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Abstract. City digital twins are becoming increasingly important for
the sustainable development of cities, and augmented reality (AR) has
been attracting attention as a tool for visualizing city digital twins. In
addition, from the perspective of SDG 11, it is essential to manage flood
risk in urban spaces. However, there are no case studies that present a
bird’s-eye view of a simulated city. Visualizing the state of a flooded
city during a disaster is one potential use case. From the perspective of
information graphics, people want to understand urban data at the micro
and macro levels. This study proposes a city-digital-twin approach for
visualizing a simulated city using a large-scale AR and drone
integration method that does not require a specific software
development kit (SDK). This system can visualize the state of a city
flooded by a disaster from both a bird’s-eye view of the city at several
tens of metres above it and from a first-person perspective of the user’s
area of activity. The applicability of the system is demonstrated through
verification and case studies.
Keywords. Virtual and Augmented Realities; City Digital Twin;
Occlusion Handling; Flood Visualization; Web-based Augmented
Reality (Web AR); SDG 11.

1. Introduction
Augmented reality (AR) is used in the fields of architecture, engineering, and
construction to visualize urban information and promote consensus building among
stakeholders. In addition, from the perspective of SDG 11, 'holistic disaster risk
management at all levels' (United Nations, 2015, "Goal Targets" section), it is essential
to manage flood risk in urban spaces. AR-based flood simulation has been used to
promote consensus building through citizen participation and reduce flood risks in
urban spaces. An overhead-view method (Tomkins and Lange, 2019) using a digital
terrain model (DTM) has been proposed in conventional AR-based flood simulation.
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A first-person-perspective method (Haynes et al., 2018) has also been proposed to
display real-scale 3D data outdoors. Although traditional overhead-view AR can
provide a real-time view of the exact extent of flooding, the virtual representation of
the terrain in DTM-based methods may cause differences in understanding of the
presented information between experts and non-experts. Also, in conventional AR
(Haynes et al., 2018; Tomkins and Lange, 2019), which displays real-scale 3D data
outdoors, stakeholders, including non-experts, can easily imagine the flooding situation
in the physical environment, but residents may not be able to understand the
information at the macro level.
Currently, the use of city digital twins, which are detailed 3D models of cities, is
becoming increasingly important for sustainable urban development (Shahat et al.,
2021). Visualizing city digital twins by using AR and virtual reality can facilitate the
participation of non-expert citizens in the decision-making process (Mohammadi and
Taylor, 2019). However, the number of reported studies using AR to visualize city
digital twins is limited. From an information graphics perspective, residents should
understand urban information from both the micro and macro perspectives
(Offenhuber and Seitinger, 2014). An integrated method using AR and drones has been
proposed for achieving an aerial view of AR that contains a bird’s-eye view of the city
(Unal et al., 2020; Wen and Kang, 2014). However, the issue of occlusion has persisted
in the conventional methods for integrating AR and drones. The challenge of occlusion
is that the 3D virtual model hides the physical object that should be displayed.
Occlusion handling is one solution to this problem (Roxas et al., 2018).
Furthermore, the integration of AR and drones was based on software development
kits (SDKs) specific to both technologies, and the system integration required the use
of devices that were compatible with the specific SDKs. A study was reported (Kikuchi
et al., 2021) that visualized the future landscape with occlusion handling using 3D
models of cities. This study uses versatile techniques, such as virtual cameras and
mirroring, to integrate AR and drones without using any specific SDK. In addition,
there have not been any cases in which a flooded virtual city can be viewed from a
bird’s-eye view in AR at an accurate outdoor scale.
In this study, we propose a city-digital-twin approach for visualizing a large-scale
city with simulated flood conditions by integrating the system of the previous study
with a flood simulation system in a hydrograph. Using occlusion-handled AR, the user
can visualize the simulated flood conditions of the city from a bird’s-eye view at several
tens of metres above the ground or from a first-person view of the user’s area of
activity. The applicability of the system is shown through verification and case studies.
2. Methodology
The method’s conceptual diagram and flow diagram are shown in Fig. 1 and Fig. 2,
respectively.
2.1. FLOOD SIMULATION USING HYDROGRAPHS
The flowchart for reproducing an urban flood situation is shown in Fig. 3. To reproduce
urban flooding conditions simply, a water surface (3D virtual model) is output based
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Figure 1. Conceptual diagram of the proposed method

