growing algorithm is adopted to segment the scanned data into multiple clusters. The region growing algorithm initiates a cluster from a seed point, and then iteratively examines the neighboring points of the seed point or newly added points. If the distance to the neighboring point is less than a threshold value, this neighboring point is added into the cluster. In this way, the cluster continuously grows until no more neighboring within a certain distance can be found. Here, the threshold value should be set to be larger than the required spatial resolution (2 mm) of the scanned data. As the scanned data representing the target unit have a spatial resolution of 2 mm, all the data for the target unit will be extracted as one cluster. On the other hand, because scan points from two different units are not connected, different prefabricated units become different clusters. As shown in Figure 13d, the scanned data are segmented into multiple clusters shown in different colors, and the cluster with the most scanned points is the target prefabricated unit.




4.2.2. Scan-BIM Registration


Once the scanned data representing the target unit are extracted in the data cleansing process, the scanned data are transformed to align with the as-designed BIM model of this unit. Originally, the scanned data are located in the LiDAR’s coordinate system (Figure 14a), which may be far away from the location of the as-designed BIM in a user-defined coordinate system (Figure 14b). The process of aligning scanned data with BIM is known as scan-BIM registration. Aligned scanned data will make it much easier to recognize building elements (e.g., wall panels, openings, MEP elements) from scanned data because the location of each element can be inferred from the BIM model.



The scan-BIM registration is conducted based on common planes between scan and BIM. As planes are the mostly common shapes for a prefabricated unit, planar surfaces are detected from scanned data using the RANSAC algorithm. Here, only planar surfaces with relatively large areas are extracted because these surfaces can be accurately estimated with large amount of points. These large-area surfaces are mainly from wall panels of a prefabricated unit. On the other hand, exterior surfaces of wall panels are also extracted from the as-designed BIM. Denote the set of planar surfaces from scanned data as   A =  (  p s c a  n 1  , p s c a  n 2  , ⋯ p s c a  n n   )    and the set of planar surfaces from BIM as   B =  (  p b i  m 1  , p b i  m 2  , ⋯ p b i  m m   )   . Note that the number  n  of planes in  A  can be smaller than the number  m  of planes in  B  because only a part of the prefabricated unit is scanned.



Next, the correspondence between two sets of planar surfaces needs to be extracted. For each planar surface, the normal direction and center of mass are extracted. For a surface in  A , the normal direction is obtained as the normal of the least squares fitted plane of all scan points on the surface, and the center of mass is obtained as the averaged location of all scan points on the surface. For a surface in  B , the surface is transformed to a simulated scanned dataset by taking uniform sampling on the surface, and the normal direction and center of mass are obtained with the same method as above. Then, the likelihood of correspondence between each surface in  A  and each surface in  B  is examined. Assuming that   p s c a  n i    in set  A  and   p b i  m j    in set  B  represent the same surface, the coordinate transformation matrix for the scanned data is calculated such that   p s c a  n i    and   p b i  m j    share the same normal direction and center of mass. After transformation of the scanned data, the shortest distance from each scan point to the as-designed BIM is calculated, and the root mean square of the shortest distance for all scan points is obtained and denoted as   R M S  D  i j    . After examining all the possible correspondences, the one with the smallest   R M S  D  i j     value is taken as the correct correspondence and the scanned data are transformed based on this correspondence to be aligned with the as-designed BIM. As shown in Figure 14c, the scanned data after coordinate transformation are aligned with the as-designed BIM in the user-defined coordinate system.





4.3. Structural Element Inspection


4.3.1. Extraction of As-Built Surfaces and Edges


As discussed in Section 3, the inspection checklist of structural elements includes the dimensions of structural elements, dimensions and locations of openings, and surface quality including straightness, squareness, twist, and flatness. To inspect all the abovementioned items, the as-built surfaces and edges of structural elements need to be extracted from scanned data. For each as-built surface, its approximate location is known based on the location of the corresponding as-designed surface in BIM. Therefore, scan points close to the as-designed surface are extracted and a planar surface is extracted from these scan points using the RANSAC algorithm. For example, three planar surfaces are extracted from scanned data as shown in different colors in Figure 15a.



