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Abstract: With the progress of photogrammetry and computer vision technology, three-dimensional
(38D) reconstruction using aerial oblique images has been widely applied in urban modelling and
smart city applications. However, state-of-the-art image-based automatic 3D reconstruction methods
cannot effectively handle the unavoidable geometric deformation and incorrect texture mapping
problems caused by moving cars in a city. This paper proposes a method to address this situation and
prevent the influence of moving cars on 3D modelling by recognizing moving cars and combining
the recognition results with a photogrammetric 3D modelling procedure. Through car detection
using a deep learning method and multiview geometry constraints, we can analyse the state of a
car’s movement and apply a proper preprocessing method to the geometrically model generation
and texture mapping steps of 3D reconstruction pipelines. First, we apply the traditional Mask
R-CNN object detection method to detect cars from oblique images. Then, a detected car and its
corresponding image patch calculated by the geometry constraints in the other view images are used
to identify the moving state of the car. Finally, the geometry and texture information corresponding
to the moving car will be processed according to its moving state. Experiments on three different
urban datasets demonstrate that the proposed method is effective in recognizing and removing
moving cars and can repair the geometric deformation and error texture mapping problems caused
by moving cars. In addition, the methods proposed in this paper can be applied to eliminate other
moving objects in 3D modelling applications.

Keywords: oblique images; image-based 3D reconstruction; object detection; clean model

1. Introduction

Three-dimensional (3D) urban modelling is an important and basic task for smart
city applications such as city planning, autonomous driving, and emergency decision
making [1,2]. Recently, oblique image photogrammetry has been rapidly applied in urban
modelling because it can provide both geometric and texture information after auto-
matic model reconstruction processing. The efficiency of oblique image acquisition has
dramatically improved with the development of unmanned aerial vehicle (UAV) technol-
ogy [3]. In addition, many exceptional algorithms for image-based 3D reconstruction have
emerged [4-8] and have greatly increased the process efficiency and reduced the cost of 3D
city digitization.

The basic assumption of multiview stereo (MVS) vision is that objects maintain a static
state during image collection. However, this assumption cannot be easily satisfied in urban
modelling applications because there are many moving cars during image collection. Thus,
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moving cars will inevitably cause errors in the modelling results, especially in the areas
containing intersections. The problems caused by moving cars are summarized as follows:

1.  Geometric Deformation. If a car is stationary and then leaves during image acqui-
sition, parts of the images will contain car information, and the other parts will not
contain car information. The texture inconsistency will lead to mismatching and mesh
deformations in the reconstructed 3D model. As shown in Figure 1a, the car in the
red selection box was stationary and then left the region during data collection, which
resulted in geometric deformations in the generated triangle mesh.

2. Error Texture Mapping. In the texture generation stage of 3D model reconstruction,
moving cars will influence texture selection. If there is no pre-processing to identify
moving cars, the incorrect moving-car texture information may be selected for mesh
patches, resulting in texture mapping errors. As shown in Figure 1b, there are many
moving cars at the intersection, and there is a large traffic flow. Due to incorrect
texture selection problems caused by the moving cars in road regions, the texture of
the reconstructed 3D model looks very disorganized and is quite different from the
3D model of a common road area (e.g., most of the white road marks in front of the
zebra crossing are contaminated by car textures).

Figure 1. The influence of moving cars on the 3D reconstruction results, in which Figure (a) displays the mesh deformation

and Figure (b) displays the texture distortion.

Currently, the existing 3D reconstruction methods using multiview images cannot
effectively solve the problems caused by moving cars, which are inevitable in metro cities.
However, the need for realistic and accurate 3D models is still very high, especially in
the applications of smart transportation, unmanned driving, etc. Therefore, manual mesh
editing is a practical solution to improve model quality [9]; however, it requires considerable
time and manpower. Therefore, we hope to resolve the issues by integrating moving car
recognition into the 3D reconstruction pipelines to prevent the need for postprocess editing
of the produced 3D models.

