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1 Motivation

In der Photogrammetrie und Fernerkundung werden unterschiedliche Messsysteme
zur Datenerfassung eingesetzt. Die eingesetzten Messsysteme lassen sich in passive
und aktive Systeme einteilen. Bei den aktiven Systemen wird elektromagnetische
Strahlung verwendet um die Szene zu bestrahlen und damit spezifische Eigenschaf-
ten der bestrahlten Oberflichen abzuleiten. Eine Unterscheidung ist bei den aktiven
Systemen hinsichtlich der eingesetzten Wellenlénge der Strahlung moglich. Radio
Detection and Ranging (RADAR) Systeme strahlen mit Wellenldngen im m- bis
mm-Bereich, elektro-optische (EO) Systeme [47] hingegen mit Wellenléingen im ym-
bis nm-Bereich. Im Folgenden werden diese elektro-optischen Systeme zur Verein-
fachung als aktive optische Sensoren oder kurz aktive Sensoren bezeichnet. Solche
aktive Sensoren sind beispielsweise Laserscanner [84, 95], strukturierte Lichtprojek-
tion Sensoren oder Entfernungskameras [16].

Die mit aktiven Sensoren (Kapitel 1.1) erfassten 3D-Daten haben spezielle Eigen-
schaften weswegen fiir eine automatische Verarbeitung anwendungsspezifische Me-
thoden (Kapitel 2) entwickelt werden miissen um eine Szene zu analysieren. Mittels
vier aufeinander aufbauenden Verarbeitungsstufen (Kapitel 1.2) wird diese Zielset-
zung angegangen und umgesetzt.

1.1 Taxonomie der aktiven Sensoren

In Abhéngigkeit von der Anwendung werden spezielle aktive Sensoren eingesetzt.
Die Charakterisierung dieser aktiven Sensoren kann nach unterschiedlichen Kriteri-
en erfolgen [A3]. Die in dieser Habilitationsschrift eingesetzte Taxonomie orientiert
sich an den Kategorien: Modulationstechnik, Detektionstechnik, Anordnung, Mess-
technik, Beleuchtungsquelle, Sichtfeld und Entfernungsbereich (Abbildung1.1).
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Abbildung 1.1: Taxonomie der aktiven Sensoren nach den Kategorien: Modu-
lationstechnik, Detektionstechnik, Anordnung, Messtechnik, Beleuchtungsquelle,
Sichtfeld und Entfernungsbereich.



Modulationstechnik

Die Modulation von elektromagnetischer Strahlung erfolgt bei Aktiven Sensoren
durch Dauerstrich- bzw. Pulsmodulation ( Continuous- Wave, CW bzw. Pulse Modu-
lation). Hierbei ist die eingesetzte Modulationstechnik einer bestimmten Messtech-
nik zugeordnet, bei Dauerstrichmodulation erfolgt eine Phasendifferenzmessung und
bei Pulsmodulation eine Laufzeitmessung.

Detektionstechnik

Die Detektionstechniken sind unterteilbar in Kohérente Detektion (Coherent De-
tection) und Direkte Detektion (Direct Detection). Der Unterschied dieser Detekti-
onstechniken besteht darin, dass bei koharenter Detektion die Kohédrenz der elek-
tromagnetischen Strahlung fiir die Detektion beriicksichtigt wird und bei direkter
Detektion die Koharenz unberiicksichtigt bleibt. Die koharenten Detektionsmetho-
den sind Heterodyne Detektion (Heterodyne Detection) und Homodyne Detektion
(Homodyne Detection). Die direkten Detektionsmethoden sind Mehrfach-Photonen-
Detektion (Multi Photon Detection) und Einzel-Photon-Detektion (Single Photon
Detection).

Anordnung

Bei der Anordnung der Sende- und Empfangseinheit erfolgt eine Unterscheidung
zwischen monostatischer (monostatic) und bistatischer (bistatic) Anordnung, wobei
der technische Aufwand fiir ein monostatisches System grofler ist, als der technische
Aufwand fiir ein bistatisches System.

