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1 Introduction and aim

Over the past ten years, deep learning networks have yielded excep-
tional success in a variety of computer vision tasks (segmentation,
classification, object detections, etc.) across a wide range of fields,
including manufacturing, autonomous driving, healthcare, archaeol-
ogy, and civil engineering. However, currently available techniques
are still far away from human-level performance, due to a variety of
reasons, including the low resolution of the used sensors, occlusions,
and the limited number of viewpoints used during scanning.
Occlusions may occur under several conditions in machine percep-
tion and computer vision applications, whether Lidars, cameras, or
multiple sensor technologies are employed. Given that the cam-
era/Lidar — from a fixed viewpoint — can only observe one side of
the object being investigated, self-occlusions can occur even in sit-
uations with a single object. Moreover, occlusions may be found in
a variety of complicated circumstances, for example if a part of an
object is outside the field of view or when one or multiple objects
occlude each other in the scene.

In object recognition applications, deep neural networks [8, 9] are
still behind humans in the presence of occlusion [10] because human
minds are adept at predicting the invisible components of the scene
by observing the visible ones.

In real-life complex situations, occlusion is a major challenge for
many sorts of image processing tasks. We can here mention applica-
tions like object detection in Advanced Driving Assistance Systems
(ADAS), where it is challenging to accurately detect pedestrians or
cars when they are partially occluded, especially in crowded scenes.
In remote sensing images, the presence of clouds and their shadows
can affect the quality of processing these images in several applica-
tions. Hence, to make good use of such images, assuming that the
background of the occluded parts follows the same pattern as the
visible parts of the image, inpainting algorithms can be trained in
such cases to remove the occluded regions and fill them with the
expected elements (such as road network, vegetation and built-in
structures).



Similar concerns can be seen in the context of archaeology and civil
engineering applications, where investigating masonry buildings ne-
cessitates the precise outlining of their structural components, which
are frequently covered up by objects like decorative elements, wall
sculptures, or vegetation.

Therefore, occlusion-aware networks have been thoroughly inves-
tigated in a variety of fields, including pedestrian detection [11],
object tracking [12], face detection [13], and car detection [14].

In contrast to optical cameras, 3D sensors are less restricted by
lighting and illumination, and can get accurate 3D geometric data
from the scene. Hence, their usage in environmental perception is
expanding rapidly.

However, considering both indoor and outdoor mobile mapping plat-
forms, the scanning platforms equipped with 3D sensors cannot ac-
cess specific locations to scan certain objects from all sides, resulting
in incomplete point cloud representations. Therefore, point cloud
completion — the estimation of an object’s full shape from point sets
that only partially describe its geometry — becomes a fundamental
key challenge in numerous computer vision and robotic tasks, such
as virtual reality (VR)/ augmented reality (AR) applications, and
simultaneous localization and mapping (SLAM).

This thesis deals with two selected tasks from the problem family,
in which automated occlusion or missing region detection is applied
to either 2D images or 3D point clouds, and inpainting networks
are then used to reconstruct the occluded/missing portions based
on the observable information from the scene: The first task focuses
on 2D images of walls that contain occluded or damaged regions.
We can expect that the wall’s structure follows a regular pattern,
while the texture of the occluded wall part significantly differs from
the wall’s visible regions. In response, our new algorithm can auto-
matically detect the irregular — possibly occluded — regions of the
wall and predicts a structure that fits well into the regular mortar-
brick pattern of the visible regions. The second task aims to tackle
the completion of missing regions in 3D models caused by occlusion
or by object parts covered form the sensor’s viewpoints during the
scanning process. The objective is to complete the shape and the



color of 3D point cloud models that represent partial shapes of the
scanned items. In particular, we focus in the thesis on the task of
completing outdoor objects captured by a car-mounted mobile laser
scanning system while maintaining the high resolution of the data
measurement.

