
Ingenieurfakultät Bau Geo Umwelt
Methodik der Fernerkundung

Joint Information Augmentation of Road Maps, Aerial
Images and Ground Images
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Abstract

E xtracting information about roads is important for many applications, such as infras-
tructure monitoring, traffic management, urban planning, vehicle navigation, realistic

driving simulations, and it will be essential in the future for autonomous driving cars. The
most straightforward way to express the road information is through a detailed map. Col-
lecting road information on the spot (the ground) for a larger area is labor and time intensive
as the surveyor has to visit the whole area of interest. Aerial images provide a rich infor-
mation source to survey and map a larger area remotely, but if the images are interpreted
manually, this process typically needs long, tedious work.

Analyzing the aerial images automatically can make the analysis of remote sensing images
much more efficient. In the ideal case a complete map could be created from an aerial image
without any human intervention. However, this is a very difficult task, for many scenes the
aerial view does not provide enough information and even humans can only hardly interpret
the image. The majority of available maps were created by also incorporating local surveys
or other information sources to resolve uncertainties present in the remote sensing images.
This makes the maps a great tool to include ground measurements and prior knowledge into
the analysis of aerial images. The goal of this thesis is to apply the already existing road maps
jointly with aerial and ground images in fully automatic workflows. The information missing in
the map is augmented with information present in the aerial and ground images and vice versa.
Three problems are investigated for the information exchange between aerial imagery and
road maps and one problem where ground images are also included. This is a cummulative
dissertation, the four problems are addressed by four peer-reviewed papers:

Fast multiclass vehicle detection on aerial images: Conventional maps describe the static char-
acteristic of the roads, however, the dynamic traffic conditions on the roads are an important
input for navigation, as well as planning and managing the infrastructure. A single aerial
image with appropriate resolution enables to count the vehicles and extract their location
and orientation. This already allows to estimate the utilization of the roads and parking
spaces. By using multiple image frames, the speed of the vehicles can also be measured
to estimate the traffic flow over the area covered by the aerial imagery. The key problem to
solve is the reliable and quick detection of the vehicles in the images. Toward this goal, a fast
and high-performing vehicle detector is proposed for aerial images. In contrast to previous
methods, this estimates also the direction and the category class of the vehicle. The method
does not need an orthorectified image, it can work on an original image frame without a
prior of the region of interest, e.g. a road mask. The performance of the method is examined
on a new dataset containing several thousand vehicles. The fast speed of this detector makes
it suitable for real-time airborne road traffic extraction.

Large scale aerial image sequence geolocalization with road traffic as invariant feature: Aerial
images are the most practicable if their geolocation is known and a pixel coordinate in the
image can be transformed to a world coordinate. A novel approach is proposed to extract the
geolocation of aerial images by using only a road map and the traffic visible in the images.
In contrast to the three other tasks, here the aerial image is augmented with extra informa-
tion from the map, i.e. the geolocation. The road network pattern over a larger area tends
to be so unique that it can be used to recognize the geolocation. It is not even needed to
extract the complete road network in the images, already a fraction is enough. Instead of
detecting the roads directly, the traffic in the scene is extracted in form of tracks of moving
vehicles. Using these tracks the images can be successfully geolocalized in a search area of
22500 km2 containing 32000 km of streets in the Munich metropolitan area. This method
could replace the expensive and heavy Global Positioning System (GPS) + Inertial Measure-
ment Unit (IMU) systems used for creating geolocalized aerial images. Such systems will
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be particularly important for Unmanned Aerial Vehicles (UAVs), where the weight and cost
of the system is more critical. This method localizes the images similar as humans localize
themselves, based only on visual information and a road map.

Enhancing road maps with the street width by parsing aerial images: Currently used road maps
are intended for the navigation of humans. The roads as stored as centerlines with connec-
tions to other roads without providing detailed information about the physical dimensions
of the road. Having access to the width attributes of the roads would be important for infras-
tructure planning, creating realistic simulations over roads and they can improve the auto-
matic scene understanding of autonomous vehicles. To address these demands, a method
is presented to automatically extract the road width while also considering misalignments
between the road network and the aerial image. Instead of formulating the problem as a
pixelwise semantic segmentation, the problem is defined as one of inference in a Markov
Random Field (MRF) reasoning about the road parameters directly. This makes it very fast,
more robust and the topology of the road network is preserved. Experiments are conducted
on three datasets, over Bavaria, Germany, over the city of Karlsruhe, Germany and Google
Earth images over various locations around the world. The proposed method outperforms
the state of the art in both speed and accuracy. The ability of the detailed maps to improve
the scene understanding of ground images is demonstrated on the KITTI autonomous driv-
ing dataset.

