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1 Introduction and aim
In recent decades, huge progress has been made in the field of sensors
for environment perception and mapping, which greatly influences
the remarkable scientific progress in the field of object detection and
classification, and scene segmentation and understanding.
The breakthrough of deep learning methods significantly improved
the quality of computer vision and scene understanding applications
since they are able to provide more reliable results with high accu-
racy. However, we are still far from human-level performance. To
train these models, a huge amount of precisely labeled data is re-
quired, furthermore in challenging situations such as heavy traffic
scenarios in dense urban areas, complex unknown regions as off-
road scenes, and bad weather and illumination conditions they still
often underperform. Considering multiple sensor data can improve
the accuracy of the perception and relying on more sensors can lead
to more robust algorithms which are able to work independently
from the environmental effects such as heavy rain and illumination
changes.
Using detailed background information such asHigh Definition (HD)
maps and Geographic Information Systems (GIS) to achieve more
accurate scene understanding and more reliable localization is also
an important research direction. Data fusion between onboard sen-
sor data and offline detailed map databases is used in several in-
dustrial projects such as Waymo and Uber self-driving vehicles. By
the wide-spreading of smart cities with detailed map information,
autonomous vehicles can utilize the static background information
for navigation, localization, and contextual based scene analysis by
registering their real-time captured onboard sensors data to the cor-
responding part of the detailed map.
Though HD maps facilitate the localization and environment un-
derstanding problems, the presence of dynamic objects such as ve-
hicles and pedestrians and the continuously changing different traffic
scenarios require real-time environment perception. While optical
cameras provide high resolution, feature-rich data with color infor-
mation, real-time Lidar sensors such as Velodyne HDL-64 are able
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to obtain accurate 3D geometric information (up to 100 meter).
Lidar sensors are less influenced by the lighting and weather condi-
tions. So accurate sensor fusion i.e. calibration between the camera
and Lidar sensors for more accurate and reliable perception is essen-
tial. This thesis proposes novel approaches for the following three
research problems: The first task is automatic segmentation i.e. la-
beling of dense point clouds obtained by a mobile mapping system
in an urban environment. The second problem introduces a novel
solution for a robust, real-time registration between different types
of point clouds and it proposes a method to solve the localization
problem of self-driving vehicles by aligning the sparse real-time cap-
tured point cloud data to a segmented dense point cloud map. The
last investigated task is an automatic camera and Lidar calibration
task which can be performed on-the-fly.

2 New Scientific Results

1. Thesis: I have proposed a new scene segmentation model
which is able to semantically label dense 3D point clouds
collected in an urban environment. Using the segmented
dense point clouds as detailed background maps I have
proposed a Lidar-based self-localization approach for self-
driving vehicles. I have quantitatively compared and evalu-
ated the proposed approaches against state-of-the-art meth-
ods in publicly available databases.

Published in [2][9][10][11]

The proposed scene segmentation model aims to semantically label
each point of a dense point cloud obtained by a mobile mapping
system such as Riegl VMX-450 into different categories. Since the
collected point clouds are geo-referenced i.e. the sensor registers all
incoming scans into the same coordinate system, dynamic objects
moving concurrently with the scanning platform appear as a long-
drawn, noisy region called phantom objects in this thesis. Further-
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Figure 1: Labeling result of the proposed scene segmentation model
[Thesis 1].

more, during the scanning process, the mapping system may scan
the same regions several times yielding an inhomogeneous point den-
sity with the mentioned noisy phantom region. Though the mapping
system assigns color information to the recorded 3D points, because
of several occlusion and illumination artifacts this color information
is often unreliable.
The proposed model is able to robustly segment the dense point
cloud scenes collected in an urban environment and according to
our experiments, the model can be adapted to segment point clouds
with different data characteristics. To demonstrate the utility of
the segmented dense map, I have proposed a real-time localization
algorithm, which is able to register the Lidar data of a self-driving
vehicle to the dense map.

1.1. I have proposed a voxel-grid representation of the point
cloud data containing two feature channels derived from the
density and height properties of the given point cloud segments.
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I have shown that the proposed voxelized data is a compact
representation of the point cloud which can be used as a di-
rect training input of CNN architectures. To experimentally
validate the proposed approach and to show the benefits of the
introduced voxel data representation I have created a new man-
ually labeled mobile laser scanning (MLS) database and I have
made it publicly available.

