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Abstract: Traditional approaches to modular construction progress monitoring and quality control
with stringent and tight tolerances for on-site and off-site assembly processes are usually based
on 3D laser scanning, but the high equipment costs associated with acquiring point clouds have
economic ramifications. This paper provides the details of a new and inexpensive method through
the integration of AprilTags and an ordinary phone. By using AprilTags instead of QR codes to
label modules, progress management is achieved through the rapid identification and association of
multiple modules based on a single image. Moreover, a virtual multi-view vision algorithm based on
AprilTags is proposed to generate 3D reverse models of the construction site; the quality result can
be acquired by comparing the offset and rotation values of the reverse model and the BIM model.
Finally, all the algorithms are validated through comparing the reverse models with the reference
models made with 3D printing and 3D laser scanning, which verifies the accuracy and efficiency of
the proposed method.
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1. Introduction

As prefabrication becomes increasingly acceptable in the construction industry, modu-
lar construction involving highly integrated prefabrication of modules has been increasingly
used around the world [1,2]. In general, modular construction is a factory-based construc-
tion process in which modules are produced in the factory and transported to construction
sites. While the scope of preassembling can vary from panels (i.e., a set of workpieces
preassembled at factories that are not volumetric, such as facade wall panels) to volumetric
units [3] (i.e., workpieces preassembled at factories that form a 3D bounding box), the
modules that are evaluated within the scope of this work are preassembled, fully inte-
grated (i.e., include all trade components) volumetric units that form the actual structure
and fabric of a building [4,5], and can have steel, precast concrete, a timber frame, or a
composite material as their primary structural core [6]. Given these fully integrated volu-
metric units, on-site work typically includes stacking modules vertically and horizontally
at construction sites.

The application of modular construction can have many benefits for the whole con-
struction process, such as improving production efficiency, reducing construction time, and
protecting the urban environment [7]. Recent modular projects have already established
a solid track record of accelerating project timelines by 20–50%, and modular construc-
tion projects in Europe and the United States could deliver annual cost savings of up to
$22 billion by 2030 under moderate assumptions of penetration [8]. Modular construction
has also been shown to result in higher-quality buildings [9], reductions in the cost of
on-site work [10], and improvements in construction safety [11]. Given the gradually more
reliable structural performance of high-rise buildings [12], modular construction is no
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longer confined to houses or low-story building markets and is becoming a new trend in
the construction industry to improve the overall efficiency of projects.

While modular construction aims to minimize on-site work, congestion, and safety con-
cerns, it also comes with contingent requirements on tolerance and the vertical/horizontal
alignment of modules to be stacked on site. Considering the storage in the factory, ship-
ment, and assembly, modular construction requires more refined progress monitoring to
avoid on-site assembly mistakes and minimize the whole project cost due to rework [13].
Building information modeling (BIM) has been deeply rooted in the AEC/FM industry, and
semantically accessible building information models provide design and fabrication data
on the modules. Therefore, to realize more precise monitoring progress throughout the
whole life cycle, it is important to connect construction information such as the progress and
results of assembly with the design data collected in BIM [14,15]. During on-site assembly,
any undetected tolerance and alignment issues will result in module misalignment and
lack of fit in the allocated spaces [16]. At traditional construction sites, quality control and
defect detection are usually performed by acquiring data on ongoing work and comparing
the data to tolerances [17–19]. The data acquired can be manually or semiautomatically
captured and processed, and at best, reality capture technologies (e.g., laser scanners) can
be used to capture these data and compare it to the digital model to determine the actual
deviations from design models.

However, these approaches always require time and effort to capture and process
the data from these reality capture technologies [20], along with high investment and
training costs. There is still no research on the automatic tracking of the construction
process of modular buildings using ordinary mobile phones. To comply with the rapid
pace of installation, rapid quality control, and tolerance checking for modular construction
projects, there is a need for a method to rapidly monitor the progress and quality of work
at sites without the need for post-processing of captured data. Therefore, this study aims
to develop an inexpensive method for monitoring modular construction progress and
quality control. In addition, this paper provides the details of this method along with the
results of algorithm tests performed. In summary, this method automatically acquires the
as-is condition and installation data of stacked modules on sites using no-cost AprilTags
and a common phone camera. By using AprilTags instead of QR codes to label modules,
progress management is achieved through the rapid identification and association of
multiple modules based on a single image. Moreover, a virtual multi-view vision algorithm
based on AprilTags is proposed to generate 3D reverse models of the construction site;
the quality result can be acquired by comparing the offset and rotation values of the
reverse model and the BIM model. The feasibility and precision of the proposed method
were tested with synthetic modules and compared to the traditional approach based on
QR tags and 3D laser scanning. Since the component is the basic unit of the associated
AprilTag, the proposed method can be extended to the construction management of all
prefabricated buildings.

This paper is organized as follows: A literature review of the existing approaches to
progress monitoring and quality control of modular construction, along with AprilTags-
based applications, follows the introduction section. In Section 3, the major concepts and
issues, including the reasons for using AprilTags and the resources of modular construction
tolerance, are explained. In Section 4, the processing framework for construction manage-
ment and methodologies for generating actual modular buildings are explained, including
the sources of error throughout the whole detection process. Validation work has been
performed considering two distinct scenarios that could occur at sites while using this
method for progress and quality monitoring of modular construction assemblies at sites.
The first scenario represents the ideal cases where any discrepancy between the digital
replica of modules and the actual assembly is attributed to a quality problem only due to
construction errors. The second evaluates a more probable case that contains composite
errors. During validation, reconstruction models, which represent the actual construction
conditions, were generated automatically and compared with reference models gener-
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ated based on 3D printing and 3D laser scanning technologies to evaluate whether the
AprilTags-based method is feasible for modular buildings.