Fine-grained road segmentation by parsing ground and aerial images: The estimation of the
road width is extended to extract the fine-grained road layout by estimating the number
and width of lanes plus the presence and width of parking spots and sidewalks. Impor-
tantly, the proposed approach applies existing road maps, aerial images and ground images
jointly. The problem is formulated as one of inference in an MRF reasoning about the road
layout as well as the alignment between the aerial image, the map and the ground image
sequence in a joint energy function. The MRF takes features extracted from the images by
deep learning as data terms and formulates the constraints on the lane sizes and the road
layout as pairwise potentials. This allows robust estimation also in case when the image ev-
idence (e.g. lane markings) is not visible or is missing. The alignment of ground and aerial
images is necessary as even when applying sophisticated GPS-IMU systems, registration er-
rors can still occur. The registration of the ground images to the map can also function as
precise self-localization of the vehicle within the road, an important task for path planning
and safe driving. Experiments are performed on a dataset including annotated aerial and
ground images over the same area.
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Zusammenfassung

D ie Erfassung von Straßeninformationen ist wichtig für eine Vielzahl von Anwendun-
gen, wie Infrastrukturüberwachung, Verkehrsmanagement, Stadtplanung, Fahrzeug-

navigation, realistische Fahrtsimulationen und in Zukunft auch für autonomes Fahren. Die
gängigste Methode um Straßeninformationen darzustellen sind detaillierte Straßenkarten.
Die Erfassung von detaillierten Straßeninformationen vor Ort (an der Straße) erfordert viel
Aufwand, da Vermessungstrupps das ganze Gebiet besuchen müssen. Luftbilder sind eine
reiche Informationsquelle um größere Gebiete zu messen und aus der Ferne zu kartieren,
auch wenn für die manuelle Bearbeitung und Interpretation der Bilder trotzdem noch viel
Aufwand benötigt wird. Die automatische Verarbeitung von Luftbildern könnte die Anal-
yse von Luftbildern viel effizienter machen. Im Idealfall würde man sogar eine vollständige
Karte ohne manuelle Arbeitsschritte erstellen können. Aber die vollautomatische Bildverar-
beitung ist eine sehr anspruchsvolle Aufgabe, weil auch die Luftbilder in vielen Szenen nicht
genügend Informationen anbieten, sodass auch Menschen einige Bilder nur schwierig inter-
pretieren und kartieren können. Der Großteil der Straßenkarten, die heute zu Verfügung
stehen, wird durch Bodenmessungen und mit anderen Zusatzinformationen erstellt, welche
auch die Unsicherheiten in den Luftbildern lösen können. Dadurch sind Karten mit den
integrierten Bodenmessungen und zusätzlichem a-priori Wissen sehr geeignet, um die au-
tomatische Analyse von Luftbildern zu stützen. Ziel dieser Dissertation ist die automatis-
che Verknüpfung von existierenden Straßenkarten mit Luftbildern und mit terrestrischen
Aufnahmen. Fehlende Informationen in den Karten werden durch Informationen in den
Bildern ergänzt, fehlende Luftbildinformationen wiederum werden durch Informationen in
den Karten ergänzt. Insgesamt drei Probleme über die Verarbeitung von Straßenkarten und
Luftbildern werden untersucht, wobei bei einem Problem auch zusätzlich terrestrische Auf-
nahmen hinzukommen. Diese Dissertation ist kumulativ geschrieben; die vier nachfolgend
beschriebenen Probleme sind durch vier Peer-Reviewed Veröffentlichungen abgedeckt:

Schnelle Multiklassen-Fahrzeugdetektion in Luftbildern: Die konventionellen Straßenkarten
beschreiben meist nur die statischen Eigenschaften von Straßen, obwohl dynamische
Verkehrsinformationen sehr wichtig für die Fahrzeugnavigation als auch für Infrastruk-
turplanung und -verwaltung sind. Mit Hilfe eines einzelnen Luftbilds ist es möglich, die
Straßen- und Parkplatzbelegung durch Zählung von Fahrzeugen mit ihren Positionen und
Richtungen zu schätzen. Mit einer Bildsequenz kann man sogar die Geschwindigkeit von
Fahrzeugen messen, um daraus die Verkehrslage zu bestimmen. Um diese Grundaufgabe
optimal zu lösen, wird ein Fahrzeugdetektor präsentiert, der eine verbesserte Fahrzeugde-
tektion mit kurzen Rechenzeiten liefert. Die vorgeschlagene Methode bestimmt im Gegen-
satz zu anderen Methoden sowohl die jeweilige Fahrzeugklasse als auch die Orientierung
der Fahrzeuge. Dabei wird nur ein einzelnes georeferenziertes, nicht orthorektifiziertes Luft-
bild ohne Einschränkung des Suchgebiets durch eine Straßenmaske benötigt. Die Leistung
von der Methode ist in einen aktuellen Datensatz mit mehreren tausend Fahrzeugen un-
tersucht worden. Die schnelle Geschwindigkeit dieser Methode erlaubt die Anwendung für
Echtzeit Verkehrserfassung aus Luftbildern.