Each surface usually has four outer edges at four sides and might have additional edges if an opening exists on the surface. Each edge can be viewed as the intersection of two surfaces. If the two surfaces defining an edge are both scanned, this edge (known as type I edge) can be extracted as the intersection line of the two planar surfaces. However, if only one surface is scanned, this edge (known as type II edge) cannot be extracted as the intersection line and should be extracted using the following method. For each type II edge, scan points along the edge are extracted based on the location of the respective as-designed edge, as shown in Figure 15b. Then, the last scan point in each row or each column is identified for edge estimation. Usually, for a vertical edge, the last scan point in each row is identified, and for a horizontal edge, the last scan point in each column is identified. However, the actual edge is not exactly falling on the last scan points. Instead, the actual edge should fall between the last scan points and the points next to them, which are actually outside this surface. As shown in Figure 15c, one virtual point (shown as dashed points) is manually created in each row next to the last scan point by assuming that the spacing between two points is constant. It can be inferred that this virtual point must be outside the surface. Hence, the actual edge must be between the last scan point and this virtual point. Then, the middle points between each pair of last scan point and virtual point are obtained as edge points (red crossing in Figure 15c), and this edge is represented by these edge points to facilitate the calculation of inspection checklist. Due to the characteristics of type II edges, the estimation accuracies of these edges are affected by scanning parameters such as the scanning resolution, laser spot size, and laser beam divergence. A higher scanning resolution, smaller laser spot size, and smaller laser beam divergence usually result in more accurate edge estimations.




4.3.2. Checklist Calculation


In the extraction of as-built surfaces and edges, each surface is represented as scan points falling on it (denoted as surface points) and each edge is represented as a set of edge points. In this step, all the items in the inspection checklist are calculated based on these surface points and edge points.



For the dimensions of elements and the dimensions and locations of openings, the surface points are projected onto the least squares fitted plane of all surface points as shown in Figure 16. Then, each edge line is estimated as the least squares fitted line of the respective edge points, shown as dashed lines in Figure 16. Next, the corner points of each element and each opening are extracted as the intersection points of edge lines, shown as filled solid points in Figure 16. Then, the dimensions of elements or openings are calculated as the distances between corner points, and the locations of openings are calculated as the perpendicular distances from corner points of openings to the edge lines of the element.



Furthermore, surface qualities including straightness, squareness, twist, and flatness are also calculated based on surface points and edge points. For straightness, the distances from all the edge points along an edge to the line connecting the two corner points are calculated as shown in Figure 17a. Then, the maximum distance is obtained as    d  s t     and compared to the tolerance value. For squareness, taking the estimated edge line of the longer side as the base line, the maximum deviation    d  s q     of the shorter side is calculated based on the edge points along the shorter side as shown in Figure 17b. For twist, the deviation    d  t w     from each estimated corner point to the plane containing the other three corner points is calculated as shown in Figure 17c. Last, for flatness, a virtual 1.5 m straight edge is placed on the inspected surface to measure the deviation    d  f l     as shown in Figure 17d. The deviation    d  f l     is measured as the maximum gap between the virtual straight edge and the surface points under this straight edge. The straight edge is repeatedly placed at random locations for many times to provide an overall evaluation of surface flatness.





4.4. MEP Element Inspection


For each cylinder pipe, the scanned data for the pipe were extracted based on the position of the corresponding as-designed BIM element as shown in Figure 18a. Then, the scanned data were fitted to a cylinder using the M-estimator Sample Consensus (MSAC) algorithm [68] as shown in Figure 18b. The MSAC algorithm finds the best fitting cylinder by repeatedly selecting random sample points from the original dataset and fitting the sample points to a cylinder. Once a cylinder is fitted to the scanned data, the diameter of the fitted cylinder represents the as-built dimensions of the pipe. On the other hand, the as-built position of the pipe is calculated as the distances from the axis of the cylinder to the edge lines of the structural element.




4.5. Inspection Data Storage


In order to store inspection-related information in BIM, customized properties were created for each element as summarized in Table 2. The properties were divided into three categories including general, structural, and MEP. The first category (i.e., general properties) were applied to all elements, while the latter two categories were applied to only structural and MEP elements, respectively. General properties include the inspector and inspection date information, as well as the decision that whether the element is accepted or not. Structural properties included the checklist items for structural elements including the dimension, opening dimension, opening position, straightness, squareness, twist, and flatness. In addition, MEP properties included the checklist items for MEP elements including the dimension and position. All the abovementioned properties were added in the BIM platform. Once the quality inspection based on laser scanned data was completed, the property values were filled and stored in BIM via a BIM platform plug-in. For example, the properties and their respective values of a structural element are shown in Figure 19.





