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Abstract. Traditional construction site monitoring primarily relies
on a human presence. Automated construction progress monitoring is
expected to make this process much more efficient and precise. The
planned state of construction (as-planned) must be validated by the
actual state (as-built) during automated construction progress monitoring. This research uses an integrated application of high-resolution lowaltitude UAV (Unmanned Aerial Vehicle) oblique photogrammetry and
Building Information Modeling (BIM) technologies for construction site
management. A case study was carried out for a renewable energy development program in the JiaDing District of Shanghai, China. A highresolution 3D model of the construction site acquired by our multi-motor
UAV provides data to illustrate the as-built state of the construction
program. Comparison of the UAV-based 3D model (as-built) with the
BIM-based 3D model (as-planned) for a specific chimney was used for
dynamic construction site monitoring. Our results show 3D illustrations
of construction progress. This research demonstrates that the BIM technology in conjunction with the use of UAV photogrammetry provides
efficient and precise as-built data collection and illustration of construction progress.
Keywords. Oblique Photogrammetry; UAV; 3D modeling; BIM;

656

T. QU ET AL.

construction site monitoring.
1. Introduction
Construction site monitoring is a time-consuming and primarily manual process
where there is a great need to implement automation. Automated construction
progress monitoring compares the as-planned state and the current built state to
monitor progress and detect deviations during construction (Tuttas et al. 2015).
Building information modeling (BIM) technology is a very useful tool for all
phases of a construction project. Used as a source of as-planned information, a
BIM model provides accurate 3D illustrations and is used to effectively monitor
work progress through the entire lifetime of a construction project (Vacanas et al.
2016). Low-altitude UAV (Unmanned Aerial Vehicle) photogrammetry, a new
rapidly developing technology, is able to collect the as-built information in a costeffective and efficient manner (Achille et al. 2015). Oblique aerial photogrammetry (Svennevig et al. 2015) enables image collection from different angles during
flight, thus providing fast and efficient access to information and the extraction
of different facades of urban buildings. The 3D model generated shows detailed
structures and real textures, resulting in a high-precision model.
This research used the integrated application of high-resolution low-altitude
UAV oblique photogrammetry and building information modeling (BIM) technologies for construction site management. First a UAV oblique photogrammetry survey was conducted to acquire a high-resolution 3D architectural model of
the construction site. Then, the UAV-based 3D model (as-built) for a specific
tower was compared with the BIM-based 3D model (as-planned) for dynamic
construction site monitoring. Progress at the construction site is quantitatively
evaluated, and the capability of the integrated application of high-resolution lowaltitude UAV oblique photogrammetry and building information modeling (BIM)
technologies for construction site management is fully demonstrated.
2. Methodology
Low-altitude UAV oblique photogrammetry is a rapidly developing new technology. Traditional 3D model construction primarily relies on manual photography
to retrieve the structure and textures of architecture and consumes time and labor. Because of the complex production process, high cost and rough generated
model, traditional 3D model construction cannot satisfy the needs of large-scale
3D modeling of a smart city. Compared with traditional aerial photography, UAV
photogrammetry is less affected by weather conditions, low flight altitude, limited
airspace and cost. As a new aerial photogrammetry platform, UAV can quickly
and efficiently obtain high-quality and high-resolution images. The rich texture information provided by UAV photogrammetry is particularly helpful in generating
high-accuracy 3D architectural models.
Aerial ortho photogrammetry can only capture the ground from the vertical
angle. The low-altitude UAV oblique photogrammetry in this study can capture
images from different perspectives by using multiple sensors on the same UAV
platform. This system quickly and efficiently obtains abundant data information
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and different façades of city buildings conducive to the detailed 3D modeling of a
smart city. The texture information acquired from this platform is true and reliable,
and the architectural model is precise and detailed.
2.1. LOW-ALTITUDE UAV OBLIQUE PHOTOGRAMMETRY WORKFLOW

To conduct low-altitude UAV oblique photogrammetry, flight preparation, route
planning and camera calibration should be carried out in advance. A multi-rotor
UAV is employed to capture the ortho and oblique images during the flight. When
images are acquired, rectification is conducted using optimized internal camera
parameters. An image matching procedure is carried out to provide adequate 2D
key points for aerial triangulation photogrammetry processing. Then, point cloud
densification is conducted for mesh generation, and texture rendering is employed
to finally achieve the comprehensive 3D model. The complete flow chart is shown
in figure 1.

Figure 1. The flow chart of low-altitude UAV oblique photogrammetry.

3. Generation of 3D Model Based on Low-altitude UAV Oblique Photogrammetry
The construction site is located at the Town of Gutang in the Jiading District,
Shanghai, China. This site is a Renewable Energy Development Program that
receives substantial attention from the government of Shanghai. Thus, it is a key
project of Shanghai and the number one project of the Jiading District. The size
of the construction project is 46475 m2 .
3.1. UAV OBLIQUE PHOTOGRAMMETRY SYSTEM

The multi-rotor UAV (figure 2a) we used in this research is designed for aerial
flight at an altitude of 100 to 300 meters. The UAV is equipped with a 5-lens
camera with one nadir and 4 oblique views that is able to capture images from
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five different angles (figure 2b). The view angles of the four oblique lenses are 45
degrees. GPS and IMU instruments are also mounted to acquire the geographical
location and attitude information at the time of exposure.