Messtechnik

Die bei aktiven Sensoren eingesetzte Messtechnik ermoglicht die Entfernung direkt
oder indirekt bestimmt. Bei der Phasendifferenz- und Laufzeitmessung wird direkt
aus dem gemessenen Phasendifferenzwert bzw. Laufzeitwert die Entfernung abge-
leitet. Bei der Triangulationsmessung wird unter Berticksichtigung der inneren Ori-
entierung und der relativen Orientierung zwischen Sende- und Empfangseinheit in-
direkt tiber den gemessenen Disparitdtswert die Entfernung bestimmt. Zudem ist
der funktionale Zusammenhang zwischen gemessenem Wert und Entfernung linear
(direkt) bzw. nichtlinear (indirekt).

Beleuchtungsquelle

Als Beleuchtungsquelle werden bei aktiven optischen Sensoren wegen ihrer hohen
Stahlintensitét meist Light Amplification by Stimulated Emission of Radiation (La-
ser), Laserdioden oder Leuchtdioden eingesetzt.

Sichtfeld
Das Sichtfeld (Field of View, FOV) ist konstruktionsbedingt durch die Anordnung

der einzelnen Sensorelemente gepragt, hierbei werden bei Flachensensoren zweidi-
mensionale Abbildungen ermoglicht, hingegen bei Zeilensensoren bzw. Zeilenscanner
nur eindimensionale Abbildungen. Zeilensensoren bestehen aus geradlinig angeord-
neten Sensorelementen die synchron Daten aufnehmen. Bei Zeilenscanner hingegen



wird ein einziges Sensorelement geradeaus bewegt, wahrenddessen sequentiell durch
punktuelle Abtastung gemessen wird.

Entfernungsbereich

Bei aktiven Sensoren ist der operative Entfernungsbereich unterteilbar in einen na-
hen Entfernungsbereich (Close Range oder Short Range), mittleren Entfernungs-
bereich (Mid Range) und fernen Entfernungsbereich (Far Range). Die Abgrenzung
zwischen den Entfernungsbereichen ist unscharf, die Uberginge sind flielend, eine
strikte Trennung ist nur schwer moglich. Trotzdem wird im Folgenden eine grobe
Einteilung vorgenommen:

Der nahe Entfernungsbereich (Abbildung 1.5, rot) umspannt Entfernungen unter-
halb von mehreren Metern bzw. Zehnermetern. Typische Vertreter von aktiven Sen-
soren, die in diesem Entfernungsbereich eingesetzt werden, sind strukturierte Licht-
projektion Sensoren (z.B. Microsoft Kinect 1.0), Time-of-Flight Entfernungskameras
(z.B. MESA SR-4000, PMD CamCube 2.0) oder einfache Laserscanner (z.B. Hokuyo
UTM-30LX) (Abbildung 1.2).
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Abbildung 1.2: Aktive Sensoren die im nahen Entfernungsbereich messen: Struk-
turierte Lichtprojektion Sensoren (z.B. Microsoft Kinect 1.0 (a)), Time-of-Flight
Entfernungskameras (z.B. MESA SR-4000 (b), PMD CamCube 2.0 (¢)) und ein-
fache Laserscanner (z.B. Hokuyo UTM-30LX (d)).
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Der ferne Entfernungsbereich (Abbildung 1.5, blau) umspannt Entfernungen deut-
lich oberhalb von mehreren hundert Metern bzw. Kilometer. Flugzeuggetragene La-
serscanner (Airborne Laser Scanning, ALS) und Satellitengetragene Laserscanner
(Satellite Laser Scanning, SLS) werden diesem Entfernungsbereich zugeordnet. Ty-
pische Vertreter von aktiven Sensoren die in diesem Entfernungsbereich operieren
sind auf Flugzeugen (z.B. RIEGL LMS-Q780, Toposys Falcon III, Optech Titan,
Leica ALS60) (Abbildung 1.3) oder auf Satelliten (z.B. Geoscience Laser Altimeter
System, GLAS) montiert.
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Abbildung 1.3: Aktive Sensoren die im fernen Entfernungsbereich messen: Flug-
zeuggetragene Laserscanner (z.B. RIEGL LMS-Q780 (a), Toposys Falcon III (b),
Optech Titan (c), Leica ALS60 (d)).
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Zwischen nah und fern liegt der mittlere Entfernungsbereich (Abbildung 1.5, griin)
bei dem hauptsichlich Mobile Laserscanner (Mobile Laser Scanning, MLS) und Ter-
restrische Laserscanner (Terrestrial Laser Scanning, TLS) eingesetzt werden. Typi-
sche Vertreter von aktiven Sensoren die in diesem Entfernungsbereich operieren,
befinden sich auf mobilen Roboter bzw. Fahrzeugen (z.B. SICK LMS511, Velody-
ne HDL-64E, Velodyne VLP-16) oder werden fiir terrestrische Anwendungen (z.B.
Leica HDS6000, Z+F Imager 5006h, RIEGL VZ-4000) eingesetzt (Abbildung1.4).
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Abbildung 1.4: Aktive Sensoren die im mittleren Entfernungsbereich messen: Mo-
bile Laserscanner (z.B. SICK LMS511 (a), Velodyne HDL-64E (b), Velodyne VLP-
16 (c)) und Terrestrische Laserscanner (z.B. Leica HDS6000 (d), Z+F Imager
5006h (e), RIEGL VZ-4000 (f)).

Die in Kapitel 2 eingesetzten aktiven Sensoren sind alle in Abbildung 1.5 dargestellt
und entsprechend der drei Entfernungsbereiche farblich (rot, blau, griin) markiert.
Zudem ist fiir jeden Sensor das vom Hersteller spezifizierte operative Entfernungs-
intervall aufgetragen.
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RIEGL LMS-Q780 |-
RIEGL VZ-4000 |
Velodyne VLP-16
Velodyne HDL-64E
Z+F Imager 5006h |-
Leica HDS6000 |-
SICK LMS511 |
Hokuyo UTM-30LX |
PMD CamCube 2.0 |-
MESA SR~4000 |-
Microsoft Kinect 1.0 |-

Ll

L Lol Lol Lol | 1 A W A1 |
-t 10 10t 102 10* 10t 10°  10°

Operativer Entfernungsbereich (m)

Abbildung 1.5: Vom Hersteller spezifiziertes operatives Entfernungsintervall bei
verschiedenen aktiven Sensoren. Gruppiert nach dem nahen (rot), mittleren (blau)
und fernen (griin) Entfernungsbereich.

1.2 Aufbau der Habilitationsschrift

In diesem Kapitel wird ein Uberblick iiber den Aufbau der Habilitationsschrift ge-
geben (Abbildung 1.6), der sowohl die wesentliche Ziele als auch die iibergeordnete
Konzeption darstellt. Dieses Kapitel dient der wissenschaftlichen Einordnung und
ist gleichzeitig als niitzlicher Hinweis zum Lesen der Habilitationsschrift gedacht.

In Kapitel 1 wird zum Habilitationsthema hingefiihrt, indem fiir die automati-
schen Szenencharakterisierung in der Photogrammetrie und Fernerkundung mittels
neue aktive optische Sensoren motiviert wird. Insbesondere die Charakterisierung
von aktiven optischen Sensoren (Kapitel 1.1) hinsichtlich unterschiedlichen Krite-
rien verdeutlicht deren spezielle Eigenschaften, wodurch die Datenerfassung unter-
schiedlich beeinflusst wird. Ausgehend von den erfassten Daten werden zielgerichtete
Forschungsaktivitéten konzipiert (Kapitel 1.3), die eine automatische Szenencharak-
terisierung ermoglichen.