In this paper, we propose a moving car recognition and removal method that combines
deep learning and multiview constraints. First, we use an object detection method based on
depth learning to detect cars from oblique images. Subsequently, the car detection results
and multiview image information are combined to recognize the moving cars. Then, the
textures of the moving cars are erased from the original images, and the corresponding
local deformation meshes are flattened. Finally, the car textures recognized during error de-
tection are rejected by the random sample consensus (RANSAC) [10] method in the texture
mapping step, and the texture holes are filled using available deep learning approaches.

Figure 2 shows the comparison results before and after processing the moving cars
using the method proposed in this paper. The rest of this paper is organized as follows:
Section 2 is a brief introduction to object detection and multiview 3D reconstruction.
Section 3 elaborates on the method presented in this paper. Section 4 provides an evaluation
and analysis of the experiments. The discussion is presented in the last section.
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Figure 2. A comparison of the results before and after the optimization of the moving car regions (Figure (a) was obtained

using the traditional reconstruction method, and Figure (b) was obtained with our method).

2. Related Work
2.1. Object Detection

Object detection methods mainly include three steps: region selection, feature extrac-
tion [11-16] and classification [17-22]. For example, paper [23] adopted the deformable
part model (DPM [21]) classifier with a histogram of oriented gradient (HOG [14]) to detect
street-view cars, and it achieved robust car detection. However, traditional object detection
using rule or texture patterns has two main defects: (1) artificially designed features are
subjective, usually only designed for specific detection tasks, and lack robustness to the
diversity of targets; (2) when making region proposals, using a sliding window generates
redundant windows, resulting in low efficiency. Thus, traditional object detection methods
have low performance and high computational costs [24].

With the development of deep neural networks and the continuous improvement
in GPU performance, convolutional neural networks (CNNs) have been widely used in
image recognition and object detection [25]. An object detection method based on a region
proposal, called R-CNN [24], was proposed to solve the problem of window redundancy
in traditional methods and improve window quality while guaranteeing the recall rate. To
improve detection efficiency, Fast R-CNN [26] and Faster R-CNN [27] were subsequently
proposed. However, these approaches consist of two separate stages: bounding box
detection and classification, and the demand for real-time detection still cannot be achieved.
Therefore, a method named “you only look once” (YOLO) [28] was proposed. This method
can generate a region proposal box during classification. The entire detection process
has only one stage, and the speed is greatly improved. To solve the issue of inaccurate
locations determined by YOLO, the single-shot detector (SSD) [29] network applies the
anchor mechanism of Faster R-CNN, but SSD is not effective in detecting small objects.
Similar approaches have been proposed to further improve the effectiveness [30-33] and to
reach a better balance between detection accuracy and efficiency. Recently, a novel fully
convolutional method named ImVoxelNet [34] was proposed, and it can obtain state-of-the-
art results in car detection on KITTI [35] and nuScenes [36] benchmarks among all methods
that accept RGB images.

In summary, object detection methods based on deep learning are far superior to
traditional algorithms in terms of accuracy and efficiency. On the other hand, the tex-
ture patterns of cars are relatively simple and easy to detect. The reference geographic
information of an image can be used to solve the scale issue of car detection because the
images were collected by a drone with GPS information. Both pieces of information can
improve car detection recall. In this paper, we apply the deep learning-based algorithm in
reference [37] to detect car information in oblique images.
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2.2. Moving Object Detection

Moving objects are unavoidable interferences in real-world scenes. In order to build
clean scene models, some researchers have proposed image-based methods to detect and
remove moving objects in video sequences. The related algorithms can be summarized
into two types: optical flow algorithm [38] and background subtraction [39]. The general
idea of the optical flow method to detect moving objects is using the concept of flow
vectors in two subsequent images. The background subtraction method detects moving
objects by evaluating the difference of pixel features of the current scene image against the
reference background images. However, such algorithms require the camera to be fixed.
Some extensions are able to handle moving cameras by registering the images against the
background model [40,41]. However, this class of algorithms needs information about
the appearance of the background scene, and in most cases, this assumption does not
hold [42]. Moreover, other deep learning approaches to detect moving objects have also
been proposed [43].