Figure 2. System integration flow for the proposed method

Figure 3. Flow for reproducing urban flood conditions

on the rational method (Kuichling, 1889; Tallapragada et al., 2020) (Equation 1). Using
this method, we calculate the water runoff corresponding to the input rainfall time and
rainfall amount. The hyetograph and hydrograph are shown in Fig. 4 for the rational
method (Crobeddu et al., 2007). In Fig. 4, the time of concentration indicates the time
required for water at the farthest point in the basin to flow out of it. The hyetograph
shows the change in rainfall (inflow) over time, and the hydrograph shows the change
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in rainfall runoff. The amount of flood water is determined by the difference between
the inflow and outflow during the rainfall duration.
1
(1)
CIA
3.6
In Eq. 1, 𝑄𝑄 is the runoff rate (𝑚𝑚3⁄𝑠𝑠), 𝐶𝐶 is the runoff coefficient, 𝐼𝐼 is the rainfall
(𝑚𝑚𝑚𝑚⁄ℎ), and 𝐴𝐴 is the watershed area (𝑘𝑘𝑘𝑘2).
The 3D city model shape is estimated by allowing many generated spheres to fall
freely on it and obtaining the coordinates at the time of collision with the model. The
inundation depth and water height are calculated from the 3D city model shape and the
flooding amount, which output a virtual 3D model of the water surface to the game
engine. The water surface reflects the water height and the colour changes according
to the inundation depth. In this study, to reproduce urban flood conditions simply, the
flood extent was limited to the area of the created 3D city model and did not consider
the inflow and outflow of water from other areas. A 3D model of a city with a floor
area of several hundred thousand square metres was used to reproduce urban flood
conditions from a bird’s-eye view.
Q=

2.2. AR RENDERING ON A SERVER PC WITH OCCLUSION HANDLING
USING A 3D CITY MODEL
This section is based on content reported in our previous study (Kikuchi et al., 2021).
However, it is a necessary module for our system and will be briefly explained. To
represent the simulated flood conditions of a city in AR, it is necessary to handle
occlusion (Haynes et al., 2018). Based on the system from our previous study, the AR
is rendered with occlusion handling on a server PC using a 3D model of a city (Fig. 5).
The 3D city model and background are changed to an emissive colour with RGB values
that do not exist in the real world. The range of the changed emissive colour is chroma
keyed to enable occlusion handling. In addition, the start time, flight route, and the
orientations of both the drone’s camera in the real world and the camera in the virtual
world are synchronized by pre-settings to align them. To encourage the participation
of a wide range of stakeholders, the AR information is uploaded to the web by using a
video distribution service.
3. Experiments and Results
A prototype system was built to evaluate the proposed method. The system comprised
the following hardware. We used a DJI Mavic mini (199g) drone to achieve the aerial
perspective. An iPhone 11 (iOS v14.8) was used to operate the drone. The server was
a home-made PC with an Intel® Core™ i7-8700K CPU (3.70 GHz, 32 GB of RAM)
and an Nvidia GeForce GTX 1080 Ti GPU running Windows 10 Education 64 bit OS,
and was used to output web AR with occlusion handling for the 3D city models. An
iPad (iOS v15.1) was used as the AR device.
The software used in the prototype system was Litchi for DJI Drones (iOS v2.10.1),
which can control a drone by setting waypoints for the drone autopilot. Microsoft
Teams (Server PC: v1.4.00.31569 64 bit, Controller: iOS v3.19.0), an online meeting
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Figure 4. Hyetograph and hydrograph of the rational method under constant precipitation