2 New Scientific Results

1. Thesis: I have proposed a novel masonry wall image
analysis and virtual structure recovery technique. The in-
troduced approach automatically segments the wall struc-
ture and inpaints possible wall segments in the observed
occluded/damaged regions. I have experimentally demon-
strated that the proposed technique outperforms recently
published models with the same objectives in terms of var-
ious wall structure and visual color metrics.

Published in [1][3][4][6]

This thesis deals with three selected tasks: First robust wall segmen-
tation algorithm is performed to separate various sorts of structural
elements (stones, bricks, ashlar, etc.) from the mortar regions, and
it can also detect the occluded and damaged wall regions. The sec-
ond task is predicting and visualizing potential wall segments in
the occluded/damaged wall regions. In the third task, a new style
transfer technique is proposed between two wall images by filling or
modifying the texture style of one wall based on another wall.

All of the aforementioned procedures are publicly available for test-
ing on the following user-friendly website:

http: //imgproc.mplab.sztaki.hu/masonrydemo

1.1. I have developed a technique for separating the bricks from
the mortar in masonry wall images and obtaining accurate brick
structures. The proposed method uses the U-Net-based delin-
eation output as robust markers for the Watershed algorithm.
I have shown the importance of employing the marker-based
Watershed process rather than a basic connected component



analysis (CCA) approach. Moreover, I have experimentally
demonstrated that the proposed technique surpasses the most
recent wall segmentation techniques.

(a) Input (b) U-Net output (c) Inpainted im. (d) Seg. output

Figure 1: Results of our proposed method on two selected images:
(a) Input: wall image occluded by irregular objects (b) Result of
preliminary brick-mortar-occluded region separation (c¢) Generated
inpainted image (d) Final segmentation result for the inpainted im-
age [Thesis 1].

Several wall segmentation approaches exist in the literature [15, 16,
17]; however, the majority of them solely focus on the morphological
analysis of quasi-periodic masonry walls, where the geometry of ma-
sonry courses follows horizontal rows, a condition that does not hold
very often, particularly for ancient walls. I have designed a method
that is adaptable to a large variety of wall structures, including both
historic wall structures and modern building facades. I have shown
that the proposed approach significantly surpasses earlier available
solutions, and it is largely robust against various noise effects, dif-
ferent illumination conditions, changes in viewpoints, and varying



masonry types. In addition, I have shown, using both quantitative
and qualitative experiments, that the proposed technique can iden-
tify a wide variety of possible occluding objects with high accuracy.
To train and test the proposed network, I have created a new anno-
tated dataset based on 532 different wall images. I have made the
dataset publicly available in the following website:
http://mplab.sztaki.hu/geocomp/masonry Wall Analysis

1.2. I have proposed a novel blind masonry wall image inpaint-
ing technique, performing the automatic detection and virtual
completion of occluded or damaged wall regions. The proposed
method works in an end-to-end manner, starting with a seg-
mentation step that detects the occluded regions and the wall
structure in the visible areas, it then proceeds by two consecu-
tive inpainting stages: wall feature completion, and color image
completion. I have demonstrated the advantages of using do-
main specific semantic segmentation information (mortar-brick
features) over low feature information (such as Canny-based
edge information) as a preprocessing step of the inpainting
stage for obtaining realistic wall structures in the occluded ar-
eas. Moreover, I have experimentally shown that the results of
the proposed technique significantly suppress the state-of-the-
art inpainting algorithms in terms of FID-score and human vi-
sual judgment for masonry wall image inpainting applications.

The main goal of the proposed algorithm is to efficiently complete
missing wall regions with realistic mortar-brick structure and color
information. The proposed automatic method works in an end-
to-end manner with a U-Net based model for detecting of the oc-
cluding segments, followed by two Generative Adversarial Networks
(GANs) applied consecutively. The first GAN utilizes as input the
segmentation results presented in Thesis 1.1, and completes the
missing /broken brick and mortar segments yielding a complete wall
structure mask with a connected mortar network. Thereafter, the
second GAN estimates the RGB color values of the pixels in the pre-
dicted mortar-brick regions. I have demonstrated, through quanti-
tative and qualitative comparisons, that the method is superior to



other state-of-the-art techniques for inpainting realistic wall struc-
tures and color textures in terms of FID-score and human visual
judgment.