Recently, some researchers have proposed methods to detect and remove moving
objects in laser data [42,44,45]. In these works, the authors exploit Dempster-Shafer The-
ory [46] to evaluate the occupancy of a lidar scan and discriminate points belonging to
the static scene from moving ones. The differences of these works are the methods to
calculate the occupancy probability, which will seriously influence the detection results.
In this paper, combined with the overlap redundancy of oblique images in multiview 3D
reconstruction, we introduce a method to detect moving cars using multiview constraints.

2.3. Multiview 3D Reconstruction

As shown in the green wireframe in Figure 3, multiview image-based 3D recon-
struction pipelines can be divided into four stages: structure from motion (SfM) [4,8],
MVS [5,47,48], surface reconstruction (mesh) [6,49] and texture mapping [7,50]. Currently,
these 3D reconstruction methods can generate high-quality 3D models, but they cannot
effectively solve the geometric deformation and error texture mapping problems caused by
moving cars.
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Figure 3. Pipelines of the multiview 3D reconstruction method that integrates moving car recognition and removal.

Researchers have proposed methods to solve these problems. Reference [7] proposed
a method to remove the image patch of moving objects by texture RANSAC during
the texture mapping procedure and achieved relatively good results in some situations.
However, because the textures of moving objects are eliminated gradually using RANSAC
iteration processing, this method will fail when there are many incorrect texture samples in
the candidate images. Directly applying postprocessing to the final mesh model is another
way to address geometric deformation and error texture mapping problems. Reference [9]
proposed a postprocess editing method for a 3D model that is able to remove vehicles
in the model by object detection, mesh flattening and image completion in the selected
areas. However, this method requires manual intervention and has an image completion
instability problem. We want to provide an automatic solution for the texture and geometric
modelling problems caused by moving cars by integrating moving car recognition into a
3D modelling procedure.
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3. Method

The method proposed in this paper combines multiview 3D reconstruction with
moving car detection to achieve automatic recognition and removal of moving cars in
the process of 3D model generation. The pipelines of this method are shown in Figure 3,
and the green wireframe is the basic process of multiview 3D reconstruction. To solve the
mesh deformation and texture error problems caused by moving cars, we integrate car
detection, moving car recognition and cleaning (as shown in the red wireframe in Figure 3)
into the abovementioned 3D reconstruction procedure. Each step in this method will be
explained below.

3.1. Cars Detection Using Mask R-CNN

Aerial oblique image datasets captured by UAVs are the most widely used datasets
for city-scale 3D modelling [51]. Compared to traditional aerial images, oblique image
data have the characteristics of high spatial resolutions, a large range of scales, and large
numbers. The accuracy and efficiency of an algorithm applied on oblique images should
be considered when selecting the object detection method. To obtain accurate masks of cars
in oblique images, we select the Mask R-CNN [37] algorithm as the network framework
for car detection. Mask R-CNN adds a full convolutional network (FCN) layer to Faster
R-CNN for each region of interest (ROI) and is able to detect the target object bounding
box and predict the segmentation mask simultaneously. Thus, there is no need for further
postprocessing of the image segmentation mask based on the bounding box. The Mask
R-CNN model is shown in the green dotted box in Figure 4.
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Figure 4. A schematic diagram of car information recognition based on the Mask R-CNN model.

Considering that most of the vehicles in cities are cars, we divided vehicles into
two types, cars and non-cars, without taking into account other vehicle types. In addition,
parked-car switching (PCS), which is when a parked car leaves and another car parks in
the same parking space, occurs very often in cities. We introduce a lightweight network,
called MobileNet v3 [52], to classify the colour information of the detected cars and provide
auxiliary reference information for PCS detection (as shown in the red dotted box of
Figure 4). The colours of cars in this paper are mainly divided into white, red, yellow, blue,
black, silver grey and other colours (indicated by brown in the figure). Figure 5 shows the
results of the car information detected by our network model, and the masks in the figure
represent the car locations and colour information.

3.2. Moving Car Recognition Based on Multiview Constraints
3.2.1. Definition of the Car Moving State (CMS)

Using the method described in Section 3.1, the location and colour information of
cars can be identified in each image. However, in actual applications, the moving state
of a car is more complicated than expected, and the recognition result of a car state has a
serious influence on the processing strategy selection in 3D reconstruction. Therefore, to
effectively solve the problems of mesh deformations and texture error mapping, we need
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to classify the states of the detected cars to perform a proper processing strategy according
to the CMS.