Aus dieser Konzeption werden vier aufeinander aufbauenden Verarbeitungsstufen
entwickelt. In Kapitel 2 werden die hierfiir relevanten Methoden vorgestellt.



e Beginnend mit der ersten Verarbeitungsstufe Modellierung und Analyse
von Messsignalen (Kapitel 2.1) sollen die mit aktiven Sensoren erfassten Da-
ten dahingehend aufbereitet werden, dass ein wesentlicher Zugewinn fiir die
nachfolgenden Verarbeitungsstufen erreicht wird. Beispielsweise wurden spezi-
elle Signalverarbeitungsmethoden fiir Entfernungskameras (Kapitel 2.1.1) und
Full-Waveform-Laserscanner (Kapitel 2.1.2) entwickelt bzw. eine radiometri-
sche Kalibrierung (Kapitel 2.1.3) basierend auf verschiedenen Beleuchtungs-
modellen konzipiert.

o Nach der Aufbereitung der Daten werden in der zweiten Verarbeitungsstufe
durch die Koregistrierung mit 2D- bzw. 3D-Sensoren (Kapitel 2.2) die
Beobachtungen durch mehrere Sensoren bzw. durch einen bewegten Sensor
fiir eine umfassende Szenenerfassung vereinheitlicht. Hierfiir ist beispielswei-
se die Zusammenfiihrung von geometrischen und radiometrischen Daten bzw.
die Uberfiihrung von 2.5D-Daten in eine iibergeordnete Punktwolke zweck-
dienlich. Deswegen wurden neue Losungsansitze zur Bestimmung der rela-
tiven Orientierung zwischen aktiven 3D-Sensoren und passiven 2D-Sensoren
(Kapitel 2.2.1) sowie bei bewegten aktiven 3D-Sensoren (Kapitel 2.2.2) entwi-
ckelt. Im Speziellen wurde hierfiir eine Entfernungskamera mit einer thermi-
schen Infrarot-Kamera (Kapitel 2.2.1.1) bzw. ein mobiler Laserscanner mit ei-
ner RGB-Kamera (Kapitel 2.2.1.2) kombiniert. Zudem wurden neue Methoden
entwickelt, bei denen keine zusatzliche Sensoren zur Bestimmung der Position
und der Lage des aktiven 3D-Sensors verwendet werden, sondern ausschlieflich
die mit scannenden aktiven 3D-Sensoren (Kapitel2.2.2.1) bzw. bildgebenden
aktiven 3D-Sensoren (Kapitel 2.2.2.2) erfassten Daten berticksichtigt werden.

o Nach der Vereinheitlichung der Daten wird in der dritten Verarbeitungsstu-
fe durch Szenenanalyse (Kapitel2.3) der Inhalt einer Szene beztiglich der
darin enthaltenen Strukturen effizient analysiert. Da aktive Sensoren primar
der geometrischen Erfassung dienen, werden bei der Analyse die geometrische
Eigenschaften der Szene in Form von Punktwolken priorisiert. Weil die Charak-
terisierung von 3D-Punkten sowohl von der nicht bekannten Szenenstruktur
als auch von der zu wahlenden Nachbarschaft gepréigt ist, ist die optimale
lokale Nachbarschaft zur Merkmalsberechnung fiir jeden 3D-Punkten geson-
dert zu bestimmen (Kapitel 2.3.1). Fiir jeden 3D-Punkt werden aus der op-
timalen lokalen Nachbarschaft verschiedene geometrische 3D-Merkmale und
2D-Merkmale extrahiert (Kapitel2.3.2) und dem 3D-Punkt zugewiesen. Da
die Relevanz der geometrischen Merkmale von den Szeneninhalten beeinflusst
wird, ist es sinnvoll fiir eine performante Klassifizierung eine optimale Auswahl
von relevanten Merkmalen (Kapitel 2.3.3) zu bestimmen. Abschlieflend wird
basierend auf den relevanten Merkmalen eine Klassifikation (Kapitel2.3.4)
durchgefiihrt.



o Nach der sehr allgemein gehaltenen Szenenanalyse wird in der vierten Ver-
arbeitungsstufe durch Objektrekonstruktion (Kapitel 2.4) eine differenzier-
te Analyse der Szene hinsichtlich einzelner Objekte vorgenommen. Es wer-
den sowohl natiirliche Objekte (Kapitel 2.4.1) als auch anthropogene Objekte
(Kapitel 2.4.2) untersucht.