Several point cloud segmentation approaches exist in the literature
[15, 16, 17, 18], however, most of them perform weakly in cases
of inhomogeneous point density and most of them do not con-
sider the global position of the given point cloud segments, but
treat them just local independent training samples. The proposed
data representation, before voxelizing the data, takes a local point
neighborhood of the given sample, then it assigns a density and
the global position value to each voxel of the sample referred to
as a first and second channel. I have shown that the two-channel
voxelized data is a compact representation of the raw point cloud
and it can be efficiently learned using CNN architectures. To train
and test deep neural networks I have implemented an efficient tool
for point cloud annotation and I have created a large dataset for
point cloud segmentation which contains around 500 million man-
ually labeled points. I have made the dataset publicly available
(http://mplab.sztaki.hu/geocomp/SZTAKI-CityMLS-DB.html).

1.2. For segmenting 3D point cloud data, I have proposed a
new LeNet-style 3D CNN architecture which is able to effi-
ciently learn the 2-channel voxelized data structure proposed
in the previous thesis. I have evaluated the proposed method
both on the proposed manually annotated dataset and on vari-
ous well-known databases. I have shown the advantages of the
proposed approach versus different state-of-the-art deep learn-
ing based models published in top journals and conferences in
the last 5 years.

I have proposed a new 3D convolutional neural network which is able
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(a) Registration result [9] based on the
complete map

(b) Registration result [9] on CNN fil-
tered map

Figure 2: Application of the proposed CNN classification approach
for point cloud registration enhancement. Automatic registration
results of a sparse Lidar point cloud (shown with red in all images),
to the dense MLS measurements (remaining colors). Figure (a)
shows the registration results on the raw point cloud with notable
inaccuracies (different class colors in MLS only serve better visibil-
ity). Figure (b) demonstrates the output of successful registration
based on removing the dynamic objects from the MLS point cloud
using the proposed CNN method.

to efficiently extract different features from the voxelized data rep-
resentation of dense MLS point clouds. I have quantitatively shown
that considering the density and global position feature channels,
the method is able to overcome other state-of-the-art methods in an
inhomogeneous point cloud labeling task.

1.3. I have proposed a new real-time point cloud alignment
method for point clouds taken with different sensors exhibiting
significantly different density properties and I have proposed a
vehicle localization technique using the segmented dense point
cloud as a high-resolution map. I have experimentally evalu-
ated the proposed method in various urban scenarios.
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Due to the lack of signals, GPS based localization is often unreli-
able, thus the accuracy of it usually fluctuates between a wide range.
According to our experiments, GPS position error can be larger to
10 meters in a dense urban environment such as the streets of Bu-
dapest, Hungary. I have proposed an object-based coarse alignment
procedure for point cloud registration and I showed that the regis-
tration result of the method can be further refined with a point level
registration step. I have proposed a new robust key-points extract-
ing method, which is able to extract robust registration key-points
from the 3D point cloud segments to make the coarse alignment pro-
cess more reliable. I have experimentally shown that the proposed
coarse alignment method is able to reduce the positioning error of
the GPS measurement below 0.4 meter which is a significant im-
provement against the initial 10 meters translation error.

2. Thesis: I have proposed an automatic, target-less camera-
Lidar extrinsic parameter calibration method and I have
shown the advantages of the method versus different state-
of-the-art algorithms.

Published in [1][6][8]

The main goal of the proposed method is to calibrate a camera
and a Lidar sensor mounted onto the top of a moving vehicle in an
automatic way. The proposed automatic method works in an end-
to-end manner without any user interaction and it does not require
any specific calibration objects such as 3D boxes and chessboard
patterns. The main advantage of the method that it is able to
periodically re-calibrate the sensors on-the-fly i.e. without stopping
the vehicle.

2.1. I have proposed a redefinition of the camera-Lidar calibra-
tion task by generating a 3D point cloud from the consecutive
camera frames using a Structure from Motion method and reg-
istering the Lidar and the SfM point cloud in the 3D domain.
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Figure 3: Projection results of the proposed target-less, automatic
camera-Lidar calibration method [1].