Großflächige Luftbildsequenz Georeferenzierung durch Verwendung von Straßenkarten als in-
variante Merkmale: Luftbilder sind dann am besten geeignet für Anwendungen, wenn eine
Transformation der Bildkoordinaten zu Weltkoordinaten möglich ist. Ein neuer Ansatz wird
präsentiert, der die Georeferenzierung von Luftbildsequenzen mit Hilfe einer Straßenkarte
und mit Hilfe des in den Bildern sichtbaren Verkehrsstroms bestimmt. Im Gegensatz zu den
drei anderen Problemen wird hier die Straßenkarte verwendet, um fehlende Informatio-
nen bei den Luftbildern zu ergänzen. Die Muster der Straßenkarte erscheinen genügend
eindeutig zu sein, so dass man sie zur Georeferenzierung verwenden kann. Dabei muss
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nicht das komplette Straßennetz im Bild extrahiert werden, sondern es genügt ein Teil
davon. Statt direkt die Straßen zu extrahieren, werden sich bewegende Fahrzeuge detek-
tiert und verfolgt. Anhand der Trajektorien dieser Fahrzeuge können die Luftbildsequenzen
in einem großen Suchgebiet, z.B. um die Großstadt München mit 22500 km2 Fläche und
32000 Straßenkilometer, erfolgreich lokalisiert werden. Diese Methode kann die Messun-
gen mit kostenintensiven GPS Inertialsysteme ersetzen, um Luftbilder zu georeferenzieren
oder um mit Hilfe von Bildaufnahmen in der Luft zu navigieren. Das wird insbesondere
bei unbemannten Luftfahrzeugen wichtig, bei denen Gewicht und Preis eine wichtige Rolle
spielt. Diese Methode erlaubt die Positionierung basierend nur auf visueller Information
und Straßenkarten und ähnelt so der Orientierung von Menschen.

Erweiterung von Straßenkarten mit Straßenbreiteninformation durch Luftbildanalyse:
Straßenkarten sind im Prinzip für die Orientierung von Menschen entworfen. Die
Abbildung von Straßen erfolgt als Mittellinie mit Kreuzungen zu anderen Straßen. De-
taillierte Informationen über die physikalischen Größen der Straßen werden meist nicht
angegeben, obwohl diese für verschiedene Anwendungen, wie Infrastrukturplanung, real-
istische Fahrtsimulationen und für die Interpretation in autonom fahrenden Fahrzeugen
wichtig sein könnten. Eine Methode wird präsentiert, welche die Straßenbreite automa-
tisch aus Luftbildern extrahiert und die Registrierungsfehler zwischen Luftbildern und
Straßenkarten berücksichtigt. Statt wie üblich das Problem als semantische Segmentierung
zu betrachten, wird das Problem als Inferenz in einem Markov Random Field (MRF)
beschrieben, das direkt die gewünschten Straßenparameter schätzt. Dies führt zu sehr
schnellen Laufzeiten, robusteren Ergebnisse und zur Bewahrung der Straßentopologie.
Experimente wurden auf drei Datensätzen durchgeführt: Luftbilder über Bayern, Bilder
aus Google Earth über Karlsruhe, und weltweite Bilder aus Google Earth. Diese Methode
liefert bessere Ergebnisse als vergleichbare Referenzmethoden und hat deutlich geringere
Laufzeiten. Anhand des KITTI Datensatzes wird demonstriert, dass die so verbesserten
Straßenkarten die Bildverarbeitung für autonomes Fahren verbessert.