In Kapitel 3 ist abschliefend eine kurze Zusammenfassung und der Ausblick auf
zukiinftige Forschungsmoglichkeiten gegeben.

Ergénzend sind in Kapitel 4 die Forschungsaktivitaten in Form von relevanten Pu-
blikationen beriicksichtigt. Die durchgefiithrten Forschungsaktivitaten werden zudem
hinsichtlich der ibergeordneten Konzeption im folgenden Kapitel 1.3 vertieft.

[ Kapitel 1.1 )
L Taxonomie der aktiven Sensoren )
l
Kapitel 2.1

Modellierung und Analyse von Messsignalen
(3
Kapitel A
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)

Kapitel 2.2
Koregistrierung mit 2D- bzw. 3D-Sensoren
(3
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)

Kapitel 2.3
Szenenanalyse
(3
Kapitel C
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)

Kapitel 2.4
Objektrekonstruktion
(3
Kapitel D
(D3, D4, D6|

Abbildung 1.6: Aufbau der Habilitationsschrift hinsichtlich aktiver Sensoren, den
vier Verarbeitungsstufen und den zugeordneten Schliisselpublikationen.



1.3 Konzeption der Forschungsaktivitaten

Die vorliegende Habilitationsschrift entstand im Rahmen meiner Forschungsaktivi-
taten am Instituts fiir Photogrammetrie und Fernerkundung (IPF) des Karlsruher
Institut fiir Technologie (KIT). Die Forschungsaktivitaten waren und sind inhalt-
lich auf die Thematik Methoden zur automatischen Szenencharakterisierung
basierend auf aktiven optischen Sensoren fiir die Photogrammetrie und
Fernerkundung ausgerichtet. Fiir deren Umsetzung sind sowohl mathematisch-
analytische, numerische und informationstechnische Grundlagen, die radiometrische
und geometrische Modellierung, die Evaluation der automatischen Auswerteverfah-
ren, als auch die eigenstandige und innovative Methodenentwicklungen essentiell,
um im Bereich der Bild- und Signalverarbeitung innerhalb der Photogrammetrie,
Fernerkundung und Geodasie erfolgreich wissenschaftlich zu wirken.

Forschungsaktivitidten werden durch studentische Arbeiten, Doktorarbeiten und For-
schungskooperationen wesentlich unterstiitzt. Insbesondere die vom Autor betreuten
Doktorarbeiten und die Forschungskooperationen ermdglichen hierbei eine weiter-
fithrende inhaltliche Vertiefung sowie die zielgerichtete Umsetzung der iibergeordne-
ten Konzeption. Die Gesamtkonzeption der inhaltlichen Forschungsrichtungen wur-
den konsequent durch den Verfasser der Habilitationsschrift gepragt (Kapitel 1.2)
und realisiert (Kapitel 2). Die dazu entstandenen 45 relevanten Publikationen sind
den vier Verarbeitungsstufen zugeordnet (Kapitel 4). Zudem sind die insgesamt 22
Schliisselpublikationen! (Abbildung 1.6) als Abdruck vollstandig in der Habilitati-
onsschrift enthalten.