Figure 5. Flow of AR rendering with occlusion handling

application, was used for screen sharing. OBS Studio (v27.1.3) was the video
distribution application used for web AR distribution. Unity (2020.1.7f1 64bit), a game
engine, was used to construct the virtual world. Metashape Professional (v1.6.0 build
9925 64 bit, Agisoft), a 3D spatial data generation tool using structure from motion
(Westoby et al., 2012), was used to create a 3D city model with roof geometry.
Structure from motion was used as an automatic method for creating 3D point cloud
data from multiple 2D images. YouTube was used to distribute AR in a web browser
and Firefox Daylight (v38.0) was used as the web browser for viewing YouTube.
3.1. PRE-SETTING FOR EXPERIMENTS
Using Agisoft Metashape Professional, a 3D city model was created from 508 photos
shot by the drone’s camera and then placed in Unity (Fig. 6). The specifications of the
created 3D city model are shown in Table 1. In addition, to clarify the relation between
the angles of the drone camera and the virtual world camera with the flight altitude, the
pre-set camera angles of both worlds are shown in Fig. 7.
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3.2. FLOOD VISUALIZATION
An outdoor AR experiment was conducted to verify whether the proposed system can
simulate flooded urban conditions during a disaster. An outdoor area of private
property with flight permission was chosen as the experiment site to safely fly the
drone. To hypothetically flood the city, the runoff coefficient was set to 0.8, the rainfall
rate to 100 mm/h, the runoff duration to 10 m, and the rainfall duration to 10 h. Figure
8 (a) shows the situation for the experiment. In Fig. 8 (a), the drone is flown for 18 s,
going from 20 ± 1 m to 60 ± 1 m. Figure 8 (b) shows the city during the outdoor AR
experiment. Figure 8 (c) shows the city in the virtual world for flood simulation. In Fig.
8 (c), the 3D city model and the background of the camera on the virtual world are
changed to a white emissive colour [(R, G, B) = (255, 255, 255)]. This colour change
is enacted to perform chroma-keying and to apply occlusion handling (Kikuchi et al.,
2021). Figure 8 (d) shows the specification of the change in water surface colour based
on the inundation depth. Figure 9 shows the results. An example of the results is shown
in Fig. 10. In Fig. 11, the accuracy of the occlusion handling is visualized by
superimposing parts of the virtual world’s buildings onto the drone video. Figure 11
was created by extracting parts of the virtual world and the real-world buildings using
Adobe Photoshop CS4 (v11.0). This experiment confirmed that it is possible to
simulate the urban flooding conditions during a disaster in an expansive outdoor space
with overhead view AR.

Figure 6. 3D city model

Figure 7. Camera angles in the real and virtual worlds
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3D model

Number of polygons

12.5 ×106

Number of vertices

7.4 ×106

Data amount [MB]
Texture
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2.62 ×102

Number of textures

1

Number of texture pixels

16777216

Table 1. Specifications of the 3D city model

(a) Situation of experiments

(b) State of the City

(c) Virtual world; white part is chroma-keying

(d) Inundation depth differentiation

Figure 8. Real world and virtual world for flood visualization

3.3. PROTOTYPE SYSTEM PERFORMANCE
We measured the overall processing speed, delay, and intersection over union (IoU)
for the proposed system. IoU was used to evaluate the matching accuracy between the
real world and the virtual world buildings (Liu et al., 2021). The frame rate of the drone
video was about 30 fps, the frame rate of the video acquired from the camera in the
virtual world was about 105 fps, and the frame rate on the web was about 30 fps. The
delay between the controller and the AR device display was about 4 s. The IoU was
about 0.77.
4. Discussion
In the outdoor AR experiment, the AR system was confirmed to simulate urban flood
conditions. In Fig. 10, the water surface is displayed lower than the expected height,
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which is presumably due to the low occlusion handling. In addition, our system was
able to reproduce a large-scale flooded city by integrating the system in our previous
study (Kikuchi et al., 2021) with the flood simulation system in the hydrograph. Also,
the system reproduced urban flood conditions from an overhead perspective by using
a 3D city model of several hundred thousand square metres. The entire system’s frame
rate was about 30 fps. This value is higher than the threshold of around 15 fps, which
is a good frame rate for video (Chen et al., 2007). The IoU was about 0.77, which is
higher than 0.5, the value of IoU at which buildings were adequately detected (Jabbar
et al., 2017).
5. Conclusions
A digital-twin-city approach was developed to visualize a simulated large-scale city
from both user-level and aerial-overhead viewpoints. Using a 3D model of a city of
several hundred thousand square metres makes it possible to reproduce the urban flood
situation from a bird’s-eye view. It was confirmed that the frame rate of the entire
prototype system was about 30 fps, the delay was about 4 s, and the IoU was about
0.77.
In this study, we used motion structure to create a 3D city model for occlusion
handling. We plan to use pre-created 3D models of various cities, such as PLATEAU
(Ministry of Land, Infrastructure, Transport and Tourism, 2020), with the aim of
reducing the cost of creating such models.

Figure 9. AR snapshots from the field test
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Figure 10. Example of the results

Figure 11. Occlusion handling accuracy
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