5. Validation Experiments


5.1. Experimental Process


This study conducted experimental validation on two PBUs manufactured in a Singapore prefabrication factory as shown in Figure 20. The overall size of each PBU was approximately 2.5 m (length) × 1.8 m (width) × 2.4 m (height). The PBUs were manufactured using precast concrete for walls and floors. In addition, each PBU had a few cylindrical MEP elements (pipes) made of PVC. For PBU A, the quality inspection scope was the three structural wall panels (shown as S1 to S3) and the three MEP elements on them (shown as MEP1 to 3). Similarly, for PBU B, the scope was the three structural wall panels (shown as S4 to S6) and the two MEP elements on them (shown as MEP4 to 5). Among the structural wall panels, S3 and S6 had an opening on each of them. As the experimental process was similar for both PBUs, this section presents the experimental process of PBU B only.



A FARO Focus S70 terrestrial laser scanner was used to collect scanned data. This scanner had a measurement range from 0.6 m to 70 m, and a ranging RMSE of ±1 mm at 25 m [69]. Therefore, this scanner could fulfill the ±2 mm accuracy requirement for PBU inspection. Next, the scanner locations and angular resolutions were determined to achieve a spatial resolution of 2 mm in both directions. The angular resolution could only be selected from a series of options including 0.009°, 0.018°, 0.036°, 0.045°, 0.072°, 0.09°, 0.144°, 0.18°, and 0.288°. Before selecting an angular resolution, the optimal scanning locations were selected. As the PBU had a relatively small size, one single scan may be able to cover all the three surfaces with enough spatial resolution. Therefore, the scanning scheme with only one scan was verified with simulations as follows. The height of scanner was set to 1.2 m which was equal to a half the height of the PBU. Regarding the scanning location, the X–Y plane was divided by grids along the x and y-axes with a grid interval of 0.01 m. Then, each grid point was considered as a candidate scanning location and the coarsest spatial resolution s_c (i.e., the maximum spatial resolution s value) over all the three surfaces of the PBU resulted from this candidate scanning location was calculated. Then, among all the candidate scanning locations, the one providing the smallest s_c value was selected as the optimal scanning location. For PBU B, the optimal scanning location was shown in Figure 21, which could provide an s_c value of 5.07θ. To achieve the required spatial resolution of 2 mm, the angular resolution θ was set to 0.018°, which would result in scanned data with at least 1.6 mm spatial resolution over all the three surfaces (S4 to S6) of PBU B.



After data acquisition at the optimal scanning location, the scanned data were processed through data pre-processing, structural element inspection, and MEP element inspection. The entire process was programmed in MATLAB and executed on a computer with Intel Core i5-7200U CPU and 8 GB RAM. Figure 22 shows the data processing procedures of PBU B. First, the noise data were removed from the raw scanned data and the scanned data for PBU B were aligned with the BIM model after a coordinate transformation as shown in Figure 22a. Next, the three planar surfaces (S4 to S6) of PBU B were extracted as shown in Figure 22b, and each structural element was inspected based on the checklist and the surfaces and edges extracted from scanned data. Furthermore, the two MEP elements (MEP4 and MEP5) on PBU B were successfully recognized by cylinder fitting, as shown in Figure 22c, and the MEP quality was inspected based on the checklist and the dimensions and positions of the fitted cylinders. Furthermore, the obtained quality inspection information was stored in the BIM model of the PBU. Figure 22d shows an example in which the quality inspection information of MEP4 was stored in the BIM model.




5.2. Inspection Accuracy and Efficiency


To examine the accuracy of the proposed technique, the checklist items obtained from the developed technique were compared to the ground truths which were obtained from manual measurement using traditional inspection methods. All the lengths were measured using a measurement tape with the smallest division of 1 mm. All the lengths were repeatedly measured five times, and the average values were taken to reduce the random measurement error.



Table 3 shows the inspection discrepancies for all the structural elements (S1 to S6) regarding all the checklist items (i.e., dimension, opening dimension, opening position, straightness, squareness, twist, and flatness). It is worth noting that the values shown in Table 3 are the average of the absolute values of the discrepancies for each checklist item. For example, for the dimension of a structural element, the inspection discrepancies for its four edge lengths were calculated, producing four inspection discrepancies. Then, the average of the absolute values of the four inspection discrepancies was calculated and is shown in Table 3. The calculation process is similar for other checklist items. According to Table 3, the inspection discrepancies for structural elements ranged from 0.2 mm to 1.6 mm, and the overall averaged inspection discrepancy was 0.7 mm. In general, the average discrepancy of 0.7 mm indicates that the developed technique is accurate enough to provide reliable geometric quality inspection results for structural elements.



