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Abstract: As indispensable infrastructure for supplying industrial and residential water,
structural failure to water diversion projects will result in unmeasurable loss. Safety inspection
is critical for the operation of these projects. Traditional manual inspection is inefficient, has
limited coverage, and cannot collaborate the off-site decision-makers with field workers to
evaluate the detected abnormal phenomena. In addition, building information modeling (BIM),
which is an intuitive and data-driven information platform, has not been integrated with the
existing safety inspection procedure for better understanding the detected risk issues. To tackle
these drawbacks, a safety inspection method that integrates unmanned aerial vehicle (UAV)
and dynamic BIM is proposed in this paper. An overall workflow for dynamic BIM-augmented
UAV safety inspection is developed, which consists of data collection, dynamic BIM
construction, and UAV-BIM coupling. A dynamic BIM model is created by aggregating timely-
updated safety information with a BIM model in the Web environment. The synchronous
navigation of UAV video and dynamic BIM is realized by matching the virtual camera

parameters with the real ones. The field experiment implemented in Tianjin, China
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demonstrates the efficacy of the proposed method, which can not only improve the safety
inspection efficiency, but also enable the off-site managers to view the inspection video, and
make timely and comprehensive safety evaluation with the support of dynamic BIM. Although
the proposed method is introduced from the perspective of water diversion projects, it can also
be applied to the inspection of other large-scale infrastructures, e.g. pavements, dams, and

railways.

Keywords: Infrastructure; Water diversion project; Safety inspection; Unmanned aerial

vehicle (UAV); Dynamic BIM; Virtual-real interactive system.

1. Introduction

Water diversion projects are indispensable for inter-basin water resources allocation and
industrial production. Structural failure or any other safety hazards to these projects will result
in unmeasurable economic and social loss. The middle route of South-to-North Water
Diversion Project [1, 2], which diverts water from Danjiangkou Reservoir to Beijing-Tianjin
area, has an overall length of 1432km. The hydrologic and geological condition surrounding
the project is varied and complicated, which threatens the project safety with multiple risks
such as water contamination, leaking, landslide, and ice disasters. Without early detection of
these safety issues, the health condition of the project will deteriorate rapidly, leading to
disastrous results.

Routine safety inspection is critical for timely detecting safety issues and taking proactive

measures to eliminate potential hazards in early stage. With traditional methods, field personnel
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usually patrol along the route to check out the items one by one listed in a checklist, which is
labor-intensive and time-consuming. To improve the efficiency of safety inspection, many
studies have been carried out. Lin et al. [3] developed a software application based on iPad
platform to assist daily inspection. Teizer [4] investigated the application of 3D range imaging
camera to generate real-time feedback about the location of objects in construction site.
Jaselskis [5] realized remote monitoring of construction operation by transmitting the live
video from the portable camera to off-site personnel. Zhou et al. [6] investigated the feasibility
of augmented reality (AR) in inspecting segment displacement for tunneling construction. Li
et al. [7-9] utilized ground penetrating radar (GPR) to detect and characterize the invisible
underground utility such as water pipelines.

Despite the advancements made in existing researches, current practice for water
diversion project inspection is subject to the following limitations. First, existing research falls
short of improving the efficiency of water pipeline inspection, for these linear projects usually
have great overall length and cover large spatial areas. Second, the traditional method lacks
effective technical measures for information collaboration between in-situ inspectors and
project managers in rear control center. In such case, it is difficult for project managers to get
insight into the inspection process for precisely evaluating the safety condition. Third, BIM
(building information modeling) models integrated with safety monitoring data, structural
geometry, and material property have great values for assisting safety evaluation and decision
making. Combining the visual assets of inspection process with a BIM model can help the
project participants better understand the detected safety issues in an information-augmented

virtual context. Unfortunately, few research efforts have been made to integrate BIM into the
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safety inspection process.

To address the limitations, a safety inspection method that integrates unmanned aerial
vehicle (UAV) and dynamic building information modeling (BIM) is proposed for long-
distance water diversion project. With this method, UAV is used to perform routine inspection.
Video stream during the inspection is captured by the onboard camera and transmitted to the
rear control center, where the captured video is coupled with a dynamic BIM.