As shown in Figure 6, we divide the CMSs into the following three categories: (1) Mov-
ing: Cars that were in a driving state during image collection, as indicated by the red line
box in Figure 6a; (2) Short stay: Cars that were temporarily stationary and then left during
image collection, as shown in the yellow boxes in Figure 6b,c, and in Figure 6¢, different
cars that are stationary in the same parking region; and (3) Stationary: Cars whose parking
positions never changed throughout the whole image collection process, such as the car
identified by the green wireframe in Figure 6d.

Figure 6. Cont.
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(d)

Figure 6. Classification diagrams of different car states, in which Figure (a) illustrates cars in the moving state, Figure (b) and

Figure (c) illustrate cars that are temporarily stationary, and Figure (d) illustrates stationary cars.

According to the above definitions, for stationary cars, we do not need to perform any
special processing in the 3D modelling. For a moving car, the geometric information of the
car cannot be generated in the dense matching stage because it is not able to find correct
correspondence pixels due to its constantly changing position in the images. Therefore,
we only need to erase the texture of the moving car in the source image to prevent the
problem of error texture mapping caused by the selected texture of the moving car. In the
same way, for a temporarily stationary car, we not only need to erase the texture of the
car in the source image but also flatten the triangle mesh of the region where the car was
temporarily stationary.

3.2.2. Moving Car Recognition

e Overview

Notably, moving cars cannot be detected by only a single image because we need
to compare content between images to find “moving” information. Therefore, combined
with the overlap redundancy of oblique images in multiview 3D reconstruction, we in-
troduce a method to detect moving cars using multiview constraints. The basic principle
of the method is shown in Figure 7. During image collection, if a car does not move, the
corresponding texture patches of the parked car among the multiview images should be
consistent. Conversely, if the texture patches of a detected car among multiview images
are different, the car has moved. The green scene area in Figure 7 shows three images
with different car texture patches, indicating that these cars moved. Therefore, a mov-
ing car can be recognized according to the texture differences of the detected car among
multiview images.

e  Detailed Procedure for Moving Car Recognition

A triangular mesh is a data structure that is commonly used to represent 3D models
created by the MVS method; however, there are multiple types of mesh structures, so
in this paper, we also apply triangles as the basic computation elements. The geometric
structure of an urban scene can be represented by a triangular mesh S = {f;}(i = 1,2,..., n).
We denote the captured images as I = {[;}(i = 1,2, ...,m), and the car masks detected in
Section 3.1 for image I; are denoted by Mask(I;) = {mask;}. The perspective projection
determined by SfM of image I; is denoted by []; : R®> — R?, and the projection from mesh
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S onto the image I; is denoted by [T; s : [1;(S) — S;. The specific steps for CMS recognition
are shown in Algorithm 1:

1.

For each image [;, sequentially remove the car mask (mask;) that has not yet been
processed in Mask(I;). According to the set of triangles (S;) that is visible on I;, we
can obtain patch; by collecting the triangles whose projected positions are within the
area of mask; (the green marked region in Figure 7).

Count the number of other images (denoted by 7y) that are also visible to patch; but
were not processed during the previous step. Count the number of detected car masks
(denoted by ;) that overlap with the projection region of patch; in these 1y images.
If ratioy = ny/nx < 5(0 < &y < 0.08), only a very small number of cars passed
by patch; during image collection, and mask; and the other 1y car masks should be
marked as moving. Then, apply this process to the next car mask mask; 1. Otherwise,
go to the next step.

If ratio; < 61(0.8 < &1 < 0.95), there were cars parked in patch; for a period of time
during the image collection. Then, the states of these 17 + 1 car masks should be
marked as short stay, and the next car mask mask;; should be in the processing
sequence. Otherwise, the local region patch; is always occupied by the car; hence, go
to the next step.