It was also observed that S2 and S5 had relatively small inspection discrepancies among all the structural elements. This is partially because S2 and S5 had relatively smaller sizes than other structural elements. In addition, S2 and S5 intersected with other structural elements. Thus, the vertical edges of S2 and S5 were type I edges (illustrated in Figure 15) which were more accurately estimated compared to type II edges.



Table 4 shows the inspection discrepancies for all the MEP elements (MEP1 to MEP5) regarding all the checklist items (dimension and position). For the MEP position, each pipe had four position values that were measured to different edges of the structural element. Therefore, the inspection discrepancies of all the four position values were calculated, and the average of the absolute values of the four discrepancies was calculated and is shown in Table 4. According to Table 4, the inspection discrepancies for MEP elements ranged from 0.1 mm to 2.3 mm, and the overall averaged inspection discrepancy was 0.9 mm. In general, the average discrepancy of 0.9 mm shows that the developed technique can provide accurate geometric quality inspection results for MEP elements.



Nevertheless, it was also observed that MEP2 and MEP3 had much larger inspection discrepancies than other MEP elements. This is possibly because MEP2 and MEP3 had smaller sizes and, thus, the number of scan points on these two elements was smaller. Fewer scan points resulted in less accurate estimations of element dimension and position. It is even worse for MEP3, which was partially occluded by MEP2. Therefore, MEP3 had even fewer scan points than MEP2 due to the occlusions, resulting in the largest inspection discrepancies of 2.3 mm.



In addition, the efficiency of the developed technique was compared to the traditional inspection methods. Using the developed technique, it took 8 min to collect scanned data and 4 min to run the developed data processing algorithm to obtain all the checklist items for each PBU. In the whole process, only one worker was needed to operate the LiDAR and run the algorithm. On the other hand, using the traditional inspection methods, it took around 30 min to complete the inspection for one PBU, and two workers were needed to conduct the inspection because many measurements could not be accomplished by only one worker. Therefore, it is concluded that the efficiency of geometric quality inspection can be greatly improved using the developed technique. The needed inspection time was reduced from 30 min to 12 min for each PBU, and the needed labor was reduced from two workers to one worker only.





6. Conclusions


This study developed an automated geometric quality inspection technique for a specific type of prefabricated components, namely, prefabricated housing units, using BIM and LiDAR. The proposed technique is implemented in five steps. First, the proposed technique uses a LiDAR to obtain the laser scanned data of the as-built prefabricated units. Scan planning is implemented before data acquisition to make sure the acquired data fulfil the needs of geometric quality inspection. Second, data pre-processing is conducted to remove noise data from raw laser scanned data and then register the scanned data with the as-designed BIM. Next, the structural elements of the prefabricated units are inspected after identifying the as-built surfaces and edges and comparing to the as-designed ones. The inspection checklist of a structural element includes the dimension of the element, dimension and position of openings, straightness, squareness, twist, and flatness. Fourth, the MEP elements of the prefabricated units are inspected based on the as-built dimensions and locations of the MEP elements. The inspection checklist of an MEP element includes the dimension and position of the element. Fifth, inspection data obtained from the previous steps are stored in BIM using customized BIM element properties.



To validate the proposed technique, this study conducted experimental validation on two PBUs manufactured in a Singapore prefabrication factory. The PBUs were manufactured using precast concrete for walls and floors. In addition, each PBU had a few cylindrical MEP elements (pipes) made of plastic. The proposed technique was implemented on the two PBUs for geometric quality inspection. To examine the accuracy of the proposed technique, the checklist items obtained from the developed technique were compared to the ground truths, which were obtained from manual measurement using traditional inspection methods. For structural elements, it was found that the inspection discrepancies between the proposed technique and ground-truths ranged from 0.2 mm to 1.6 mm, and the overall averaged inspection discrepancy was 0.7 mm. For MEP elements, the inspection discrepancies ranged from 0.1 mm to 2.3 mm, and the overall averaged inspection discrepancy was 0.9 mm. Overall, the averaged inspection discrepancies of 0.7 mm and 0.9 mm indicated that the proposed technique can provide accurate geometric quality inspection results for both structural and MEP elements. Although the manual measurements also had certain errors and affected the calculation of inspection discrepancies, it is certain that the proposed technique had sufficient accuracy considering that the tolerance values of construction elements were at least ±6 mm. In addition, experimental results also showed that the proposed technique can greatly improve the inspection efficiency. For each PBU, the needed inspection time was reduced from 30 min to 12 min, and the needed labor was reduced from two workers to one worker only. The proposed technique can potentially be adopted by prefabricators, contractors, or developers to check the quality of prefabricated products before shipping to the construction sites. The proposed technique can provide users with a range of benefits such as high accuracy, better efficiency, and lower manpower cost.