The contribution is threefold. First, a dynamic BIM model is created by aggregating the
timely-updated safety information with a BIM model in the Web environment, with which the
safety status of the project could be evaluated and managed in a visualized way. Second, a
matching algorithm for connecting video streams of real-world project and the corresponding
BIM model is proposed. This algorithm could provide a generic methodological guideline for
realizing virtual-real interaction between video streams and 3D virtual models. Third, the
proposed method improves the level of automation and collaboration for safety inspection of
water diversion projects. The efficiency is improved by using a UAV to perform inspection.
The off-site managers can view the whole inspection process via a broadcasting or playback
UAV video, and better understand the safety issues detected from the video with the support of
the integrated dynamic BIM.

2. Review of related technologies
2.1. UAV-based safety inspection

Unmanned aerial vehicle (UAV) has great potentials to renovate the practice of safety

management in civil engineering. de Melo et al. [10] investigated the feasibility of applying

UAV for safety inspection during construction, and found that the visual assets collected by
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UAV can improve the safety inspection on jobsites. Ellenberge et al. [11] proposed an automatic
UAV image recognition method for bridge structural damage detection. Huang et al. [12]
realized deformation monitoring of steep slop in moutainous region with UAV remote sensing.
Rengaraju et al. [13] and Jones [14] explored the application of UAV in intelligent inspection
of electricity grid. The application of UAV allows covering certain places where it is unsafe for
manual inspection, and improves the efficiency. However, existing systems fall short of
providing useful and intuitive information during UAV inspection process for better
understanding the visual assets captured by the onboard camera. Therefore, we propose to
integrate dynamic BIM into the process of UAV inspection.
2.2. Dynamic BIM

Dynamic BIM is a combination of building information modeling and the Internet of
things (IoT) [15], which uses various sensors, e.g. radio frequency identification (RFID),
thermal prone, to dynamically collect construction and operation data of a project, and further
integrates the collected data in BIM context. This combination enables the static 3D model to
be the dynamically updated and reflect the building condition in near real time. Vaha et al. [16]
conducted a survey for sensors that are potentially useful in the area of construction automation
from the perspective of positioning, tracking, progress monitoring, and quality control. Park
and Cai [17] developed a WBS-based database to incorporate as-built construction information
with BIM model. Lin et al. [18] used a tablet PC to assist quality inspection, and the
dynamically collected records and photos about construction defects can be tracked and
managed in BIM models. Li et al. [19] integrated RFID technology with BIM to enable the

real-time on-site assembly services in prefabricated construction. Researchers also have
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investigated the application of dynamic BIM in facility monitoring [20], emergency evacuation
[21], and asset management [22, 23].

Dynamic BIM can enhance the practices of safety management in architecture,
engineering, and construction (AEC) industries by automating the process of risk identification
and proactive response [24]. For example, Li et al. [25] developed a construction safety
management method by comnining the behavior-based safety theory with BIM models.
Existing researches provide useful references for creating a dynamic BIM for safety
management of water diversion projects.

2.3. Virtual-real interactive system

Figure 1 illustrates the technical principle of a virtual-real interactive system (VRIS). First,
the global positioning system (GPS), inertial measurement unit (IMU), camera and other
sensors are used to detect the spatial location, posture, and surrounding environment of an
entity system. The collected data are then input to a virtual system for simulation analysis.
According to the analysis results, the system status is updated, and fed back to the entity system
for information augmentation and mechanical control [26, 27]. One typical application of VRIS
is augmented reality (AR) technology. Existing VRISs can be divided into two types based on
the principle of position tracking. The first type is sensor-based, which uses localization sensors,
such as GPS, IMU, to directly obtain the position and posture of the system. According to these
posture data, parameters of the virtual system such as view point and view angle are
dynamically adjusted to fuse the 3D model with real-world scene, e.g. Pokemon Go [28], Li et
al. [29], Lee et al. [30], He et al. [31, 32]. The other type is based on vision, which uses a

camera to capture the images of surrounding environment. By registering the captured images
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into the virtual 3D model, the location and orientation of the entity system in virtual
environment is determined. This type of systems includes AR textbook [33, 34], Zhou et al. [6],
Alam et al. [35], Park et al. [36].

In this paper, a sensor-based VRIS is developed for realizing the coupling of dynamic
BIM (virtual) and UAV inspection video (real). By retrieving the location and posture
information acquired by on-board sensors, the dynamic BIM model can navigate
synchronously with the UAV video.