Calculate the colour histogram of these n; car masks and find the largest peak value
ny. If ratiop = ny/ny > 6,(0.75 < &, < 0.9), the detected corresponding texture
patches of the area of patch; in the multiview images are consistent and should
be considered the same car. Then, the states of these n; + 1 masks are marked as
stationary. Otherwise, the car in patch; has changed, so the states of these n; +1
masks are recorded as short stay. Continually apply these steps to all the unprocessed
masks of cars sequentially until there are no unprocessed masks.

Iy

Figure 7. CMS identification using multiview images.

Algorithm 1. Car Moving State Recognition.

Input: The urban scene mesh S, car masks of each image Mask(I;)
Output: The moving state of every car in each image

1.Seti =1,y =0.05; =0.85, 0, =0.8

2. whilei < m do

3.
4.
5

Get car masks of current image I; and setj =1
while j < n; do
if the state of mask; in Mask(I;) is unknown
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6. Count the number of other visible images (1) to patch; and count
the number of detected car masks (111) that overlap with the projection region of patch;
7. if ny/n < &y

8. The CMS is moving

9. else if ny/n; < &1

10. The CMS is short-stay

11. else

12. Calculate the colour histogram of these 117 car masks and find
the largest peak value 1,

13. if 1’12/711 <&

14. The CMS is short-stay

15. else

16. The CMS is stationary

17. end if

18. end if

19. end if

20. j=7+1
21. end while

22, i=i+1
23. end while
stop

3.3. Moving Car Cleaning
3.3.1. Mesh Clean

From Section 3.2.1, we know that some regions of the 3D urban scenes will contain
temporarily stationary cars during the period of image collection. If these regions con-
taining short-stay cars were captured from multiple positions and directions by cameras
during flight, some geometric errors will be introduced into the reconstructed meshes, as
shown in the red marquee in Figure 1a. The deformation of the car model is very obvious,
and some textures are incorrectly selected. Therefore, it is necessary to clean the triangles of
the reconstructed mesh model corresponding to the patch of short-stay cars before texture
mapping. Using the recognition method in Section 3.2.2, we can obtain the CMS from the
given oblique images. Because the geometric structures of most parked-car regions are
planar, we can directly flatten the distorted geometric meshes.

3.3.2. Texture Preprocessing

To prevent texture mapping errors caused by selecting moving cars in the texture
mapping stage, it is necessary to clean the moving car textures before texture mapping.
According to the recognition results in Section 3.2.2, we can erase the textures of the cars
from the source oblique images that are in moving or short-stay states. However, on the one
hand, some cars may not have been detected by the process in Section 3.1, and on the other
hand, buses, trucks and other vehicles may not have been trained in our object detection
network. Thus, the textures of these missed detection vehicles may still appear in the final
3D urban scenes. To eliminate the influence of these few unrecognized vehicle textures, we
apply the RANSAC method in article [7] during texture mapping to select correct texture
patches. Different from article [7], we removed most of the incorrect texture samples in the
previous step, so the probability of successful missed vehicle texture cleaning is higher in
our paper.

In addition, there may be different cars parked at the same place during the process
of image collection, such as in the parking region in the yellow box in Figure 6¢c. After
removing the textures of the short-stay cars, it is possible that no other textures will be
available for texture mapping in these places, which will lead to a blank texture in the
obtained 3D models. To prevent this situation, we use the image inpainting method in
reference [53] to fill the texture holes generated by erasing the moving car textures in the
candidate texture images.
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4. Experiments and Discussion
4.1. Data Description

In order to cover all parts of the objects with the minimum flight time and suitable
camera inclination, we collect aerial oblique images via the penta-view oblique photogra-
phy platform on a DJI M600 UAV with a size of 7952 * 5304 pixels, and the ground sample
distance (GSD) is 2-6 cm. We collect all experimental data in the Wuhan area, China. We
select three typical regions in the urban scene to validate the proposed methods, including
viaduct expressways, parking lots, and intersections with high traffic flows. In addition,
aerial oblique images are captured under different weather and light conditions. The
experimental data preprocessing part uses the open-source algorithms OpenMVG [54] and
OpenMVS [55] on the network.