Figure 2. a) The multi-rotor UAV equipped with a 5-lens camera. b) A set of exposure images
at a certain point in time.

3.2. FLIGHT ROUTE PLANNING

The flying altitude was 100 meters. The ground resolution of images acquired is 2
mm/pixel with a 70% course overlap and 50% side overlap. Figure 3a illustrates
our flight route planning, and Figure 3b demonstrates the ortho mosaic image of
the whole study area. Images acquired from multiple perspectives avoid the shot
block problem that occurs during traditional aerial photography. The textures of
different facades are also collected perfectly during the flight.

Figure 3. a) Flight route planning of the study area. b) The ortho mosaic image of the study
area.

3.3. POST-PROCESSING OF UAV PHOTOGRAMMETRY AND 3D MODEL PRODUCTION

The post-processing made use of Pix4D Mapper (Vallet et al. 2011) to complete
the oblique photogrammetry survey. In total, 2560 ortho and oblique images as
well as POS data were input into the system to conduct image rectification. A relative difference between initial and optimized internal camera parameters of 2.63%
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was acquired during the camera optimization process. The bundle adjustment of
interior and exterior orientation was carried out with the mean re-projection error
being only 0.2 pixels. With the use of dense image-matching technology, a Triangular Mesh Model (figure 4a) was acquired based on a dense point cloud of real
images. Texture rendering was conducted on the triangular mesh model, and a 3D
architecture model (figure 4b) was finally achieved.

Figure 4. a) The Triangular Mesh Model built for the study area. b) The reality-based
3-dimensional architecture model of the study area.

4. Automated Construction Progress Monitoring Using UAV-acquired Model
and BIM-based Model
In this study, we used a specific structure (the chimney) in the construction site as
an example to illustrate the applicability of our automated construction progress
monitoring strategy. The chimney building is 70 meters high and approximately
a triangular column design. Its BIM model (as-planned state) and UAV-acquired
model (as-built state) are shown in figure 5. Particularly in the UAV-based model
of the chimney, there is a whole set of scaffolding facilities along the column wall.
4.1. COMPARISON OF AS-BUILT AND AS-PLANNED STATE

During the construction period of our case study, there were always temporary
structures, such as scaffolding components that are also reconstructed in the UAVbased point cloud. To split the scaffolding points in the model, we use a distance
threshold because they are meters away from the wall structure model plane. In
figure 6a, we see from the overhead view of the point cloud that real chimney structure points are significantly isolated from the scaffolding points. Using the method
described by Tuttas et al. (2015) which is able to compare the photogrammetric
point cloud with BIM model components, we obtain the result of the as-built and
as-planned comparison. It should be noted that in order to clearly display the spatial overlap between UAV point cloud and BIM model, in the following figures,
the point cloud is enlarged on the horizontal plane to a certain extent. Figure 6b
shows that the dense point cloud acquired by UAV photogrammetry clearly indicates the already built components of the chimney. However, due to occlusions,
the planes inside the exterior structures cannot be captured by the UAV cameras
and are not represented in the point cloud, thus it cannot be determined whether
they are built or not.
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Figure 5. The BIM model and UAV-acquired model of the chimney.

Figure 6. a) The overhead view of the point cloud. b) The comparison result of as-built and
as-planned states. Blue points represent the points of real chimney structures, while magenta
points represent the scaffolding components.

4.2. DYNAMIC CONSTRUCTION SITE MONITORING DURING TWO FLIGHTS

During the construction of our case study, we carried out two UAV flights in June
and September. The comparisons of the as-planned and as-built state at two time
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epochs are calculated below.From figure 7 a/b, it is clear that in June there are
still scaffolding components around the top floor of the chimney. Figure 7 c/d
shows that construction of the top floor in September is already completed. The
scaffolds along the exterior wall have not been removed. We can see from figure
7d, which is the last flight of the construction site, that the exterior structure of
the chimney architecture is completely built. However, the interior structure still
needs a human to determine the status.

Figure 7. Results of as-planned and as-built comparison in June (a/b) and September (c/d). a)
The whole chimney. b/c) Enlarged view of the chimney top. d) The final state of the chimney
construction progress. Black points represent the UAV point cloud, while colorful points
represent temporary structures such as scaffolding components.
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5. Discussion and Future Work
This research applies low-altitude UAV oblique photogrammetry for quick and
easy 3D modeling of the as-built process of construction programs. It demonstrates
the capability, integrity, high precision and high efficiency of this process of architectural modeling. The BIM technology in conjunction with the use of UAV
photogrammetry enables an as-planned and as-built comparison of construction
progress. Hence, more effective project management and dynamic construction
site monitoring can be achieved.
During the UAV-based 3D model production procedure, we found that defects
do exist in the automated process. For example, the bump of the aircraft might
lead to geometric distortion of images and result in a convex hull and holes in
the generated model. Manual intervention, such as geometric repair and detailed
decoration, might be needed in future optimization work. Our comparison strategy
is currently fitted only for the given case study and needs to be tested on different
cases to achieve a more robust validation for the future.
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