3. Workflow for dynamic BIM-augmented UAYV safety inspection

Figure 2 shows the workflow for dynamic BIM-augmented UAV safety inspection, which

consists of three steps, i.e. data collection, dynamic BIM construction, and UAV-BIM coupling.
(1) Data collection

In this stage, two types of data related to safety evaluation, management and maintenance
are dynamically collected at the operation stage of a water diversion project, i.e. regular safety
information and UAV inspection data.

The regular safety information is the external data source for the creation of dynamic BIM,
which comprises two aspects, i.e. automatically collected safety indexes and manually onsite
inspection data. Safety indexes such as crack, strain, and settlement at typical cross-sections
are quantitative and continuous values automatically collected by a structural health monitoring
(SHM) system [37]. The SHM system deploys different kinds of sensors along the route to
detect the safety indexes mentioned above. The data are collected at a user-defined time interval
(e.g. once a day) and are transmitted to a remote database server via mobile communication

networks [38]. On the other hand, since manual onsite patrol is still an indispensable part for
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the operation of water diversion project, the data generated in this process should also be
integrated with the BIM model. The data include (1) in-situ photos that are captured by onsite
inspectors about potential safety issues at suspected areas; and (2) inspection documents that
are filled out by the inspectors to take notes of their evaluations on the condition of certain
sections, equipment or facilities. These documents are manually uploaded to the database as
image format. It should be noted that manual onsite patrol is an independent process that differs
from the UAV inspection.

The UAV inspection data comprise UAV flight status (e.g. posture, gimbal posture, field
of view) and aerial video captured in the inspection process. Two alternatives for UAV data
transmission are provided depending on the onsite network facility. If mobile communication
network is available, the data is sent back to the database server in real time during inspection;
otherwise, the recorded aerial video and collected flight status will be saved as files, and
manually uploaded to the server after inspection. To be more specific, the aerial video is
transmitted by real time messaging protocol (RTMP) [39], and a video server is set up to receive
video stream and publish it to the web-end user.

(2) Dynamic BIM construction

The construction of dynamic BIM for safety management has three steps. First, a BIM
model of a water diversion project is created using Revit or PowerCivil. Second, the BIM
model is processed, compressed, and converted into a data format that is suitable for sharing
and browsing in the Internet environment. Third, the regular safety information is dynamically
mapped to the obtained light-weight BIM model.

(3) UAV-BIM coupling
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To realize the synchronous animation of dynamic BIM and aerial video, the following
method is proposed. The aerial inspection video is played on web browser in a stream media
format. The flight status data (position, and gimble posture, field of view, etc.) corresponding
to the current frame of the video is utilized by the BIM model to determine the parameters of
the virtual camera such as viewpoint, view angle, and field of view. Since the coordinate system
and the parameters used by a BIM model is different from UAYV, coordinate transformation and
parameters matching are first conducted before the flight status data can be used to guide the
navigation of BIM scenario. By the integration of UAV and dynamic BIM, the visual assets
collected by the on-board camera could be better understood in an information-augmented
virtual context.

4. Dynamic BIM for safety management
4.1. BIM modeling for water diversion project

A typical safety-oriented BIM model for water diversion projects should include four
types of elements, i.e. surrounding topography, major structure, ancillary facility, and structural
health monitoring (SHM) sensor, as shown in figure 3.

The surrounding topography in the BIM model helps improve the visualization and assists
the users to better determine the spatial layout of the project. It comprises terrain and typical
landmarks. The former is represented by digital elevation model (DEM) overlaid with digital
orthophoto map (DOM), which can be obtained from Google Earth (with the highest resolution
of around 10m). If a terrain model with higher precision is needed, DEM and DOM with higher
resolution can be acquired by using UAV to survey the surrounding area. Typical landmarks

refer to those man-made objects which are well-known or conspicuous in the local area, e.g.
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factory, farmhouse, expressway. Since the precise geometry of these objects are not the primary
concern, their models are created by imitating the contour and appearance of the objects shown
on the Google Earth platform.