2. Literature Review

This section provides an overview and synthesis of existing approaches to construc-
tion progress and quality monitoring. The typical process for progress monitoring at
construction sites is a labor-intensive and manual process. Construction progress at sites
has traditionally been captured using daily or weekly reports, and these reports can provide
several types of information, including information on assembly progress, project delays,
and the delivery of modules to the sites [17]. With the wider utilization of BIM technology
in construction projects, models have been used for progress and quality monitoring. In
recent projects, QR code [21] tags have been attached to modules and/or prefabricated
panels to enable workers to input information about components, as shown in Figure 1a.
Integrating progress data on components/modules with the corresponding digital replicas
has been a practice for progress monitoring as a reliable way to capture the as-built sta-
tus accurately and compare it to the planned progress. Regarding the quality control of
assemblies at sites, current industry practice leverages technologies such as total-station
instruments, prototyping, and 3D laser scanning technology [16]. The coordinates of
several feature points with a total station or the point clouds from a laser scanner are
captured and compared to the design data to ensure that the deviations are within the
allowable tolerances. Due to the advantages of rapidly capturing the real world in 3D
with high accuracy, laser scanning technology has been an important element of practice
for capturing high-precision data on objects worldwide (Figure 1b) [22]. However, laser
scanners and total stations always need proactive scan planning, appropriate positioning,
and relocation to collect a view of the structure being captured for progress monitoring and
quality control.
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AprilTag is a robust and flexible visual fiducial system that was developed by the
April Robotics Laboratory at the University of Michigan. AprilTags are used to calculate
the exact position, orientation, and identity of a marker relative to a camera by searching
for linear segments and detecting squares [23]. The system is applicable to a wide range of
tasks, including camera calibration, robotics, and augmented reality. The basic process of
AprilTag detection can be summarized in four steps, as shown in Figure 2.
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2.1. Existing Approaches to Construction Progress and Quality Monitoring
2.1.1. Progress Monitoring at Construction Sites

An analysis of the related work on progress monitoring at construction sites revealed
that automated progress monitoring approaches fall into two categories.

One category overlays real-time construction progress data on as-planned BIMs using
some data-updating media (such as QR code tags). Lin et al. [25] presented a novel system
called the Mobile 2D Barcode/RFID-based Maintenance Management system to improve
laboratory equipment and instrument maintenance management using 2D barcode and
radio frequency identification (RFID) technologies. Zhao et al. [26] introduced a method
that incorporates RFID and LoRa technologies, sensor networks, the BIM model, and
cloud computing to automatically collect, analyze, and display real-time information about
PC components.

The other category reconstructs a 3D model from images/point clouds and compares
it to the as-planned model. Han et al. [27] presented a geometry- and appearance-based
reasoning method for detecting construction progress by initially geometry-based filtering
and detecting the state of construction of BIM elements and then appearance-based rea-
soning operation-level activities. Shirowzhan et al. [28] suggested appropriate building
change detection algorithms based on a comparative evaluation of five selected algorithms,
including three pixel-based algorithms, DSMd, SVM, and ML, plus C2C and M3C2.

2.1.2. Quality Control at Construction Sites

The differences in the heights of the walls of a module tend to be specific to the
system and installation method, but in extreme cases, this can cause stepping out in the
height of modules or vertical out-of-alignment effects where modules undergo progressive
rotation. Therefore, high-quality modular construction requires minimal horizontal or
vertical offset and rotation. Regarding quality control at construction sites, the literature
clearly shows that applications of high-precision cameras, 3D laser scanners, and other
high-precision equipment in construction quality monitoring have been very widespread
without considering the economic cost. Golparvar-Fard et al. [29] compared two methods
for obtaining point cloud models for the detection and visualization of the as-built status
of construction projects. Bhatla et al. [30] investigated a technology to generate as-built
3D point clouds using photos taken using handheld digital cameras and compared them
against the original as-built 3D models. Marzouk et al. [31] used 3D modeling techniques
and image processing algorithms to generate a system that is able to detect cracks and
defective areas in finishing works and calculate the percentage of the defective area.

To reduce the cost of acquiring images and point clouds, Nahangi et al. [32] inves-
tigated the data acquisition capabilities of two low-cost range cameras for the eventual
purpose of pipe-fitting process monitoring in a smart fabrication facility environment.
Guo et al. [20] conducted a comparative study to quantitatively research the time and
cost-effectiveness of TLS-based geometric quality assessment for structural columns.
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Existing progress monitoring and quality control approaches that are based on laser
scanning have the main disadvantage of high upfront cost due to the high price of 3D laser
scanners or scanning services and the follow-up processing and registration of the point
clouds. Moreover, there are many other restrictions in using laser scanning at construction
sites: for example, professional training to capture the progress data properly, conges-
tion/obstructions at sites, and scanning failures on high-reflecting surfaces (e.g., glass
curtain walls). On the other hand, approaches that leverage QR/RFID tags for progress
monitoring and quality control necessitate one-at-a-time scanning of tags that is time-
consuming and inconvenient at construction sites. In addition, the value of tags is only to
bind a URL, which is not maximized. For the abovementioned low-cost digital methods,
their accuracy does not meet the quality control requirements of modular buildings, and
more importantly, the features (module assembly) have not been well explored and utilized
during detection and data processing.

2.2. Applications and Features of AprilTags

In recent years, with the rise of remote and automatic systems in many industries,
the AprilTag has been used as a position and attitude reference for robots and unmanned
aerial vehicles (UAVs). For example, Feng et al. [33] proposed a vision-based solution
using a network of cameras and AprilTag markers to automatically estimate the pose
for articulated machines. Liang et al. [34] studied a tracking scheme based on AprilTag
identification for the problems of real-time performance and occlusion, which improved
the tracking accuracy.

Aiding their detection at long ranges, visual fiducials are comprised of many fewer
data cells: the alignment markers of a QR tag comprise approximately 268 pixels (not
including required headers or the payload), whereas an AprilTag only ranges from ap-
proximately 49 to 100 pixels, including the payload [35]. Compared to other tags such
as ARToolkit and ARTag, the AprilTag shows more robust performance when there are
changes in lightning, projects scale and tag clarity. With this advantage, the AprilTag has
the potential for use in construction progress monitoring and quality control.