Hochauflösende Straßensegmentierung durch Luftbilder und terrestrischen Aufnahmen: Das Ver-
fahren zur Erfassung der Straßenbreiten wurde zu einer hochauflösenden Straßensegmen-
tierung durch die Extraktion von Anzahl und Breite die Fahrspuren, Gehsteigen und Park-
spuren erweitert. Entscheidend bei diesem Verfahren ist, dass Straßenkarten, Luftbilder
und terrestrische Aufnahmen in einem gemeinsamen Arbeitsschritt verarbeitet werden. Das
Problem ist als Inferenz in einem MRF formuliert, welches die Straßenanordnung sowie
die Registrierung zwischen Luftbildern, terrestrischen Aufnahmen und der Straßenkarte
gemeinsam schätzt. Deep Learning wird angewendet, um semantische Bildmerkmale zu
berechnen, und als Datenterm in dem MRF zu verwenden. Die Zwangsbedingungen der
Breite der Spuren und die Struktur des Straßenlayouts werden durch paarweise Poten-
tiale ausgedrückt. Das ermöglicht eine robuste Schätzung, auch wenn wenig Bildinforma-
tion vorhanden ist, z.B. wenn die Straßenmarkierungen fehlen oder nicht sichtbar sind. Die
Registrierung zwischen die Luftbildern und terrestrischen Aufnahmen ist notwendig, da
auch bei Verwendung von sehr präzisen GPS Inertialsystemen die geforderte Genauigkeit
nicht immer eingehalten werden kann. Diese Registrierung kann man auch als präzise
Lokalisierung betrachten, was für Routenplanung und autonomes Fahren sehr wichtig ist.
Experimente wurden auf einem Datensatz ausgeführt, der annotierte Luftbilder und ter-
restrische Aufnahmen vom selben Gebiet beinhaltet.
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1 Introduction

Maps are used to describe the spatial relations of the objects in the world. Without maps
the modern life is hardly imaginable, they are used for designing and maintaining the in-
frastructure, planning constructions and investments, managing agriculture and the envi-
ronment, etc. Particularly important are road maps helping people to navigate from one
point to another. Mankind has been using maps since the ancient times and as the tech-
nology advanced, maps were enhanced and extended to meet new demands and cover new
areas. This evolution is still ongoing. Especially important was the emergence of commer-
cially available GPS navigation devices enabling the automatic localization of the vehicles.
When connected to a digital road map, these GPS devices can navigate a vehicle on en-
tire continents, but only to the extent of the reliability of the applied map. This poses a
high demand on more accurate, more detailed and more complete road maps. This aspect
will get more important for fully autonomously driving cars, which seem to be realized in
the future. Autonomous vehicles have to understand their environment, interact with other
traffic participants and be able to self-localize precisely under any circumstances. Highly de-
tailed road maps can support these by providing priors about the environment, intentions
of other vehicles or pedestrians, and most importantly, maps can enable path planning and
self-localization similarly as humans were using maps to find their location before the time
of GPS. Navigation and traffic are very important, but not the only applications requiring
fine-grained maps. Detailed maps can be leveraged in virtual and augmented reality for
both for the management and maintenance of the man-made and natural environment or
for entertainment purposes. It seems inevitable to create more detailed and more complete
maps for the demands of current and future technologies.

Existing maps were created by huge manual effort and they represent a type of human
knowledge. The creation of high definition maps can be based on the map information al-
ready present plus additional sensors. Images are a rich information source easily under-
standable by humans, which makes them convenient for mapping and surveying. Aerial
images provide full coverage over a large area, without the need of collecting data on the
spot. This makes them an important source of geospatial information and maps since the
dawn of aviation and photography. Airplanes are the most widespread way to carry cam-
eras, however nowadays UAVs are becoming a more economical alternative. Remote sensing
imagery is particularly important for public administrations (e.g. cadastre), for the mili-
tary and the intelligence. Nowadays aerial images are abundant, almost all major cities have
aerial imagery, often also publicly available (e.g. German cities) or even for free (e.g. the
United States Geological Survey (USGS) in the USA). Manual mapping and surveying using
remote sensing images is a laborious and often tedious work resulting in high costs. Ana-
lyzing the aerial images automatically could make remote sensing much more efficient. In
the ideal case a complete map could be created from an aerial image without any human
intervention. However, this is a very difficult task. There are partially automatic systems
for certain tasks, but a general, fully automatic mapping system is currently not realized
(at least to the knowledge of the author). For many scenes the aerial view does not pro-
vide enough information and even humans can only hardly interpret the scene. Existing
maps and images can be applied jointly to augment new information present in one of the
data but not in the other by incorporating the information of both. The collection of maps
typically employed also ground surveys or other prior knowledge supporting the image in-
terpretation when remote sensing data alone was not informative enough. This information
can be leveraged when existing maps and aerial image are processed jointly.

For managing the traffic, planning an optimal route for the current road utilization and
estimating the time of arrival, live information about the road traffic is required. Various
methods exist to acquire traffic data on the ground. Special sensors can be deployed (e.g.
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might turn out to the road.