Vom Verfasser der Habilitationsschrift wurde zudem federfithrend mit diversen na-
tionalen und internationalen Institutionen gezielt Forschungskooperationen initiiert,
um die wesentlichen Forschungsthemen dieser Arbeit zu vertiefen und die angestreb-
ten Ziele zu erreichen, beispielsweise:

 Fachgebiet Photogrammetrie und Fernerkundung (PF) der Technischen Uni-
versitdt Miinchen (TUM) zum Thema Entfernungskamera kombiniert
mit thermischer Infrarot-Kamera (Kapitel 2.2.1.1).

o Institut fir Optronik, Systemtechnik und Bildauswertung (IOSB) der Fraun-
hofer-Gesellschaft (FhG) zum Thema Mobiler Laserscanner kombiniert
mit RGB-Kamera (Kapitel 2.2.1.2).

o Laboratoire Méthodes d’Analyses pour le Traitement d’Images et la Stéréo-
restitution (MATIS) des Institut Géographique National France International
(IGN) zum Thema Auswahl relevanter Merkmale (Kapitel 2.3.3).

o Department of Forest Sciences der University of Helsinki (UH) zum Thema
Objektrekonstruktion (Kapitel 2.4).

'Weiterfithrende Information hinsichtlich der Einordnung von Schliisselpublikationen und rele-
vanten Publikationen sind in Kapitel 4 gegeben.
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2 Zusammenfassung der entwickelten Methoden

In diesem Kapitel werden die entwickelten Methoden vorgestellt. Ausgehend von
Daten, die mit einem aktiven Sensor erfasst werden, lassen sich folgende vier auf-
einander aufbauende Verarbeitungsstufen ausmachen, um die Daten nutzbringend
zu analysieren. Beginnend mit der gezielten Aufbereitung der Rohdaten kann be-
reits durch Modellierung und Analyse von Messsignalen (Kapitel 2.1 mit Kapitel A)
ein wesentlicher Zugewinn fiir die nachfolgenden Verarbeitungsstufen erreicht wer-
den, beispielsweise durch eine verbesserte Erfassung der Szene, die zusétzliche Mog-
lichkeiten fiir die weiterfithrende Verarbeitung erméglicht. In der darauf folgenden
Verarbeitungsstufe werden durch Registrierung (Kapitel 2.2 mit Kapitel B) einzel-
ne voneinander unabhéangige Beobachtungen in eine iibergeordnete vereinheitlichte
Représentation iiberfiihrt, beispielsweise durch die Zusammenfithrung von geome-
trischen und radiometrischen Daten bzw. die Uberfithrung von 2.5D-Daten in eine
Punktwolke. In der néchsten Verarbeitungsstufe wird die Punktwolke hinsichtlich
Szeneninhalt analysiert (Kapitel 2.3 mit Kapitel C). Hierbei werden relevante Merk-
male ausgewahlt und fiir jeden 3D-Punkt eine optimierte lokale Nachbarschaft zur
Berechnung der Merkmale beriicksichtigt, um eine erhohte Gesamtgenauigkeit bei
der Klassifikation zu erreichen. Mit der letzten Verarbeitungsstufe wird durch Ob-
jektdetektion (Kapitel 2.4 mit Kapitel D) eine differenzierte Analyse der Szene hin-
sichtlich einzelner Objekte vorgestellt.

2.1 Modellierung und Analyse von Messsignalen

Bei der ersten Verarbeitungsstufe werden die mit aktiven Sensoren erfassten Daten
fiir die nachfolgenden Verarbeitungsstufen aufbereitet. Durch die Modellierung und
Analyse von Messsignalen kénnen die Daten dahingehend optimiert werden, dass
eine verbesserte Erfassung der Szene ermoglicht wird. Die Verbesserung kann bei-
spielsweise hinsichtlich geometrischer und radiometrischer Aspekte erfolgen. Durch
Modellierung des Signals ergeben sich zusétzliche Moglichkeiten bei der Analyse
von Messsignalen. Hierfiir wurden spezielle Signalverarbeitungsmethoden fiir Entfer-
nungskameras (Kapitel 2.1.1) und Full-Waveform-Laserscanner (Kapitel2.1.2) ent-
wickelt bzw. eine radiometrische Kalibrierung (Kapitel 2.1.3) basierend auf verschei-
denen Beleuchtungsmodellen konzipiert.
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2.1.1 Phase-Unwrapping bei Entfernungsbildern