The major structure refers to the linear project itself, such as pipeline and water channel.
Because BIM software, e.g. Revit, generally does not contains available family for such kind
of element, a self-built family type should be created by defining the geometry and material
property of the basic constituent component. In the case of figure 3, a water pipeline is used as
an example. Since the pipelines are buried underground, a boolean operation is performed to
dig out the terrain model surrounding the pipelines.

Ancillary facility is the equipment or facility that is indispensable for the operation of the
major structure, such as air valve and butterfly valve in the case of pipeline, or sluice in the
case of water channel. These models are created by instantiating the corresponding families
available in the BIM software. Different types of SHM sensors are represented by entity models
with different shapes and colors, e.g. pink cylinder for crack meter, red cuboid for settlement
meter. The sensor models are placed in the BIM scenario according to their real-world layout.
4.2. BIM model compression

Traditional desktop-based BIM model is unsuitable for sharing and realizing collaboration
among project stakeholders on the Internet due to the time-consuming transmission process
[40]. Therefore, the created BIM model should be compressed and converted into a light-
weight format that is suitable for displaying on web browsers. Web graphics library (WebGL)
is a 3D interactive rendering engine based on client-end browsers, and has become a prevalent

solution for BIM compression. Compared with the traditional method that relies on plug-in on
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the user end, e.g. ActiveX, developers only need to write JavaScript code with the API
(Application Programming Interface) provided by WebGL for realizing advanced 3D
interaction [41, 42].

In this paper, Autodesk Forge is used for model processing and interaction on Web. First,
the cloud-end Model Derivative API is called for dividing and converting the original large
model into a dataset that consists of many files with small size [43]. Then the extracted model
is rendered and displayed on the Web end by calling the Viewer API, which is an encapsulation
of WebGL.

4.3. Dynamic integration of safety information

The Entity Relationship diagram in figure 4 illustrates how the regular safety information
stored in the database is dynamically linked with BIM model. The safety indexes collected by
the structural health monitoring (SHM) system are connected to the corresponding sensor
models, which are virtual representations in the BIM scenario of the real-life sensors. The key
point for passing the collected data to the sensor models lies in a database table named “sensor-
bim”, which defines a mapping relationship between all the sensor BIM models
(sensor_model_id) and the code number of the real-world sensors (sensor _code). As mentioned
before, the SHM system automatically collects data of different safety indexes at preset time
interval (e.g. once a day). The collected data are stored in the sensor_data table of the database.
When users click on a certain sensor model in BIM scenario, the sensor code of the actual
sensor which the model represents can be obtained with the sensor-bim table. Then, with this

sensor_code, the information of the sensor and the monitoring data collected by the sensor can

be retrieved respectively from the sensor info table and the sensor data table by the references

11
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of primary and foreign keys between tables.

Manual onsite patrol at the operation stage is performed separately at each section, and
hence the corresponding inspection data, e.g. in-situ photos, inspection document, should be
classified and managed on a section basis. As illustrated by figure 4, the section-bim table
defines the relationship between different sections of a project (section_id) and its constituent
BIM elements (element id). The section-bim table is connected to the section info table
through field section id, which is then related with in-situ photo, inspection document stored
in the insitu_photo table and the inspect_log table. The in-situ photos and inspection documents
are stored as image files, and thus the database only reserves the metadata that describe the
property of the files, e.g. storage path (field path) and section (field section id). When a BIM
element is clicked, the manual inspection data corresponding to the section it belongs to can be
retrieved and queried. The photo-captured location can also be indicated in the BIM scenario
with the stored coordinates, which are represented by field pos lon (longitude), pos lat
(latitude), and pos_alt (altitude) in the insitu_photo table.

5. Virtual-real interaction between UAV and BIM
5.1. Coordinate transformation

While the positioning unit of a UAV uses the WGS-84 system, a BIM model is generally
created with a local coordinate system by defining a project survey point as the reference point.
Hence the WGS-84 coordinate first needs to be converted to a BIM project coordinate system
as illustrated by figure 5.

Different countries or regions usually use different geographic coordinate systems, e.g.

the Beijing 54 Coordinate System in China, and the North American Coordinate System 1983

12
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in the United States. The conversion from WGS-84 to these country/region systems is described
as a transformation between two different 3D cartesian coordinate systems in figure 6 (a). The

formula is as Eq. (1).