4.2. Car Detection

The ground truth of the training datasets for car detection was obtained manually.
There are 5000 training samples with different scales, colours and shooting angles. We
train the detector for 70 epochs in total and apply 1000 iterations for each epoch. With the
experimental environment shown in Table 1, the training time for car detection is approxi-
mately 12 h. As depicted in Figure 8, the loss values gradually stabilize as the number of
training epochs increases, indicating that the model is close to convergence. By applying
the well-trained detector to the validation datasets, we obtain a mean average precision
(mAP) of 92.9% for car detection and a precision of 89.7% for car colour recognition.

Table 1. Experimental Environment.

Name Version
OS Ubuntu 16.04
CPU Intel Core i7-7700K@4.20GHz
GPU NVIDIA GeForce RTX 2070
Language Python 3.6
Framework TensorFlow v1.14.0 + Keras v2.1.5
Accelerator Library CUDA v10.0 + CUDNN v7.6
12
]
1 ||
I
|
08
£ Y

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71
Figure 8. Loss values of model training.

We also collected testing datasets with different GSDs, different shooting angles, and
different lighting conditions to verify the robustness of the well-trained detector. Figure 9
shows several results of testing. Specifically, Figure 9a,b contain aerial top-view photos
with GSDs of 2.5 cm, and Figure 9c contains oblique aerial images with GSDs of 3.5-6 cm.
In addition, Figure 9a,c depict pictures taken under sufficient light conditions on sunny
days, while Figure 9b shows the images collected on cloudy days. As shown in Table 2, the
detectors perform well in the three different test scenes. However, a small number of cars
are missed or falsely detected (see the red bounding boxes in Figure 9b). Furthermore, the
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colours of a small number of cars are incorrectly recognized. The main reasons for missed
car detection are as follows:

Figure 9. Car information detection results under different shooting conditions, in which subfigure (a) is the detection result
under sunny and ortho-shooting conditions, and subfigure (b) is the detection result under cloudy and ortho-shooting
conditions. Subfigure (c) shows the detection results under sunny and oblique-shooting conditions.
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Table 2. Detection Results of Car Information.

Car Detection Car Colour
Scene . .
Precision Recall Precision
Ortho + Sunny 0.954 0.946 0.868
Ortho + Cloudy 0.971 0.953 0.891
Oblique + Sunny 0.937 0.925 0.852

1. Difficult samples, such as cars that are difficult to distinguish from the background,
are not easy to notice. For example, a black car in a shadow is not detected (see the
green box in Figure 9c).

2. Itis challenging to detect cars occluded by a large region, as shown in Figure 9c in
the red wireframe. Compared to the other two experimental scenes (Figure 9a,b), the
third scene (Figure 9c) with a lower recall rate conforms to reality. On the one hand,
there are more occlusion cases in oblique images. On the other hand, there are more
shadow areas in urban scenes when light is sufficient.

In addition, we obtain different precision results for car colour recognition in the
three types of scenes. (1) The test results reveal that car colour recognition precision
on a cloudy day is higher than that on a sunny day. On the one hand, when the light
is sufficient, some cars have reflective and overexposure problems, leading to colour
recognition errors. In Figure 9a, the silver-grey car in the green wireframe is mistakenly
recognized as white. On the other hand, there are more shadow areas on sunny days,
which will decrease the performance of car colour recognition. As shown in the green
wireframe in Figure 9¢, because the quality and colour discrimination of the image in the
shaded area are reduced, the white car is mistakenly identified as silver-grey. (2) We obtain
a higher colour recognition precision under ortho shooting than under oblique shooting.
Due to a significant variation in object scale in oblique shooting scenes, the qualities of
different areas in the image are uneven, resulting in a relatively low precision for car
colour recognition.

4.3. Moving Car Recognition

According to the movement state of cars defined in Section 3.2.1, we mainly select
three urban scenes, including rapid urban roads, public parking areas and traffic light
intersection areas, to conduct car state recognition experiments. On rapid urban roads, such
as viaducts, cars are mainly moving. In public parking areas, PCS happens very often. We
use the same parameters for all the recognition experiments. Specifically, we set Jy as 0.05,
61 as 0.85 and 9 as 0.8. Among them, ¢; is positively related to the mAP of car detection,
and J; is related to the precision of car colour recognition. In our experimental results,
we depict the different states of cars by mask with different colours. Red, yellow and
green represent the moving state, short-stay state, and stationary state, respectively. The
geometric structures of the obtained 3D models are stored using the open-source algorithm
OpenMesh [56].