However, there is still no research on automatic tracking of the construction process
using ordinary mobile phones with AprilTags. During BIM4D construction management,
QR code tags can be replaced by AprilTag markers when the detection process is completed
far from the building rather than when the QR code is closely scanned. In addition, the
actual construction status can be recorded using the position and orientation data from
the AprilTags. The detailed application conditions and data processing methodology are
introduced in the following sections.

3. Challenges for Progress and Quality Monitoring in Modular Construction

The modular construction process starts when the modules are manufactured in the
factory and shipped to the construction site. In general, the purpose of project management
at a site needs to consider quality, time, cost, delivery, etc. [36] For this research, construction
progress and quality, which specifically refer to the assembly progress and quality of
modular buildings, are chosen as the main content in construction management.

Challenge 1: The assembling progress of the actual modules needs to be associated
with the schedule plan of the BIM model.

Challenge 2: The quality of the modular building, including the offset/rotation and
dimensional variation of the modules, needs to be detected.

3.1. Progress Monitoring for Modules at the Site

From the perspective of the actual application, the most practical strategy to monitor
project progress with BIM is to use tags. QR code tags are widely used to help constructors
update information at sites via the BIM database [37]. Although various factors, such as
the properties of the modules, materials, project size, and other structural components,
contribute to the QR link, if the constructors need to track the assembly quality at the site
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during construction, other equipment, such as a laser scanner and a total station, will be
indispensable. AprilTags can play the same role in modular construction management to
connect with the BIM database and update information via its ID, as shown in Figure 3.
Furthermore, another major role that AprilTags can play in modular construction is con-
trolling construction tolerance at the site. The position data returned from the tags can be
used to estimate the assembly quality of the modules; sequentially, the value of tags can
be maximized.
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3.2. Quality Control for Modules at the Site

During the assembly of an entire modular building, construction deviations will almost
inevitably occur at the site for modules of all types [9]. Even when the module quality is
examined and guaranteed in a factory, the modules may be slightly out of place, which can
cause an accumulated tolerance when the modules are lifted to their final positions when
stacked on site. To work together with other modules, the modules may require some offset
and rotation during construction.

For multistory modular buildings, vertical tolerances diverge and become very impor-
tant for high-rise applications. The differences in the heights of the walls of a module tend
to be specific to the system and installation method, but in extreme cases, this can cause
stepping out in the height of modules or vertical out-of-alignment effects where modules
undergo progressive rotation. Generally, the positions of modules can be shifted slightly to
maintain the overall verticality of the extremities of the façade, but an offset cross-section
will result [2]. This may be coupled with problems in maintaining the horizontality of
floors in taller buildings, as illustrated in Figure 4. As the height of the building increases,
the risks from the module assembly tolerances will also increase considerably.

In more general cases, the manufacturing process for all types of modules could poten-
tially cause differences in the geometry, particularly for bending or torsional components
in the modules. Furthermore, dimensional variations may also occur due to long-distance
shipments. Some timber-based module geometry errors will arise from long-term shrink-
age, and for concrete modules, from casting to lifting in a modular factory, the concrete
strength fluctuates over time. All of these factors can have a certain effect on the final ge-
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ometry. Therefore, a generic quality detection method needs to capture three-dimensional
data at the site instead of using design data.
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4. An AprilTag-Based Approach to Monitoring Progress and Quality in
Modular Construction
4.1. Overview of the Approach

This approach focuses on detecting the geometric deviations of modules and analyzing
their cascading effect on vertical structures through the integration of BIM, AprilTags,
and reconstruction. To acquire construction progress and quality data in a low-cost and
convenient way, the performance of the proposed method can be substantially equivalent
to that of conventional tools, such as QR codes used in 4D BIM management [14] and
a 3D laser scanner used to obtain quality data [38,39]. The flowchart of the approach is
presented in Figure 5. Before applying the proposed approach, tags need to be attached to
the corners of a surface or other specific locations of volumetric units during manufacturing
at manufacturing plants.

As shown in Figure 5, the approach works as follows.

• First, two or more photos of the under-detection modular building need to be cap-
tured at the construction site. Then, there are two sections corresponding to the two
challenges presented in Section 3.

• For the progress monitoring part, the captured photos from the site will be used to
compare the actual progress with respect to the planned progress that is represented
in BIM 4D. In this step, the photo time will be submitted to the BIM database to extract
the current BIM model information, and the ID of the tags will be recognized. The
modules are subsequently matched and compared with the current BIM information.

• For the quality control part, the construction quality data are automatically processed
under two main scenarios using the tags on the modules, which will be introduced
in Section 4.3. Through image processing, an actual model representing the modular
building at the site can be generated and compared with the design model from
the BIM database. The resulting assembly and geometric quality measurements can
be compared with the design specifications for decision-making regarding rework
or acceptance.
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It should be noted that the extra step with laser scanning is only used in generating
the reference model to investigate the performance of the developed approach in this study
and is not part of the approach. For quantitative analysis, a simplified cubic model, which
represents scaled modular units, was built. Each module had an AprilTag on its outer
surface when it was ready for shipping in the factory. For this purpose, we generated
a reference model from point clouds to compare the performance of the approach with
respect to the state of the art, including efficiency and accuracy. The details of the approach
will be provided in the subsequent sections in two parts based on the purpose it serves.

4.2. Part 1: Progress Monitoring Using the Developed AprilTag-Based Approach

In conventional 4D-based progress monitoring systems, dynamic monitoring always
includes two main inputs—a 3D as-planned model and construction progress data. In
addition to these two inputs, unique IDs of the modules or components are needed in the
AprilTag-based approach. When the design work is finalized for a modular building, the
ID of each volumetric module is distributed to a tag and recorded in the BIM model of that
modular building. The AprilTags that include the IDs corresponding to the digital replica
of the modules in the BIM are utilized in the factory to label the physical modules. Due to
the low storage capacity of AprilTags, URLs connecting tags to remote BIM servers cannot
be included in AprilTags (unlike QR code tags), and IDs will be the only mechanism to
connect the digital and physical correspondences of modules.
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In contrast to using normal QR code tags, module IDs need to be bound to the IDs
of tags from the category of AprilTags, such as Tag36h11. Therefore, the data processing
involves acquiring the IDs of the tags to check with the BIM database instead of accessing
the information in the tags, as shown in Figure 6. In addition, the size of the tags needs
to be larger than that of normal QR code tags because the quality control process needs
to refer to the position of these tags. To obtain more precise tag information, the size of
the tags depends on the distance between the phone and the modules, while the camera
parameters are also considered.
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Figure 6. Processing difference between using a QR code and an AprilTag.