Detecting meaningful feature correspondences between 2D and 3D
domain is very challenging, since extracting the same features, points,
or lines from a 2D image and a 3D point cloud domain is unreli-
able. To avoid this feature association problem, I have proposed a
Structure from Motion pipeline to generate a 3D point cloud from
the consecutive camera frames. I have formulated the camera-Lidar
calibration problem as a point cloud registration task in the 3D
domain so that the method aligns the Lidar point cloud to the co-
ordinate system of the generated SfM point cloud. The point cloud
registration consists of two main steps: an object-level alignment
and a curve-based fine alignment process.

2.2. I have proposed a robust object-level registration technique
between the 3D point cloud and the generated SfM point cloud
data and I have proposed object filtering methods to make more
robust the alignment.

I have modified the object-based coarse alignment process proposed
in (Thesis 1) [9], and I have extended it with filtering methods
using two state-of-the-art deep neural networks to eliminate noisy
dynamic object regions which may erroneously miss-lead the reg-
istration process. For registration, I have relied on static street
furniture objects such as columns, traffic signs and tree trunks, fur-

9



thermore based on the deep learning based object filtering the pro-
posed method is able to analyze the scene and it only starts a new
re-calibration if an adequate number of static objects are detected
in the given scene.

2.3. I have proposed a curve-based point cloud registration re-
finement algorithm which is able to correct the local deforma-
tion of the SfM point cloud.

During the SfM pipeline, local point cloud deformations and scaling
errors can occur which may have a great effect on the registration
process, therefore I have proposed a control curve based algorithm
to eliminate these artifacts. Based on the static objects used in the
coarse alignment process I have fitted a NURBS curve both to the
Lidar and the SfM point cloud. The control curves describe the
shape and the distortion of the point clouds and I have proposed
an algorithm which is able to align the curve segments through
a non-linear transformation i.e. it deforms the Lidar point cloud
according to the shape of the SfM one. As a result of the refinement,
the method is able to precisely register the point clouds and it is
able the calculate the proper transformation matrix which projects
the 3D Lidar points onto the corresponding 2D image pixels. I
have quantitatively evaluated and compared the proposed method
against state-of-the-art reference techniques on a 10 km long test set.
I have chosen 200 different keyframes from various scenarios such as
main roads, narrow streets, etc., and I have shown that the proposed
approach is able to be a competitive alternative against state-of-
the-art targetless methods and in some cases, it even overcomes the
accuracy of target-based methods.

3 Application of the Results
The developed algorithms can be used by various up-to-date or fu-
ture computer vision systems, especially in the application fields of
autonomous driving. Many of the proposed methods directly cor-
responded to research projects conducted with the participation of
SZTAKI and PPCU in the previous years.
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Various contributions in RMB Lidar based scene analysis have been
adopted in automotive industrial projects. We also integrated the
person surveillance module into a real-time demonstrator, which has
been introduced at the Frankfurt Motorshow 2017 in the exhibition
area of sensor producer Velodyne, at the Automotive Hungary 2017
exhibition, and in multiple Researchers’ Night occasions (in Hun-
garian: Kutatók éjszakája), which are open yearly events for the
public to visit research centers in Hungary.

4 Datasets and implementing details
For training and testing I created a dense point cloud dataset called
SZTAKI CityMLS which is publicly available. To compare and
validate the proposed segmentation model I also tested it on the
following datasets: Oakland, Paris-rue-Madame and TerraMobilita.
These reference datasets show quite different characteristic than the
SZTAKI CityMLS and they were used only for testing since they
contain relatively a small amount of data (less than 10% of our
publish dataset).
To evaluate the camera-Lidar calibration algorithm, I selected 200
different scenes from a database of 10 km long road sections. Each
scene was associated with a camera image, a corresponding Lidar
point cloud, and a reference calibration.
The main platform for point cloud handling and processing was im-
plemented in C/C++ and OpenGL while the neural network models
was implemented and train in Python3 with TensorFlow and Keras
frameworks. The hardware set up for training contains two Nvidia
Geforce RTX 2080 Ti GPU with 2× 11 GB device memory and 64
GB main memory.
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