Although the experimental results are promising, this study still has a few limitations. First, for each PBU inspected in the validation experiments, only a part of the PBU was scanned. It will be more complicated to scan the entire PBU because multiple scanning locations are required, and scan planning becomes much more complicated. In addition, it is also difficult to scan the top and bottom of prefabricated units. Future research is needed to investigate the inspection of the entire PBU with multiple scanning locations. Second, only PBUs were used in the validation experiments, and no other types of prefabricated housing units were tested. It will be more difficult to inspect PPVC units because they have larger sizes and a larger number of elements. In addition, cylindrical pipes were the only type of MEP elements tested in the validation experiments. More types of MEP elements should be inspected in the future research.
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Figure 1. Manual geometric quality inspection of prefabricated components. 
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Figure 2. Prefabricated housing units in Singapore: (a) prefabricated prefinished volumetric construction (PPVC) and (b) prefabricated bathroom unit (PBU). 
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Figure 3. Measurement of dimensions (e.g., L1 to L4) of a structural element. 
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Figure 4. Measurement of the dimensions (d1 to d4) and positions (p1 to p4) of an opening on a structural element. 






Figure 4. Measurement of the dimensions (d1 to d4) and positions (p1 to p4) of an opening on a structural element.



[image: Remotesensing 12 02492 g004]







[image: Remotesensing 12 02492 g005 550] 





Figure 5. Measurement of straightness    d  s t     of a structural element. 
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Figure 6. Measurement of squareness    d  s q     of a structural element. 






Figure 6. Measurement of squareness    d  s q     of a structural element.



[image: Remotesensing 12 02492 g006]







[image: Remotesensing 12 02492 g007 550] 





Figure 7. Measurement of twist    d  t w     of a prefabricated element. 
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Figure 8. Measurement of flatness    d  f l     of a prefabricated element. 
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Figure 9. Measurement of the dimension (   d p   ) and position (   p h    and    p v   ) of a cylindrical pipe. 
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Figure 10. The overview and detailed five-step process of the developed geometric quality inspection technique. 
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Figure 11. Scanned data quality with regard to (a) ranging error and (b) spatial resolution. 
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Figure 12. Relationships between scanning parameters and scanned data quality. 
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Figure 13. Data cleansing: (a) selection of scanned data surrounding the target unit, (b) 3D view of the selected scanned data, (c) scanned data after removing the roof and floor, and (d) extraction of the target unit using region growing. 






Figure 13. Data cleansing: (a) selection of scanned data surrounding the target unit, (b) 3D view of the selected scanned data, (c) scanned data after removing the roof and floor, and (d) extraction of the target unit using region growing.



[image: Remotesensing 12 02492 g013]







[image: Remotesensing 12 02492 g014 550] 





Figure 14. Scan-BIM registration: (a) scanned data in LiDAR’s coordinate system, (b) as-designed BIM in user-defined coordinate system, and (c) scanned data after registration. 
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Figure 15. Extraction of as-built surfaces and edges: (a) extraction of surfaces, (b) extraction of last scan points in each row/column for an edge, and (c) estimation of an edge as a set of edge points. 
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Figure 16. Extraction of estimated edge lines and corner points from surface points and edge points for the inspection of dimensions and locations of structural elements and openings. 
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Figure 17. Surface quality inspection for structural elements: (a) straightness inspection, (b) squareness inspection, (c) twist inspection, and (d) flatness inspection. 
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Figure 18. Extraction of pipes: (a) scanned data near the element and (b) cylinder fitting. 
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Figure 19. Example of inspection-related properties and their values of a structural element. 
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Figure 20. Two PBUs for validation experiments. 
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Figure 21. Optimal scanning location for PBU B obtained from simulations. 
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Figure 22. Experimental process for validation experiments: (a) scanned data for PBU B after data pre-processing, (b) extraction of three planar surfaces S4 to S6 for structural element inspection, (c) recognition of MEP4 and MEP5 (as shown in Figure 20) for MEP element inspection, and (d) storage of inspection information of MEP4 in BIM model. 
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Table 1. Geometric quality inspection checklist and tolerance of prefabricated housing units.
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Category