However, in practice the process flow is similar to that when using QR code tags. First,
site personnel take photos of the assembled modules at a construction site and update the
progress information on the linked pages based on the AprilTags in the photo instead of
scanning the QR codes one by one, which can significantly improve management efficiency.
Subsequently, given the updated tag list received in the progress data, the approach checks
the ID of the tags in the corresponding digital model (BIM) and updates the status of the
modules in the digital model. Finally, a comparison of the progress between the actual and
planned progress is provided.

4.3. Part II: Quality Control Using the Developed AprilTag-Based Approach

To assess the quality of modular construction assemblies at construction sites, actual
modular models need to be generated, and the variations between the design model and
the actual model then can be calculated and analyzed. Therefore, it is necessary to obtain
the actual construction model efficiently. Considering that each module carries a tag in a
specific position on its surface, which has been recorded in the BIM database, the proposed
method of assessing the quality of the modular construction is presented in Figure 7.

Although for most modular systems, a routine predelivery inspection for the modules
will be applied to ensure that the modules meet the construction specifications, some
unexpected deformation can still appear in the modules at the site unless each module has
enough rigidity to ignore the minor variations in itself. To account for both, the developed
approach takes into account two scenarios—one corresponding to the ideal situation with
only assembly errors at sites and the other corresponding to the general situation where
modules can undergo deformation—which is suitable for modules with different materials
and structures. Therefore, scenario 1 refers to “deviations during assembly at sites only”,
and scenario 2 refers to “deviations during assembly with deformations in individual
modules”.
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4.3.1. Scenario 1: Deviations Due to Assembly Errors Only

The main purpose of checking this condition individually, which only considers as-
sembly errors, is to improve the efficiency of the reconstruction process for highly rigid
modules (such as concrete modules or other structurally stiff materials) because the geo-
metric data from the digital replica can be directly invoked, as shown in Figure 8. When
the design of the whole modular building is finished, the binding data of each AprilTag
with a module will be recorded in the BIM database. First, a photo containing the modules
in the construction needs to be taken, as shown in Figure 8a. Sequentially, the tags on the
surfaces of the modules can be acquired while the tag position data can be transferred to
the BIM database.

After receiving the tag data from the photo, the BIM database checks the ID of each
tag and matches it with the model of the module to transmit the geometric information
corresponding to each tag, such as the length, width, and height. With the geometric
information and the position of the tag, the reconstruction method is presented in Figure 8b.
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There are two reference frames in this scenario—the camera coordinates (xc, yc, and zc)
and the tag coordinates (xt, yt, and zt)—while the origin points of these two coordinates
are the center of the camera lens and the center of the AprilTag, respectively (and the optic
axis is the z-axis). To improve the accuracy of tag detection, the camera intrinsic matrix K
needs to be acquired through calibration instead of using the parameters from the phone.
In addition, the coordinate system (u, v) of the image frame measures the pixel locations
in the image plane. After detecting the photo pixels, the edge and corner points of the
AprilTag are identified, which means that the position of the tags (ut, vt) in the image
frame is recognized. Referring to the imaging principle of cameras, the projective mapping
from the camera coordinate system and the tag coordinate system to the image coordinate
system are shown below:

zc·

ut
vt
1

 = K

xc
yc
zc

 = K
[
R T

]
xt
yt
zt
1

 (1)

During the processing of the photos, the size of the tags in their coordinates (xt, yt,
and zt) is set as “unit 1”, and the proportional action factor (zc) is removed with the tag
size information from the database. Then, the extrinsic parameters can be calculated.
Note that the extrinsic parameters include the rotation array (R) and translation array
(T). This means that the coordinate system transforms from tag coordinates to 3D camera
coordinates. In this case, the distance of the tag relative to the edge of the module surface is
determined. Therefore, each actual module in construction can be modeled based on the
3D geometry data of the module in the tag coordinates and the extrinsic parameters (R,
T). After reconstructing all the actual modules, the assembly quality can be estimated by
comparing the reconstruction model with the BIM model, which has the corresponding IDs.

4.3.2. Scenario 2: Deviations during Assembly with Deformations in Individual Modules

Considering a more general case, there could be deformations in the modules com-
bined with the assembly deviations, such as in the case of light steel modules or modules
made of structurally less stiff materials. The main difference from the ideal condition
is that the design geometry data cannot be used in reconstructing the actual modules.
Therefore, the actual 3D geometric data need to be generated based only on the photos. It
should be noted that the deformation of the modules remains at a small level relative to the
volume and size itself. Therefore, even if there is little variation in the surface, the local area
where the tag is located is still a plane, which means that AprilTags can still be attached to
the surface.
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Step 1: Acquire multiple photos at sites
The distance information is generally uncertain in photos taken with only one camera.

In this case, photos containing the same under-detection modules need to be taken at least
twice, as shown in Figure 9a. Note that a single movement of the camera should not be
too large to make the method ineffective, as it needs to refer to the distance between the
camera and the modular building. Sequentially, the tags on the surface of the modules can
be acquired, and the tag position data in different photos can be calculated.
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To solve the problem of distance information uncertainty, the main purpose of the
algorithm is to simulate a binocular stereo-vision system based on AprilTags and a phone,
and then the actual module models can be extracted from the generated point cloud. A
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simplified binocular stereo-vision system with one tag and two photos is presented in
Figure 9b. There are three reference frames in this method—the camera coordinates (x1,
y1, and z1), the moving camera coordinates (x2, y2, and z2), and the tag coordinates (x3, y3,
and z3)—while the origin points of these three coordinates are the center of the camera lens
and the center of the AprilTag, respectively (and the optic axis is the z-axis). The camera
intrinsic matrix K need to be acquired through calibrating instead of using the parameters
from the phone. In addition, the camera intrinsic matrix K and the coordinate system (u, v)
of the image frame are the same as the options in the ideal condition.