As shown in Figure 10, the method in Section 3.2.2 is applied to recognize car states
using urban viaduct images. Figure 10e shows that all the detected cars are accurately rec-
ognized as moving because cars on rapid roads, such as urban viaducts, do not stop under
normal circumstances and are always in moving states. On the other hand, Figure 10c also
shows that among the textures in the multiview images of the red frame area in Figure 10a,
most do not have corresponding car information. Therefore, according to the recognition
rules in Section 3.2.2, the car corresponding to the local scene area is a moving car, and its
texture in Figure 10a should be erased.
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Figure 10. The car state recognition diagram of the viaduct scene, where subfigure (a) is the original image, subfigure (b) is

the geometric mesh of the scene, subfigure (c) is the different textures in the multiview images corresponding to the red

frame area in subfigure (a), subfigure (d) is the detection results of car information in subfigure (a), and subfigure (e) is the

recognition results of car state in Figure (d).

We select a small parking lot in front of an office building for the public parking lot
urban scenes, as pictured in Figure 11. It can be seen from the recognition results of the car
state in Figure 11c that most of the cars in the parking lot area never moved, and only a small
number of cars were temporarily stationary. Table 3 shows the statistical results using the
method in Section 3.2.2 for some of the car areas selected in Figure 11a. Table 3 reveals that
the value of ratio; or ratio; is relatively low for short-stay cars. Moreover, the value ratio;
of the yellow box is relatively high, while the value ratio; is relatively low, indicating that
different cars were located in the same parking region and that this is a case of PCS.

Table 3. Statistic Results of Select Regions.

Region ny ny ratioq ny ratio; State
Red Box 175 2 0.011 - - Moving
Blue Box 168 60 0.357 - - Short stay

Yellow Box 190 183 0.963 112 0.612 Short stay
Green Box 207 195 0.942 173 0.887 Stationary

Furthermore, the geometric mesh of the scene in Figure 11b helps to further verify
the recognition results in Figure 11c. For the regions where cars have stayed (see the
green and yellow masked parts in Figure 11c), the geometric structures of the cars at
the corresponding positions in Figure 11b have been reconstructed. Conversely, if the
geometric structure is not reconstructed, as shown in the red box in Figure 11a,b, the car is
in a moving state, and its value #; is relatively small. In the same way, we can also learn
from the 3D car models in the yellow boxes in Figure 11b that there are cars parked on
these unoccupied regions in Figure 11a during other periods of image acquisition, so they
are in the short-stay state. In addition, it can be seen from the green-box areas in Figure 11d
that the triangle meshes of the short-stay regions are flat.

To further verify the effectiveness of the proposed method, we select an intersection
area (see Figure 12a) that has a heavy traffic flow and contains various cars in the three
different states defined for the experiments. Figure 12b shows the results of car detection in
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Figure 12a, from which it can be seen that the cars in the scene are well detected. Figure 12d
shows the state recognition results of the cars detected in Figure 12b. Figure 12d reveals
that the cars on the road are mostly in moving states, while the cars waiting for the traffic
lights are likely in the short-stay state. The geometric deformation results of the car models
in the yellow boxes in Figure 12c also explain this result. PCS frequently occurs in parking
lot spaces (see the top left of Figure 12a). However, unlike Figure 11, more PCS cases occur
in this region, where the yellow masks are more than the green masks. Parked cars change
more frequently since the parking lot in Figure 12a is in front of a mall.

Figure 11. The car state recognition diagram of a public parking lot, in which Figure (a) is the original image, Figure (b) is
the geometric mesh of the scene, Figure (c) is the state recognition results of the cars detected in Figure (a), and Figure (d) is

the results of geometric mesh clean of the car areas where the temporary stay occurred.