1 & -—¢ AX,
p=Q+m)i-¢, 1 & |p+|AY M
& —& 1 AZ,

Where, p, and p, are the UAV coordinates in WGS-84 system and country/region
system respectively, i.e. (X,,Y,,2,)" and (X,¥,,Z) . &, &,and &, are respectively the
rotation angle around X axis, Y axis, and Z axis. M, 1is a scale factor, and [AX, AY, Azl]T
is a translation vector. There are seven unknown parameters in the formula, and hence the
transformation is usually called a seven-parameter transformation. To determine the values of
these parameters, at least three reference points, whose coordinates are known before and after
the transformation, are needed to solve a set of linear equations [44].

The conversion from the geographic coordinate system used in a country/region to a
projection coordinate can be performed with GIS (geographic information system) software,

which is represented by Eq. (2).

p2 = fproj ( pl) (2)

Where, p,(X,,Y,,h,) is the UAV coordinate after conversion, and f__(x) represents

proj
the mapping relationship from a 3D coordinate system to a projection coordinate system. The

specific form of f__(x) is determined by ellipsoidal parameters, projection principle, and

proj
central meridian.
The next step is to convert the projection coordinate into a local coordinate system. Figure

6 (b) shows the geometric model for the transformation process. The formula is as Eq. (3).

13


http://www.baidu.com/link?url=Y53qbfxwYaiLHA8JvRF0Z4fD-jhZBgWiewMQgfRtWJq-4lx3dZPJR4-CwkHBzWVi2yw81Xwj-iAoxF0uw1JHS_wRCzl1G2Qwq3odTeHfKxRJjVV5ViEMuHhvBmF6qZ4Q
http://www.baidu.com/link?url=Y53qbfxwYaiLHA8JvRF0Z4fD-jhZBgWiewMQgfRtWJq-4lx3dZPJR4-CwkHBzWVi2yw81Xwj-iAoxF0uw1JHS_wRCzl1G2Qwq3odTeHfKxRJjVV5ViEMuHhvBmF6qZ4Q

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

Dynamic BIM-augmented UAV safety inspection for water diversion project

cos®w —sinw AX,

0
p,=(+m)|sine cose 0 |p,+| AY,
1

3)
—<

0 0

1+m, |

Where, p, is a plain coordinate vector (X,,Y,,h,)" under local coordinate system; @
is the rotation angle; m, is a scale factor; AX, and AY, are the translation values; ¢ is
height anomaly between quasigeoid and reference ellipsoid [45], which can be obtained by
joint survey of leveling points and trigonometrical stations in local area. This work is usually
performed by the survey department. Similar to seven-parametric transformation, the four

unknown parameters, namely, @, m,, AX,, and AY,, can be solved with a least two

3
reference points.

BIM coordinate system selects one of the control points in the local coordinate system as

the project survey point. The conversion is presented as Eq. (4).

AX 4
P, =Pt AY4 “)
0

Where, p, isthe coordinate vector (X,,Y,,h,)" inBIM project coordinate system. AX,
and AY, are the translation values, which are the opposites of the coordinates of the selected
control point.

5.2. Matching of camera parameters

This section illustrates how to calculate the parameters of virtual camera based on the
UAV flight status data. The on-board camera is described as a six-degrees-of-
freedom rigid model as shown in figure 7, based on the following assumptions. First, the UAV

is equipped with a 3 axis brushless camera gimbal. Thus, the posture of the on-board camera

14
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will not be affected by the vehicle’s motion. Second, the distance between the UAV positioning
unit and the on-board camera is negligible, so that the position of the camera can be obtained
from the UAV positioning unit.

Figure 7 (b) illustrates how the camera posture is described. Yaw is the angle (« ) from
true north direction. Pitch is the angle ( #) between the looking-at direction of camera and the
horizontal plane. Roll is the rotation angle (¢ ) from vertical plane around the looking-at
direction.

When a BIM model is interactively rendered by WebGL, the engine uses three vectors to
describe the posture of virtual camera, i.e. P,,, Py, and Vv, (see figure 8). p,, is the
position of the virtual camera in BIM scene. p,, is the look-at point of the camera. v, isa
normalized vector orthogonal to the camera rigid body, which reflects the rotation of the camera

around the observing direction.

Pee €quals the position vector of UAV under BIM project coordinate system, as Eq. (5).

peye = p4 (5)

The observing direction of virtual camera is denoted by a normalized vector v, ., which

eye *

is derived from the gimble posture of the real camera as Eq. (6).