Step 2: Utilize a binocular stereo system
After detecting the tag in photo 1 and photo 2, the extrinsic parameters (R, T) of each

photo can be acquired, as shown in Figure 9c. To detect the same tags, the relative position
of the camera was calculated with the extrinsic parameters (R1, T1) in photo 1 and the
extrinsic parameters (R2, T2) in photo 2. Note that the rotation array (R) and translation
array (T) are from the tag coordinates relative to the camera coordinates. Therefore, the
relative position (Rs, Ts) of the camera can be calculated as follows (the translation array T′

2
is the translation matrix of camera 2 relative to camera 1):

RS = R1R2
−1 (2)

T′
2 = R1

[
R2

−1[−T2]
]

(3)

TS = T1 + T′
2 = T1 + R1

[
R2

−1[−T2]
]

(4)

In the photos, many modules are taken, and more than one of them is the same.
The same modules all have tags on their surfaces, so there is more than one tag (n) after
processing. In this case, the average result is used to improve the accuracy. Finally, the
extrinsic parameters (Ronce, Tonce) are calculated as follows:

Ronce =
1
n∑n

1 RS; Tonce =
1
n∑n

1 TS (5)

Combining the extrinsic parameters (Ronce, Tonce) and the camera intrinsic parame-
ters through calibration, the simulated binocular stereo system can work. Note that the
phone cannot use the autofocus mode—otherwise, the intrinsic camera may vary when
moved—and other options, such as the size of the photos, should also remain unchanged.
With binocular stereo photos, distance information can be acquired, as shown in Figure 9d.

First, the photos need to be rectified onto a common image plane using the parameters
of the simulated binocular stereo system in such a way that the corresponding points have
the same row coordinates. This photo rectification makes the image appear as though the
two cameras are parallel [40]. The pixel disparity from the pair of rectified stereo photos
is subsequently calculated via the semiglobal matching (SGM) method [41]. Photo 1 from
the camera is used as the reference image for computing the disparity map with photo 2.
Note that the range of disparity must be determined to cover the minimum and maximum
amount of horizontal shift between the corresponding pixels in the rectified stereo pair
image in the disparity calculation.

Then, a point cloud containing three-dimensional coordinates corresponding to the
pixels in the disparity map can be generated. The coordinates of the point cloud relative to
the optical center of the camera in a simulated binocular stereo system are the same as the
camera coordinates (x1, y1, and z1).

Step 3: Extract modules
The point clouds generated from a simulated binocular stereo system always contain

many noisy points. To acquire the actual model of the modules, the relative points that
belong to the modules in the point cloud need to be extracted. The extraction of the modules
is completed in the following two substeps.

(1) Coarse extraction. There are a large number of points in the point cloud, which
makes processing difficult; therefore, the first extraction step involves selecting all the
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points of the modules for construction and deleting the background noise. In the photo,
each module has a tag on the surface, so it is determined which module is detected. For each
tag, an ideal area (Ai) containing all the modules can be calculated based on its extrinsic
parameters (R, T) and the design model information, which is similar to the process in the
construction tolerance-only section. Then, the final ideal space (A) can be determined by
combining all the ideal spaces calculated using each tag (A =

⋃
Ai). The coarse extraction

based on the tags on the modules is presented in Figure 9e. Note that the selected space
(∆X, ∆Y, and ∆Z) will be slightly larger than the ideal space to ensure that the points of the
modules can be enclosed even if there is some tolerance in the modules.

(2) Fine extraction. After the coarse extraction, most of the noisy points will have
been deleted, including the background noise. To acquire an accurate point cloud of the
modules, fine extraction is then completed for each module. The fine extraction method for
the modules is presented in Figure 9f. With the ideal area (Ai) for each module based on
the tag, a clipping space larger than Ai is determined to extract the points in this region.
However, these points still contain some noise. Principal component analysis (PCA) is used
to continue clipping the points. A best-fit space that is smaller than the last clipping space
can be determined based on the PCA corner and an increment on each principal axis. The
increment should be constantly adjusted considering the different modules and project
conditions to obtain a better extraction result. Note that it is not practical to clip the points
by detecting the edges of the point cloud because the module is tightly connected with the
others next to it, and there will be cases where one or two edges have no features.

After the extraction process, the point cloud for the modular building is acquired. In
some cases, the modular building in construction cannot be taken in one photo; for example,
the photo in Figure 9a includes only one-third of the whole building under construction.
The point clouds generated in different photos need to be registered together. Because of the
tags on the modules, there is no need to find features in the points for registration, such as
using the iterative closest point algorithm [42]. Different modules can be registered with tag
transformation, as shown in Figure 9c. The relative position of the point cloud is calculated
with the extrinsic parameters (R1, T1) in photo 1 and the extrinsic parameters (Rn, Tn) in
the other photos. Therefore, the points of other modules can be transformed into the point
cloud in photo 1 with Formulas (2) and (4). Then, the integrated point cloud is acquired. In
this study, the algorithms were implemented in MATLAB and Python 3.6 environments.

4.3.3. Precision Analysis of the Quality Control Method

The quality of the modular construction can be assessed by comparing the recon-
struction modules with the design model in the BIM database. The differences between
the design model and the reconstruction model are quantitatively analyzed based on the
construction requirements and design documents. However, in the establishment of mathe-
matical models for automatic reconstruction, errors and inaccuracies will inevitably occur.
Therefore, it is essential to discuss the reliability of the entire process to verify the credibility
of the method.

In Scenario 1, the main source of reconstruction errors is a tag error (e1) when detecting
the AprilTags. Three factors contribute to this error (e1): the precision of the phone camera,
the shooting angle from the phone to the tags, and the size of the tags. In general, if the tag
has a larger relative size in the photo, i.e., more pixels, the tag-detection result will be more
accurate. Therefore, the size of the tags should be adjusted in different projects considering
the design of the modules’ facades.