(a) Input image (b) Mortar-brick map

(c) Style (d) Our output (e) Style (f) Our output

Figure 2: Wall-to-wall style transfer samples, the first row shows
the inputs: (a) wall image. (b) Mortar-brick map. The second row
represents the style image and our output side by side [Thesis 1.3].

1.3. I have proposed a new technique for style transfer between
two different walls. The algorithm replaces the coloring style
of a wall image, with another wall’s style, while maintaining
the wall’s original structural integrity. I have provided a com-
prehensive qualitative evaluation to demonstrate the benefits
of our approach in wall-to-wall style transfer.

I have modified the second GAN proposed in Thesis 1.2 and adapted
it for the wall image style transfer tasks in order to transfer the
texture and color style from one image to another wall structure.



This approach requires two images as inputs: the first one is the
content image which is a color wall image or a binary image for
the wall structure, and the second image is the style image which
is a different wall image. The goal is to create a new image that
incorporates both the structure of the content image and the texture
style of the style image. I have demonstrated, through a number of
qualitative experiments, that the proposed method is significantly
robust under different circumstances, in various applications.

2. Thesis: I have proposed a novel Multi-View Based Point
Cloud Completion Network (MVPCC-Net) for completing
colored 3D point clouds representing various incomplete
object shapes. I have demonstrated by quantitative and
qualitative experiments both on synthetic and real-world
MLS data that the proposed method outperforms various
state-of-the-art 3D point cloud completion techniques.

Published in [2][5]

Mobile laser scanning (MLS) is an emerging technology for gener-
ating extremely dense and very precise 3D point clouds for urban
environments; yet, because the scanning vehicle can only operate
on roads, many point clouds of field items have incomplete shapes.
State-of-the-art point cloud completion methods [18, 19, 20, 21] have
demonstrated success in estimating full geometric models of various
object shapes. However, 3D point cloud models obtained by previ-
ous approaches represent only coarsely detailed object shapes, be-
cause the aforementioned methods are limited to providing outputs
with a constant fixed number of points.

I have introduced a novel multi view-based approach for completing
high-resolution 3D point clouds of partial object shapes obtained
by MLS platforms, which is able to preserve the genuine high level
of detailedness of the partial point cloud shapes. I have proved
through quantitative and qualitative experiments on the provided
dataset that our method outperforms state-of-the-art techniques in
reconstructing the local fine geometric structures and predicting the
overall shape of the objects.



(a) Input (b) Our result (¢) Input (d) Our result

Figure 3: Results of the proposed method on a synthetic dataset (a-
b) and real MLS point clouds acquired using a Riegl VMX Mobile
Laser Scanner (c-d) [Thesis 2]

2.1. I have proposed a new approach for encoding the unstruc-
tured 3D point cloud data from several surrounding perspec-
tives into a set of regular multi-channel 2D images comprising
both geometry and color information. This representation per-
mits the use of 2D Convolutional Neural Networks (CNNs) to
fill in the missing structural and color information in the image
domain, and afterward it enables the creation of a dense colored
3D point cloud representing the full object’s shape. To exper-
imentally validate the proposed approach, I have constructed
a new database that consists of both synthetic and real MLS
data and I have made it publicly available.

Previous point cloud completion methods employ various techniques
to deal with the fundamental unorganized character of the point
clouds, such as voxelization [18], intermediary 3D grids [19], or di-
rectly processing the point cloud [20, 21], with the PointNet encoder
[22]. In order to apply the aforementioned data representations to
MLS data, the input point cloud must be spatially downsampled,
resulting in simplified object shape models with substantially lower
point density and less geometric information than the original MLS
measurements. To complete the missing regions of MLS measure-
ment data and to keep its high resolution, I have proposed a new
representation of the point cloud data in which the input point
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cloud is represented as a collection of sparsely filled multi-channel
images that capture from multiple angles and convey the geometry
and color information. This representation facilitates the usage of
2D Convolutional Neural Networks (CNNs) and simplifies the fu-
sion of color and geometry information. The proposed deep neural
network is trained on this new data representation and the results
are then reprojected to a 3D point cloud. I have demonstrated the
effectiveness of this representation by presenting quantitative and
qualitative results that verify the accuracy and density of the out-
put point cloud.