Ve = (cosﬁ'cos(g-a), cos ,Bsin(%-a),sin L)' (6)

After determining the v

oe> Pa can be obtained by calculating a point on the half-line

that starts from p,, , and parallels v, .

The camera up vector Vv, is subject to a set of equation as Eq. (7).

15
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Vup 'Veye =0
322 |\/up | =1 )
Vo -M =, ||m|cosp
323 Where, m is the projection of the vertical up vector on imaging plane. v, is derived

324  as Eq. (8) by solving the equations.

sin(%—a)sin go—cos(%—a)sin S cose

vV, = Vd . . T .
325 w —cos(E—a)sm go—sm(E —a)sin Bcosg ®)
i Cos S Cos @ |
326 Optical parameters also need to be simulated in virtual environment other than physical

327  posture. Perspective projection in WebGL can simulate the real optical imaging system, where
328  objects in the distance appear smaller than the objects close by [46]. As shown by figure 9, the
329 view volume determines the range of imaging in a 3D scene, which is defined by four
330  parameters, i.e. fovy, aspect, near, and far. fovy stipulates the field of view in y axis. aspect is
331 a width-to-height ratio of the projection plane. near and far are respectively the distance from
332 the camera to near clipping plane and far clipping plane. These parameters should be matched

333 to the real camera according to Eq. (9).

fovy | [ fovy, |
aspect | | Wy /hg
334 near | | m ®
far | +oo |
335 Where, fovy, is the field of view of real camera in vertical direction, which can be
. : : h,, fov,
336 derived from diagonal field of view ( fov, ): fovyg Zz—hz ; W and h; are
WR + R

337 respectively the width and height of imaging rectangle of real camera; near and far equal,

338 respectively, a minimal constant m and infinity.
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5.3. Virtual-real synchronous navigation

The method for synchronous navigation of virtual scene and UAV aerial video is
illustrated by figure 10. With the aerial video in ‘play’ status, an event listener will be executed
to detect whether the user activate to start virtual roaming. If the ‘start’ event is activated,
current state (at time 7) of virtual camera S (p,, P,,V,,) Will be retrieved with WebGL API.
Regarding optical parameters, such as fovy and aspect, they usually have fixed values for a
certain kind of UAV, so we have pre-programmed their values into the system.

As the second step, the target status of virtual camera at time t+ At needs to be derived.
If the video is lived in real time, the latest piece of data (t+ At = max{t,}) will be retrieved from
the UAV flight status database, which continuously receives data from onsite UAV. If the video
is a playback, the global sampling time t; of the current frame of the video is first calculated
by adding the video start-recording time tg to the playback progress {, . Then the flight status
attime t+At=t; isretrieved from the flight status database. With the retrieved flight status,
the target camera status S, (P, Py V) 1n BIM model is obtained by coordinate
transformation and parameter matching as mentioned in the last two sections.

Tween.js [47] is used to realize smooth navigation between state S, and state S, .
When Tween object is instantiated, the lasting time ( At) for transition from initial state to target
state can be designated, e.g. 2000 ms. After the transition process is finished, the program will
automatically execute the next cycle of the aforementioned process unless a ‘stop’ event is
activated. In such circulation, the continuous animation of BIM model synchronously with
UAV video is realized.

6. Field experiment
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The efficacy of the proposed method is demonstrated in a water diversion project in
Tianjin, China. The demonstration project is an auxiliary project of the South-to-North Water
Diversion Project, which is 100.44 kilometers long, and mainly consisted of steel pipe and
prestressed concrete cylinder pipe.

6.1. Safety dynamic BIM

Geokon [38] products are used by the project for automatic structural health monitoring.
The monitored indexes include internal/external water pressure, stress, and crack. Manual
onsite patrol is conducted periodically to inspect the operation condition of certain structures
and facility. This section aims to validate the dynamic integration of BIM model and these
safety-related data on the Web end.

Figure 11 shows interfaces of the constructed dynamic BIM for water pipeline. The
structural health monitoring data can be queried by clicking the sensor models, as figure 11 (a).
Users can query the in-situ photos and inspection documents of a specific section by clicking
any element models that belong to the section, as shown by figure 11 (b) and figure 11 (c). The
dynamic BIM improves the intuitiveness and efficiency for pipeline safety management, and
can provide useful information for assisting condition assessment and decision-making for
UAV inspection.