In Scenario 2, other errors in reconstructing the point cloud (e2) need to be considered,
and there are two other sources of these errors: point cloud generation and clipping.
(1) Point cloud generation errors arise from the binocular stereo system. First, the movement
of the phone when taking photos of the same modules, such as the situation shown in
Figure 9b, must not be so far as to prevent point cloud generation. Moreover, the baseline
of the binocular stereo system needs to be larger to obtain a better result. In this case, the
movement distance should consider the module size and the shooting distance to find an
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appropriate movement distance for each project. (2) Clipping errors come from the fine
extraction process. The last clipping space will contain an increment adjusted considering
the different modules to obtain a better extraction result, and this increment will cause a
small amount of error in the final point cloud of the actual modules. The total error for the
composite tolerance condition consists of the tag error (e1) and the reconstruction error (e2).

5. Validation

To demonstrate the feasibility of the proposed AprilTags-based approach for progress
monitoring and quality control in modular construction, tests that replicate the scenarios
and conditions described in Section 4 were designed and analyzed. During the tests, a
QR code was used as a reference for the progress monitoring part, while the models from
the 3D printer and 3D laser scanner were used as a reference for the quality control part.
Because the purpose of this paper is to provide a convenient and economic construction
management method, only a common phone was used during the whole process.

5.1. Progress Monitoring Using AprilTags and QR Codes

Progress monitoring in this test meant that the constructor could update the assembly
information through the phone by scanning the tags on the modules. During the manu-
facturing of the modules, paper tags containing AprilTags and QR codes were pasted on
the surface of the modules. When the tests started, the constructor took a shot of two tags
separately, and the progress information of the modules was recorded in the BIM database,
as shown in Figures 10 and 11.
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Figure 10 shows the process of updating the assembly information with a QR code.
The constructor scanned one tag at a time with a phone. Sequentially, the URL in the tag
was read and used as a link to connect the server side, and the constructor filled in the
stage information of the modules on the website. Then, a new record was added to the
BIM database. Figure 11 shows the process of updating the assembly information with
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AprilTags. The constructor scanned four tags at a time with a phone. Using this approach,
the four AprilTag IDs were recognized. Because the module ID and AprilTag ID had been
bound in the database, the website for inputting the stage information could be accessed
based on this association, and four new records were added to the BIM database. Therefore,
AprilTags can not only replace QR codes in progress monitoring but also greatly improved
detection efficiency.

5.2. Quality Control Using AprilTags and 3D Laser Scanner
5.2.1. Scenario 1: Deviations Due to Assembly Errors Only

Before the test started, the BIM model of the modules used for simulating the modular
construction was finished and the design data stored. In this test, each module was a
standard cube (80 × 80 mm), and a mobile phone (Samsung Galaxy Note 8) was used as
the photographic machine. Although the manufacturing process of current CMOS camera
modules (CCM) has reached a high degree of precision, it may also cause errors as the
use time increases. In addition, there is always more than one camera on a current phone.
Therefore, the phone must be calibrated first, and it should be noted that the automatic
mode of the phone camera cannot be used because the focal length will change. The
calibration target and sixteen photos were used for the phone camera calibration, as shown
in Figure 12. Through the calibration, the camera intrinsic matrix (K) could be acquired.
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To guarantee that the reference model in this test (RMT1) was the same as the BIM
model so that the BIM data could be used in the reconstruction process, the modules were
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fabricated by a 3D printer, as shown in Figure 13. Each module of the whole BIM model in
the upper right corner was individually designed and printed. A 3D printer (Ultimaker 3
Extended [43]) was used to print the modules, and the detailed technical parameters are
listed in Table 1.
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Table 1. Parameters of the 3D printer.

Property Value

Layer resolution 0.25 mm nozzle: 150–60 micron
XYZ resolution 6.9, 6.9, 2.5 micron

Build speed <24 mm³/s
Print technology Fused filament fabrication (FFF)

(a) Reference model (RMT1) design
During the printing of each module, to simulate the offset and rotation of the modular

construction, the BIM model of each module was designed in detail, as shown in Figure 14b.
RMT1s are hollow boxes, and it takes approximately 10 h for all the modules to print with
0.25 mm resolution. For example, in rotating modules, the hook and brace are accurately
designed and printed, thus achieving an assembly that is the same as the design, as shown
in Figure 14a. Therefore, the assembly result of RMT1 is exactly the same as that of the
BIM model, as shown in Figure 14c. The value of the fine design is that the reconstruction
model can be directly compared with the BIM model even if the reconstruction process is
carried out based on the reference model.

(b) Test procedure and model comparisons
On the surface of each module, a standard-size label containing an AprilTag was

pasted at a specific position. Moreover, the ID of each tag was bound to the module
information in the BIM database. The calibrated mobile phone was used for taking pictures,
as shown in Figure 15a. After that, according to the camera intrinsic matrix (K), all the
tags in the picture are were, and their corner points were marked, as shown in Figure 15b.
When the tags in the picture were detected, the ID information and spatial coordinates
were sent to the BIM database. For each module, the reconstruction model was generated
based on its spatial coordinates and the geometric information of the BIM bound to the ID,
which can reflect the actual assembly error, as shown in Figure 15c.
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After the reconstruction model was generated, the test results were acquired. Since
there was no deformation in the modules during construction, the reconstruction model
could be directly compared with the BIM model, as shown in Figure 16. In the BIM model,
the offset was set to 5 mm, and the rotation was 3.58 degrees; in the reconstruction model,
the measured offset was 4.76 mm, and the rotation was 3.41 degrees. Therefore, in the
current experimental scene and equipment, the offset error was 0.24 mm and the rotation
error was 0.17 degrees. The module assembly information obtained by the proposed
method had at least 95% credibility, so this method can be considered feasible for quality
inspection in modular construction.
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5.2.2. Scenario 2: Deviations during ASSEMBLY with deformations in Individual Modules