In diesem Kapitel werden zwei Verfahren vorgestellt, die den eingeschrankten Ent-
fernungsmessbereich bei Entfernungskameras (z.B. MESA SR-4000 oder PMD Cam-
Cube 2.0; Kapitel 1.1) bild- bzw. signalbasiert tiber den vom Hersteller spezifizierten
Messbereich hinaus zu erweitern (Abbildung2.1).

Bei der Verwendung von dauerstrichmodulierten (Continuous- Wave) Lichtquellen
kann durch Messen der Phasendifferenz Ay die Entfernung AR zwischen Sensor
und beleuchteter Objektoberfliche berechnet werden mit

c Ay

AR=——-
2fm 2m’

(2.1)

wobei f,, der Modulationsfrequenz und ¢ der Lichtgeschwindigkeit entspricht [16].

Durch die Phasendifferenz Ap sind Phasenmehrdeutigkeiten unvermeidbar, welche
Mehrdeutigkeiten bei der Entfernungsmessung A R verursachen (Abbildung2.1¢ und
d). In Abhéngigkeit von der verwendeten Modulationsfrequenzrate (z.B. 20 MHz)
ergibt sich ein eindeutiger Entfernungsmessbereich (z.B. 7,5 m). Absolute Entfernun-
gen R werden félschlicherweise zu kurz erfasst, wenn die Werte iiber dem eindeutigen
Entfernungsmessbereich R,,, mit

C

o =5

(2.2)

liegen.

Es werden im Folgenden neue bild- bzw. signalbasierte Methoden fiir Entfernungska-
meras vorgestellt mit denen durch Phasenabwicklung (phase-unwrapping) der Ent-
fernungsmessbereich um ein Vielfaches erweitert werden kann.

Bildbasierte Erweiterung des Entfernungsmessbereichs

Aus der Radio Detection and Ranging (RADAR) Interferometrie [30, 37] sind ver-
schiedene bildbasierte Methoden bekannt, die zum Phase- Unwrapping bei Phasen-
mehrdeutigkeiten verwendet werden konnen. Um die prinzipielle Funktionsweise zur
Phasenrekonstruktion speziell bei Entfernungsbilder, die mit einer Entfernungska-
mera gemessen wurden, zu untersuchen, wurden sowohl Probabilistische Graphische
Modelle [22, 28], als auch der Goldstein-Algorithmus [32, 36] entsprechend fiir Ent-
fernungsbilder adaptiert und angewandt.
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Abbildung 2.1: Zwei Szenen (a,b) erfasst mit verschiedenen Entfernungskameras,
Entfernungsbilder gemessen durch MESA SR-4000 (c) und PMD CamCube 2.0
(d), Darstellung von vertrauenswiirdigen (helle Grauténe) und nicht vertrauens-
wiirdigen (dunkle Grautoéne) Messungen (e,f), Ergebnisse der bildbasierten (g) und
signalbasierten (h) Erweiterung des Entfernungsmessbereichs.
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Essentiell fir die Auflosung von Phasenmehrdeutigkeiten ist die Bestimmung rele-
vanter Inkonsistenzen im Phasenbild. Eine Inkonsistenz, auch Residuum genannt,
ist gegeben, falls die Summe der Phasendifferenzen der vier néchstgelegenen und be-
nachbarten Pixel ungleich Null ist. Verursacht werden diese Inkonsistenzen durch (i)
szenenbedingte Diskontinuitéten, (ii) den eingeschrankten Entfernungsmessbereich
und (iii) Rauschen. Die Residuen sind in Abbildung2.2a aufgetragen. Zur besse-
ren Unterscheidung wurden die positive Residuen (weifl) und negative Residuen
(schwarz) entsprechend eingefarbt.