Detailed and reliable maps are needed also for the management and planning of the infras-
tructure. Local authorities typically have databases about the road infrastructure. However,
these databases can origin from very different sources, from legacy measurements stored on
paper to modern Light Detection And Ranging (LIDAR) Point Clouds (PCLs) acquired by
survey vehicles. Therefore the completeness, the reliability and the grade of the details of
these information can vary highly. An automatic system verifying the existing data based
on aerial images can support the decision if new surveying is needed or the current data
already fulfills the requirements. In certain cases an update using available imagery and
maps could be enough instead of a new survey.

Modern cars are getting equipped with more and more sensors (e.g. cameras) for Advanced
Driver Assistance Systems (ADAS) and ultimately fully autonomous driving. This makes
the car fleet of the future a huge mobile sensor network driving the roads continuously. To
extract coherent information the sensors of the individual cars have to be registered pre-
cisely. This task involves the alignment of possibly millions of sensors. These sensors can
not be calibrated in a laboratory and their field of view will not cover the same area at the
same time. Standard, image based image registration techniques, assuming overlap between
the images, are hardly applicable. The appearance of a scene can change considerably be-
tween the visit of two vehicles, e.g. day vs. night, sunny weather vs. rainy, summer season
vs. winter. Instead of registering the images to each other, the sensors can be registered to
a common map. Maps contain higher level information: the spatial description of objects.
These features are invariant to appearance changes, they do not depend on the lighting con-
ditions or the applied sensor. Even different sensor modalities (e.g. image vs. radar) can
be matched based on the spatial extent of the object they are capturing. By registering the
sensors of a moving car to a precise map self-localization and sensor (camera) calibration
becomes possible. This enables the reliable localization of the vehicle even if there is no
GPS signal available, and allows to deploy consumer vehicles with lower cost (and lower
precision) sensors. However, this can only work if detailed and up-to-date maps are avail-
able on a large scale. Therefore the augmentation of maps with detailed information and
keeping them up-to-date will become an important aspect of the traffic infrastructure of
the future. Alternatively to applying sophisticated surveying vehicles with calibrated sen-
sors (e.g. GPS+IMU, LIDAR), lower cost sensors (i.e. cameras) can be applied to enhance the
road maps. In this case the precise localization of the images is a more relevant problem. A
possible solution is to apply aerial images jointly with the images acquired by the vehicles
on the ground. The absolute location accuracy of aerial images is typically high, which can
be leveraged to register them with the terrestrial images. However, matching images of dif-
ferent perspective and resolution is very challenging, for which standard image matching
techniques are not suitable. The spatial extent of objects described by maps can provide
the link between the two image types (i.e. air and ground) allowing registration. Inferring
detailed road map information and augmenting the alignment of aerial and ground images
jointly can give a more optimal result than doing these tasks individually.

The transportation systems of the future demand the augmentation of road maps with dy-
namic traffic information, more detailed categories (e.g. precise lane information), and the
registration of images and maps by geolocalizing the images. This can be achieved by ap-
plying images and existing maps jointly.
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Objective 1: Vehicle detection

Objective 2: Aerial image localization based on road maps

Fig. 1. Illustration of the objectives 1 and 2. The detected vehicles are shown with colored bounding boxes, different
classes with different color. Black shows false-negative (missing) cars. The bottom image shows aerial images localized
over a larger area. The image is transformed into the road map. The red color in the image shows the extracted car tracks
used to match to the map. The red dots in the Google Earth image shows the location of the image.

1.1 Objectives

1.1.1 General goal
This thesis aims to present new scientific methods to automatically augment information of
road maps, aerial imagery and ground images by inferring jointly in these different data sources.

1.1.2 Methodological goals
The general goal is reached by four methodological goals: providing new methods to solve
four specific problems.

Objective 1:

Development of a more reliable, faster vehicle detector for extracting road traffic from aerial images
in near real-time.

Aerial images can provide not only static information about the infrastructure but also dy-
namic properties, e.g. road utilization, traffic flow. To extract these dynamic properties the
key is to detect the vehicles in the image reliably and automatically. This is a challenging
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In the second half of this chapter the task of image localization, object detection and
semantic image segmentation is introduced and a short general state of the art is given.
The more task specific related work is in the corresponding chapters.

� Chapters 3-6 addresses the four objectives covered by the four papers.
� Chapters 7 is the conclusion with an outlook on future work.
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Fig. 7. Illustration of the backward pass of a neural network with one hidden layer. The backpropagation of the Loss
function gradient is shown in orange, the gradients used for the parameter update are shown in red and the forward pass
is in black. The regularization term R(w,b) is not shown. View this figure rotated.