6.2. Accuracy evaluation of virtual-real matching

The accuracy of matching between dynamic BIM and UAV video is analyzed in this part
for two working conditions, i.e. the live and the playback. The UAV used in the demonstration
project is DJI Phantom 4 Advanced, which is equipped with a 3 axis brushless camera gimbal.

The UAV-borne camera has a field of view of 84° , an equivalent focal length of 24mm, and
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video resolution of 1280 X 720. Two inspection routes are designated as shown in figure 12 (a)
and (b). Route #1 has an overall length of 1.1km, which starts from K14+350, retraces back at
K13+550, and ends at K13+800. Route #2 has an overall length of 1.3km, which starts from
K14+350 and ends at K15+600. Figure 12 (c) and (d) show the moving paths of virtual camera
in BIM scene, from which we can see the moving path are in accordance with the actual
inspection routes.

6.2.1. Live video

The accuracy of matching with broadcasting live video is evaluated in this part. When the
live video is played, the BIM scenario will synchronously navigate on the same web page.
During the process, screenshots are taken to generate multiple groups of the UAV image and
its virtual counterpart, as is shown by figure 13 and 14 (UAV image at the bottom, and its
virtual counterpart at the top). The overall evaluation results of all the image groups will form
the final evaluation of matching accuracy between BIM and the live video.

The matching degree for each image group is obtained by questionnaire investigation, of
which the ultimate purpose is to evaluate the accuracy of matching between UAV and BIM. It
should be noted that a similar process can be carried out to evaluate the efficacy if the proposed
system is applied in other projects. Seven graduate students majored in hydraulic engineering
are selected as interviewees, who are asked to rate each group of images according to a
hierarchy system including three levels, i.e. ‘correct’, ‘basically correct’, and ‘incorrect’. To
guarantee the interview is unbiased, all participants are selected randomly from different
research groups, and the interviewees are required to complete the questionnaire separately and

independently. The final assessment for each group is the rating level that receives the most
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votes, which is shown by figure 15. The number of image groups rated as ‘correct’, ‘basically
correct’, and ‘incorrect’is 19, 8, and 3, respectively, which account for 63.3%, 26.7%, and 10%,
as demonstrated by table 1. The image groups rated as ‘basically correct’ or above is considered
successfully matched, which accounts for 90% of all the image groups.

6.2.2. Playback video

Similar to the live video, the accuracy of matching between dynamic BIM and playback
video is also evaluated based on the image groups shown in figure 16 and 17.

The questionnaire feedback and assessment results are illustrated by figure 18. Table 1
indicates the number of image groups rated as ‘correct’, ‘basically correct’, and ‘incorrect’ is
23, 7, and 0, respectively, with the proportion as 76.7%, 23.3%, and 0%. With the assumption
that image groups rated as ‘basically correct’ or above are considered successfully matched,
the matching rate of virtual BIM and aerial video for playback condition reaches 100%.

By comparing the results of live video and the playback, it is easy to find that the matching
rate in playback condition is higher. This is probably due to the time latency of live video
transmission, which causes the video image lagging behind the virtual scene, e.g. image group
#L-1-13, #L-2-1, and #L.-2-10 1in figure 13 and 14.

6.3. BIM-augmented UAV inspection

The UAV inspection process is augmented by the synchronously roaming dynamic BIM,
as demonstrated by figure 19. Once the button representing ‘start’ at the bottom of the BIM
virtual scene is activated, the dynamic BIM start roaming along with the UAV aerial video. The
UAV video can be either lived in real time or played back, which depends on the onsite network

facility. During the inspection process, if any abnormality or suspected hazard (e.g. landslide,
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water leakage) is detected from the aerial video, the administrative staff can intervene to stop
the navigation of the BIM model. The environment surrounding the abnormality location can
be check out in the BIM scenario. For example, if there are farmlands at the neighborhood, the
crops in the field would probably be destroyed by the flushing water once a pipeline bursting
occurs. Main road near a hazard location means the place would be easy to access for carrying
out restoration. Grasping such spatial information helps the project manager forecast potential
loss better, and evaluate the situation more comprehensively. The safety monitoring data and
inspection records can be queried from the dynamic BIM, which supports decision-making
during UAV inspection. For instance, if the manager cannot determine whether a water leakage
has occurred from the aerial video, safety indexes can be retrieved from BIM to support
decision-making. The continuous increasing of external water pressure and crack indicates that
a water leakage would probably have been happening.
7. Conclusion