For training and quantitative evaluation of the proposed method,
I have provided a new point cloud dataset consisting of both syn-
thetic point clouds of four different street object classes with accu-
rate ground truth, and real MLS measurements of partially or fully
scanned vehicles. I have demonstrated by quantitative and qualita-
tive experiments both on synthetic and real-world MLS data that
the proposed method is applicable and it outperforms various state-
of-the-art techniques in terms of geometric shape accuracy, realistic
RGB coloring, and preserving high resolution.

2.2. I have proposed a late fusion-based technique for fusing the
view-level features generated from several perspectives around
the object. The proposed method provides a robust global
feature for transmitting shared characteristics between distinct
viewpoints. I have demonstrated by quantitative and qualita-
tive results that the proposed approach outperforms the early

fusion baseline technique both for pure geometric data samples
(XYZ), and for colored point clouds (XYZRGB).

Existing multi-view based methods use an early fusion technique,
where all projected images from all views are concatenated into a
single input data for the encoder, while the decoder generates all
output views in one step. On the contrary, my proposed method
uses a late fusion strategy, whereby a shared encoder is used to
build a view-level feature representation for each view separately,
and then a feature fusion network component is used to create a
global feature from the view-level features. The shared decoder
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receives the global feature and the view-level features in a certain
order to generate the view-level output images that constitute the
whole 3D point cloud.

I have quantitatively and qualitatively demonstrated that adding
RGB information to the early fusion based method reduces the ge-
ometric accuracy notably more than the late fusion based method,
where we notice just a minor decrease in the accuracy of the pre-
dicted object shape.

3 Application of the Results

All the developed algorithms can be used by various up-to-date or
future computer vision systems. The first thesis can be applied
to various image-based documentation and survey applications in
archeology, architecture, or civil engineering, where brick segmenta-
tion is considered as an important initial step in the analysis of ma-
sonry wall images. Image-based analysis of man-built structures is
considered as a core step of many applications, such as stability anal-
ysis in civil engineering, condition estimation and damage detection
of buildings in architecture, digital documentation in archeology or
maintenance and restoration in cultural heritage preservation.

The 3D point cloud completion method presented in the second
thesis is useful in a wide variety of computer vision and robotic ac-
tivities where full scene representation is needed for improved scene
visualization, such as VR /AR applications, self-driving, and surveil-
lance applications.

4 Datasets and Implementation Details

For training and evaluation of the proposed method in the first
thesis, I created a new annotated dataset containing images of ma-
sonry walls from various locations, including both ancient walls and
facades of new-fashioned modern buildings. The dataset is based on
532 different wall images of size 512 x 512, which are divided among
the training set (310 images), and three test sets (222 images).
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For the second thesis, I trained and quantitatively evaluated the
proposed model using synthetic data, which consists of pairs of par-
tial and complete point cloud models of four street object shapes
derived from ShapeNet [23]. In addition, I extensively tested our
trained shape completion network on real-world (incomplete) Mo-
bile Laser Scanning (MLS) measurements. The synthetic dataset
contains in total 4918 distinct models, of which 4580 objects are
used to train our model and 338 ones are used for evaluation. The
real MLS data collection consists of 424 object samples in total,
370 point clouds represent partial vehicle shapes, 54 samples depict
almost entire vehicle shapes. All the proposed datasets have been
made available to the academic community.

The main platform for point cloud handling and processing was im-
plemented in Python3 and Open3D while the neural network mod-
els were implemented and trained in Python3 with Pytorch/ Keras
frameworks. The hardware set up for training contains two Nvidia
Geforce RTX 3060 Ti GPU with 16 GB device memory and 64 GB

main memory.
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