	
Checklist Items

	
Tolerance






	
Structural Elements

	
Dimension

	
Depending on the edge length L:

L ≤ 3 m: ±6 mm

3 m < L ≤ 4.5 m: ±9 mm

4.5 m < L ≤ 6 m: ±12 mm

Additional allowable tolerance for every subsequent 6 m: ±6 mm




	
Opening dimension

	
+10 mm




	
Opening position

	
±25 mm




	
Straightness

	
Depending on the edge length L:

L ≤ 3 m: 6 mm

3 m < L ≤ 4.5 m: 9 mm

4.5 m < L ≤ 6 m: 12 mm

Additional allowable tolerance for every subsequent 6 m: 6 mm




	
Squareness

	
Depending on the width W of the element:

W ≤ 1.2 m: 6 mm

1.2 m < W ≤ 1.8 m: 9 mm

W > 1.8 m: 12 mm




	
Twist

	
Depending on the width W and length L of the element: W ≤ 600 mm and L ≤ 6 m: 6 mm

All other cases: 12 mm




	
Flatness

	
6 mm per 1.5 m




	
MEP Elements

	
Dimension

	
6 mm (for pipes)




	
Position

	
6 mm (for pipes)
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Table 2. Customized properties for inspection-related information.
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Category

	
Property Name

	
Property Type

	
Property Value






	
General

	
Inspector

	
Text

	
Inspector in charge of the inspection




	
Inspection date

	
Text

	
Date of the inspection




	
Acceptance

	
Boolean

	
Whether the element is accepted (YES or NO)




	
Structural

	
Dimension

	
Length

	
Maximum dimension discrepancy of all edges of an element




	
Opening dimension

	
Length

	
Maximum dimension discrepancy of all edges of an opening




	
Opening position

	
Length

	
Maximum position discrepancy of all edges of an opening




	
Straightness

	
Length

	
Maximum straightness deviation of all edges of an element




	
Squareness

	
Length

	
Maximum squareness deviation of all corners of an element




	
Twist

	
Length

	
Maximum twist deviation of all corners of an element




	
Flatness

	
Length

	
Maximum straight edge deviation




	
MEP

	
Dimension

	
Length

	
Dimension discrepancy of an element




	
Position

	
Length

	
Maximum position discrepancy of an element
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Table 3. Inspection discrepancies between the developed technique and ground truths for the checklist items for structural elements.
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Structural Element

	
Inspection Discrepancies (mm)




	
Dimension

	
Opening Dimension

	
Opening Position

	
Straightness

	
Squareness

	
Twist

	
Flatness






	
S1

	
1.5

	
N/A

	
N/A

	
0.6

	
0.4

	
0.7

	
0.4




	
S2

	
0.6

	
N/A

	
N/A

	
0.3

	
0.2

	
0.4

	
0.2




	
S3

	
1.3

	
1.2

	
1.5

	
0.8

	
0.6

	
0.8

	
0.2




	
S4

	
1.2

	
N/A

	
N/A

	
0.4

	
0.9

	
0.6

	
0.5




	
S5

	
0.5

	
N/A

	
N/A

	
0.2

	
0.4

	
0.2

	
0.3




	
S6

	
1.6

	
1.4

	
1.0

	
0.6

	
0.6

	
0.7

	
0.3
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Table 4. Inspection discrepancies between the developed technique and ground truths for the checklist items for MEP elements.






Table 4. Inspection discrepancies between the developed technique and ground truths for the checklist items for MEP elements.





	
MEP Element

	
Inspection Discrepancies (mm)




	
Dimension

	
Position






	
MEP1

	
0.2

	
0.6




	
MEP2

	
1.1

	
1.5




	
MEP3

	
1.8

	
2.3




	
MEP4

	
0.2

	
0.7




	
MEP5

	
0.1

	
0.6
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