This study proposed a safety inspection method for water diversion projects that integrates
UAV and dynamic BIM. An overall workflow for dynamic BIM-augmented UAV safety
inspection is developed, which consists of data collection, dynamic BIM construction, and
UAV-BIM coupling. A dynamic BIM model is created by aggregating the safety information
with BIM model in the Web environment. The synchronous navigation of UAV video and
dynamic BIM is realized by matching the virtual camera parameters with the real ones. The
applicability of the proposed method is validated by a field experiment in Tianjin, China.
Although this method is primarily proposed to address the problems in the field of water

diversion projects, it can also be applied to a variety of other civil engineering projects such as
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skyscraper, water dam, and pavement. The accident and hazard to onsite workers will be
significantly minimized by using UAV to perform safety inspection. The efficiency is improved,
and the collaboration is enhanced. With the help of dynamic BIM, potential risks and abnormal
phenomena detected in the UAV aerial video can be better understood by decision-makers in
an information-augmented virtual environment.

Future improvements will focus on the following two aspects. First, the precision for
UAV-BIM matching can be further optimized. On one hand, more precise positioning results
will be obtained if RTK-equipped UAV is used. For example, the DJI Matrice 210 RTK, can
reach a positioning precision of centimeter level. On the other hand, suitable filters should be
devised to remove the noise from the original raw data of UAV fight status. Second, although
the collaboration is enhanced by transmitting the inspection video back to the rear control
center, efforts should be made to streamline the formulation of inspection route. One possible
solution is that the administrative staff works out an UAV inspection route directly on the
dynamic BIM platform, and then sends it seamlessly via the Internet to the onsite UAV

operators.
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Tables

Table.1. Statistical analysis of assessment results.

Live Playback
Rate Level : : : :
Quantity Portion Quantity Portion
Correct 19 63.3% 23 76.7%
Basically correct 8 26.7% 7 23.3%
Incorrect 3 10.0% 0 0%
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619  Fig.1. Technical principle of virtual-real interactive system.
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621 Fig.2. Flowchart of dynamic BIM-augmented UAV inspection.
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622 * Annotation: CM — Crack Meter; SM — Settlement Meter; WPM — Water Pressure Meter

623  Fig.3. BIM model components for water diversion projects — a case for water pipeline.
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625  Fig.4. Dynamic safety information integrated with BIM components.
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Fig.5. UAV coordinate transformation process.
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Fig.6. Geometric models for coordinate transformation.

Location
JACAAYN)

(a) UAV gimbal mechanical structure (b) Six-degrees-of-freedom rigid model

Fig.7. Description of real camera posture.
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Imaging plane

BIM scene

Fig.8. Description of virtual camera posture in WebGL.
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Fig.9. Perspective projection in WebGL to simulate real optical imaging system.
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Fig.10. Flowchart for synchronous animation of BIM model and aerial video.
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Fig.11. Water pipeline dynamic BIM.
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(a) UAV inspection route #1 (b) UAV inspection route #2

Retracing

(c) BIM camera moving path for route #1 (d) BIM camera moving path for route #2

641

642  Fig.12. Moving paths of inspection route #1and route #2.
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#L-1-11 310s

#L1-1-13 430s #L-1-14 460 s #L-1-15 490 s

643

644  Fig.13. Image groups for live video at Route #1 — BIM image at the top and real image at

645  the bottom.
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646

647  Fig.14. Image groups for live video at Route #2 — BIM image at the top and real image at

648  the bottom.
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650  Fig.15. Matching accuracy assessment for live image groups.
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#R-1-4 113s #R-1-5

651

652  Fig.16. Image groups for playback video at route #1 — BIM image at the top and real image

653  at the bottom.
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655  Fig.17. Image groups for playback video at route #2 — BIM image at the top and real image

656  at the bottom.
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Fig.18. Matching accuracy assessment for playback image groups.
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Fig.19. BIM-augmented UAV safety inspection.
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