In this test, a more general situation was simulated, namely, the actual modules
contained deformation, so the BIM data were not available for use in model reconstruction.
Before the start of the test, the BIM model of the modules used to simulate the assembly
conditions was designed. The modules were standard cubes (120 × 120 mm), and the offset
and rotation were designed in detail, as shown in Figure 17a. It should be noted that the
mobile phone, the tag size and the photographing distance were consistent with those in
Test 1 because only in this way could the recognition error in Test 1 be referenced. The
actual module was a nonstandard cube in which the box contained deformation, as shown
in Figure 17b.
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(1) Reference model (RMT2) design
Since the modules in this test were nonstandard cubes, the reference model rep-

resenting the actual assembly situation was different from the BIM model. Therefore,
high-precision 3D laser scanning technology was used to obtain the reference model, as
shown in Figure 18a. A handheld laser scanner [44] was used during the test, and the spe-
cific parameters of the scanner are shown in Table 2. First, the actual modular construction
situation was scanned by the laser to obtain the point cloud, and the reference point cloud
could be obtained by manually deleting the noise points, as shown in Figure 18b. Taking
one of the modules as an example, the reference point cloud was meshed for subsequent
detection, as shown in Figure 18c.

Table 2. Parameters of the laser scanner.

Property Value

Scan rate 350,000 (times/s)
Scanning area 300 × 250 (mm)

Resolution 0.100 (mm)
Measurement accuracy 0.030 (mm)

Volume accuracy 0.020 + 0.080 (mm/m)

(2) Test procedure
In this case, the reconstruction process could not use the data in the BIM database.

According to Section 4.3.2, only a mobile phone was used to take pictures, which were then
taken again after being moved, as shown in Figure 19a. It should be noted that the entire
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shooting process was performed with a handheld device. Using the obtained photos, the
external parameters of the two photos were calculated. Taking one of the modules as an
example, the extrinsic parameters (R1, T1) in photo 1 and the extrinsic parameters (R2, T2)
in photo 2 are shown below:

[R1 T1] =

 0.979 0.013 0.202
−0.001 0.998 −0.061
−0.203 0.059 0.977

79.009
56.840
342.35

; [R2 T2] =

 0.978 0.016 0.207
−0.004 0.998 −0.058
−0.208 0.056 0.976

68.013
55.780
343.06


Because there were four modules in one photo, the final external parameters are the

average result calculated for the four tags (Rs, Ts). Finally, the extrinsic parameters (Ronce,
Tonce) were calculated, and an undistorted image is shown in Figure 19b.

[Ronce Tonce] =

 0.999 0.003 −0.001
−0.003 0.999 −0.001
0.001 0.001 0.999

−10.91
−0.397
0.679


By calculating the disparity of the two pictures, the disparity point cloud could be

obtained, as shown in Figure 19c. In addition, the color point cloud could be obtained by
assigning the corresponding RGB value to each point where the parallax was successfully
calculated, as shown in Figure 19d. Note that since the parallax point cloud was based
on the first picture, the RGB matrix of the photo taken first was used. After obtaining the
point cloud, coarse extraction was applied to the overall points, and then fine extraction
was applied to each module sequentially. By combining the extracted individual modules,
the final reconstruction model was generated, as shown in Figure 19e.

(3) Offset and rotation comparison
To calculate the offset and rotation of the point cloud obtained via laser scanning and

the point cloud obtained via the proposed method, principal planes were generated, and
the points were projected on the plane, as shown in Figure 20. In the main plane, the offset
of the reference model (RMT2) was 15.99 mm, and the rotation was 6.41◦. Correspondingly,
the offset of the reconstruction model was 15.08 mm, and the rotation was 7.23◦. Therefore,
in the current experimental scene and equipment, the offset error was 0.88 mm and the
rotation error was 0.82 degrees.
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Figure 19. The reconstruction process of the actual model in Test 2: (a) take pictures with an ordinary
phone; (b) generate an undistorted image; (c) obtain the disparity point cloud; (d) create the color
point cloud; (e) use coarse extraction to obtain the final reconstruction model.
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(4) Model comparisons
Since the reconstruction model was completely realized based on the AprilTags in this

test, the reconstruction point cloud included the deformation. Therefore, it was necessary to
check the reliability of the reconstruction model and the reference model in the deformation
part. Although the reconstruction model had been extracted and processed, there were
still many noise points in the thickness direction. The module meshed in the reference
had been chosen for processing and comparison, as shown in Figure 21a. First, an NURBS
surface was used to fit the point cloud to obtain a free-form surface containing the mesh
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part of the point cloud. Sequentially, the four corner points around the point cloud were
used to construct a plane, and the plane was extruded into a cube as a clipping surface, as
shown in Figure 21b. By cutting the NURBS surface with the clipping surface, the final
reconstruction surface was obtained, as shown in Figure 21c.
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21c was compared with the meshed surface shown in Figure 18c, which was the reference 
model in this test. First, the corners of the two surfaces were aligned, and then the surfaces 
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between the two surfaces is shown in Figure 22. The detailed error values are shown in 
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bility that the error was less than 1.5 mm reached 95%. Therefore, the method proposed 
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process. 

 

Figure 21. The reconstruction point cloud (a), generating an NURBS surface to fit the point cloud (b),
and reconstructing the final surface (c).

After generating the final surface, the obtained reconstruction surface shown in
Figure 21c was compared with the meshed surface shown in Figure 18c, which was the
reference model in this test. First, the corners of the two surfaces were aligned, and then
the surfaces were fine-tuned using the nearest neighbor algorithm. The distribution of the
difference between the two surfaces is shown in Figure 22. The detailed error values are
shown in Table 3. According to the table, the average error was +0.4970/−0.6213 mm and
the probability that the error was less than 1.5 mm reached 95%. Therefore, the method
proposed in this paper can replace laser scanning for quality inspection of the modular
construction process.