4.4. Moving Car Cleaning

Once the states of the cars are recognized, the textures of the moving cars can be erased
effectively from the oblique images. Additionally, the geometric deformation caused by the
temporarily stationary cars can be easily repaired. In this section, we carry out comparative
tests based on the experimental results in Section 4.3 to validate the effectiveness of our
method in removing moving cars during 3D reconstruction.

Figure 13 depicts the comparison results of moving car removal from the urban viaduct
scene in Figure 10. Specifically, we obtain the 3D scene in Figure 13a using traditional 3D
reconstruction pipelines. In addition, we reconstruct the 3D model in Figure 13b via the
proposed method in this paper. From the comparison results, the method proposed in this
article can effectively remove the textures of all moving cars from the viaduct pavement,
and the 3D scene of the whole viaduct road looks clean. Moreover, the information about
stationary cars is preserved completely.

Figure 14 shows the experimental results of moving car removal from the parking
lot scene in Figure 11. Two cases (the red and green box regions) were selected from
Figure 14a,b, respectively, and demonstrate that our proposed method can better handle
the geometry and texture of areas where cars were temporarily stationary. In addition,
the parking spaces highlighted by the blue and yellow boxes in Figure 14 are occupied
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by different cars during the whole process of image acquisition. Therefore, for this kind
of region, we need to fill in the texture voids in the images according to the rules in
Section 3.3.2. Taking advantage of the algorithm in [53], we obtain a satisfactory region
filling result. The comparison results are shown in the blue and yellow boxes in Figure 14.

Figure 12. The car state recognition diagram of a traffic light intersection area, in which Figure (a) is the original image,
Figure (b) is the detection results of the car information in Figure (a), Figure (c) is the geometric mesh of the scene, and
Figure (d) is the state recognition results of the cars detected in Figure (b).

(a) (b)

Figure 13. A comparison of the moving car removal results in urban viaduct scenes, where Figure (a) is the scene model
constructed using the traditional method and Figure (b) is the 3D reconstruction result using the method in this article.
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Figure 14. A comparison of the removal results of moving cars in the parking lot area, where Figure (a) is the 3D model
constructed using the traditional method and Figure (b) is the 3D reconstruction result after the moving cars are removed
using the method in this paper.

Figure 15 shows the results of moving car removal from the intersection area in Figure 12.
Similarly, we reconstruct the 3D scenes in Figure 15a,b using the traditional pipeline and
the proposed method, respectively. The entire 3D scene in Figure 15a undoubtedly looks
disorganised due to the moving cars. Compared to the results in Figure 15a, we obtain a more
accurate and realistic 3D intersection scene after mesh cleaning and texture preprocessing,
especially for typical road areas. All the moving vehicles on the road, including undetected
buses and vans, are effectively removed, indicating that the proposed method is robust.

Figure 15. A comparison of the removal results of moving cars in the intersection area, where Figure
(a) is the scene model constructed using the traditional method and Figure (b) is the 3D reconstruction
result using the method in this article.
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5. Conclusions

This paper proposes a method for moving car recognition and removal that combines
deep learning and multiview constraints. Our method mainly includes three steps: car
detection, moving car recognition and cleaning. The main contribution of this paper is to
integrate object detection into 3D reconstruction pipelines to eliminate the geometric and
texture problems caused by moving cars. Compared with the traditional 3D reconstruction
method based on multiview images, the experimental results indicate that the proposed
method can effectively moderate geometric deformations and texture distortions caused
by moving cars in 3D urban scenes. In addition, the method in this paper has a high
degree of automation, which can distinctly reduce the workload of manual postprocessing
to repair 3D scene models, thereby improving the production efficiency of urban 3D
scene modelling.

However, the method proposed in this paper is limited by the following issues, which
provide insights for developing future works. (1) We have not yet considered other types
of vehicles due to a lack of training samples in our object recognition experiments. Unfor-
tunately, our training samples only contain cars, so other vehicles, such as motorcycles,
buses, and trucks, are easily ignored during detection. (2) We only take advantage of colour
information to distinguish the PCS cases. This method for similarity detection is too limited
to be robust. Therefore, we will further explore this area in future work.
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