Buildings 2024, 14, x FOR PEER REVIEW 23 of 27 
 

(4) Model comparisons 
Since the reconstruction model was completely realized based on the AprilTags in 

this test, the reconstruction point cloud included the deformation. Therefore, it was nec-
essary to check the reliability of the reconstruction model and the reference model in the 
deformation part. Although the reconstruction model had been extracted and processed, 
there were still many noise points in the thickness direction. The module meshed in the 
reference had been chosen for processing and comparison, as shown in Figure 21a. First, 
an NURBS surface was used to fit the point cloud to obtain a free-form surface containing 
the mesh part of the point cloud. Sequentially, the four corner points around the point 
cloud were used to construct a plane, and the plane was extruded into a cube as a clipping 
surface, as shown in Figure 21b. By cuĴing the NURBS surface with the clipping surface, 
the final reconstruction surface was obtained, as shown in Figure 21c. 

 
(a) (b) (c) 

Figure 21. The reconstruction point cloud (a), generating an NURBS surface to fit the point cloud 
(b), and reconstructing the final surface (c). 

After generating the final surface, the obtained reconstruction surface shown in Figure 
21c was compared with the meshed surface shown in Figure 18c, which was the reference 
model in this test. First, the corners of the two surfaces were aligned, and then the surfaces 
were fine-tuned using the nearest neighbor algorithm. The distribution of the difference 
between the two surfaces is shown in Figure 22. The detailed error values are shown in 
Table 3. According to the table, the average error was +0.4970/−0.6213 mm and the proba-
bility that the error was less than 1.5 mm reached 95%. Therefore, the method proposed 
in this paper can replace laser scanning for quality inspection of the modular construction 
process. 

 

Figure 22. Comparison of the reconstruction surfaces.

Table 3. The comparison results of the reconstruction surfaces.

Result Reconstruction Error (mm)

Mean Error +0.49 −0.62
Standard Deviation 0.75

RMS Estimate 0.77
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5.3. Precision Discussions

Through the above quantitative tests, the feasibility of the proposed method has been
proven. The main purpose of the proposed method is to provide a new approach to the
management of assembly-type construction projects in addition to applying QR codes and
3D laser scanning technology. When applying the proposed method, several key points
need to be noted: (1) the ID and tag location posted on the module should be associated
with the BIM model; (2) the mobile phone camera must not use the automatic mode; (3)
the distance between two shots cannot be too far or too close because too close will reduce
the accuracy of generating the point cloud, while too far will cause the parallax calculation
to fail.

There is no doubt that this method has the advantages of economy and convenience,
but the accuracy is affected by many factors in actual project applications. For example,
the camera CMOS accuracy of the on-site mobile phone, the manufacturing flatness of the
module local area where the tag is located, the distance and angle when photographing the
modules, the sticking error when placing the tag, and the cutting error in the process of
reconstructing the model. The parameters of the entire process will vary from project to
project. To improve the accuracy, the tags should be photographed vertically as much as
possible, and a larger tag size should be used to ensure that the tag is flat. In addition, the
shooting distance should be close to the calibration distance to obtain high-precision photos.

6. Conclusions and Future Work

Modular buildings maximize the prefabrication of components in factories, so only the
connection and assembly processes are carried out on site. Therefore, modular constructions
always have greater management and installation quality requirements, including offset
and rotation generated during on-site assembly. BIM management methods based on QR
codes and 3D laser scanning have been widely used in industry, but the high equipment
costs have also put economic pressure on the promotion of BIM technology. In this study,
a novel economical modular construction management procedure is introduced. First,
photos containing the target modular building are taken and the AprilTags in the photos
are detected. After identifying the IDs in the AprilTags, process management is realized by
comparing the tag IDs with the BIM database to realize the function of using QR codes. In
terms of quality control, there are two conditions: scenario 1, deviations due to assembly
errors only; and scenario 2, deviations during assembly with deformations in individual
modules. For modules with high structural stiffness or higher manufacturing accuracy,
only construction tolerances are considered. The BIM data of the modules are used to assist
in reconstruction. For the composite tolerance condition where BIM data cannot be used,
the reverse point cloud is generated based on AprilTags and the final reconstruction model
is completed through coarse extraction and fine extraction.

Two validation tests were performed to evaluate the capabilities, as well as the lim-
itations, of the methodology discussed in this paper. In the first test, the reconstruction
model was compared with the reference model fabricated by 3D printing to simulate the
construction tolerance-only condition; in the second test, the reconstruction model was
compared with the reference model generated by 3D laser scanning to simulate the compos-
ite tolerance condition. By comparing the offset and rotation in the reconstruction model
and the reference model, it has been shown that the proposed method is feasible for quality
inspection in the modular construction process. In addition, the reconstruction point cloud
was further precisely clipped and analyzed by alignment with the reference model, and the
probability that the error was less than 1.5 mm reached 95%, illustrating the performance
of the proposed algorithm on the deformation surface.

In summary, this method automatically acquires the as-is condition and installation
data of stacked modules on sites using no-cost AprilTags and a common phone camera. By
using AprilTags instead of QR codes to label modules, progress management is achieved
through rapid identification and association of multiple modules based on a single image.
Moreover, a virtual multi-view vision algorithm based on AprilTags is proposed to generate
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3D reverse models of the construction site; the quality result can be acquired by comparing
the offset and rotation values of the reverse model and the BIM model. Since the component
is the basic unit of the associated AprilTag, the proposed method can be extended to the
construction management of all prefabricated buildings.

Next, the proposed method will be applied to different actual projects to collect
effective application data. The influence of lens distortion, moving distance, and distance
to the module on the accuracy of the reverse model will be the focus of future research. To
further improve the quantization solution of the optimal accuracy setting in the discussion
section, the authors are developing a parameter system that can combine project features
and mobile phone internal parameters to automatically determine the optimal settings.
Based on the collected data from different projects, artificial intelligence (AI) is used in
this parameter system to quickly analyze the reliability of using different mobile phones,
constructions at different sites, and different modular buildings to help asset managers
take appropriate actions accordingly. Finally, according to the proposed method, a BIM
management and quality control system for prefabricated construction based on AprilTags
and mobile phones has been developed.
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