10000

8000
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4000

Number of elements

00 1 2 3 4 5 6 7

Confidence (bad < good)

C d

Abbildung 2.2: Berticksichtigung des Vertrauensmafles bei der Phasenrekonstruk-
tion: a) positive Residuen (weif) und negative Residuen (schwarz), b) Héufigkeit
der Vertrauensmafe der Szene aus Abbildung 2.1a, ¢) Phasenrekonstruktion (Wert
2 bis 7) und d) Phasenrekonstruktion (Wert 4 bis 7).

Wird ein Vertrauensmafl beriicksichtigt bei der Prozessierung, beispielsweise die Si-
gnalgiite dargestellt in Abbildung 2.1e, konnen rauschbedingte und somit nicht ver-
trauenswiirdige Messungen direkt bestimmt werden. Werden alle Messungen bei
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der Phasenrekonstruktion berticksichtigt, ergibt sich daraus Abbildung2.1g. Offen-
sichtlich ist die Phasenrekonstruktion nicht optimal, es sind mehrere Inkonsistenzen
gegeben. Im Vergleich dazu kann eine Verbesserung erreicht werden, indem nicht
vertrauenswiirdige Messungen fiir die Phasenrekonstruktion unberiicksichtigt blei-
ben und bei der Phasenrekonstruktion ausmaskiert werden [A5]. Werden beispiels-
weise vertrauenswiirdigere Messungen fiir die Phasenrekonstruktion eingesetzt, in
Abbildung 2.2c (Wert 2 bis 7) bzw. in Abbildung2.2d (Wert 4 bis 7), ergeben sich
dadurch weniger Inkonsistenzen, die Rekonstruktion ist durch die Ausmaskierung
stellenweise liickenhaft, jedoch qualitativ stimmiger. Abschliefend ist zu erwéh-
nen, dass szenenbedingte Diskontinuitdten mit dem vorgestellten Ansatz zur bildba-
sierten Erweiterung des Entfernungsmessbereichs nicht kompensiert werden kénnen
(Abbildung 2.1g).

Signalbasierte Erweiterung des Entfernungsmessbereichs

Unterschiedliche Modulationsfrequenzen werden beispielsweise bei dauerstrichmodu-
lierten TLS Systemen [29, 84| eingesetzt, um mittels niedriger Modulationsfrequenz
einen moglichst grofflen Entfernungsmessbereich abzudecken und mittels hoher Mo-
dulationsfrequenz einen méoglichst genaue Entfernungsmessung zu erméglichen. Um
schnell, priazise und in groflen Entfernungen zu messen, werden die unterschiedli-
chen Modulationsfrequenzen synchron auf das Signal aufgetragen. Dies ist derzeit
bei Entfernungskameras nicht moéglich. Moderne Entfernungskameras kénnen mit
bis zu vier unterschiedlichen Modulationsfrequenzen im MHz-Bereich messen, je-
doch sind die unterschiedlichen Modulationsfrequenzen pro Gerét nicht gleichzeitig
einsetzbar. Um eine signalbasierte Phasenrekonstruktion bei dauerstrichmodulier-
ten Entfernungskameras zu ermoglichen, wird ein neues Zeit-Frequenz-Multiplex-
Verfahren vorgestellt [A4] mit dem der Entfernungsmessbereich um ein Vielfaches
erweitert werden kann.

Die Phase ¢ ist vollstdndig beschrieben mit

o =21k + Ay, (2.3)
wenn die ganzzahlige Periodenanzahl £ = 0,1,2,... und die Phasendifferenz Ay
bekannt sind.

Das entfernungsspezifische Aquivalent hierzu ist die absolute Entfernung R mit

R=R,k+ AR, (2.4)
bestimmt durch die ganzzahlige Periodenanzahl k, dem eindeutigen Entfernungs-
messbereich R, und der gemessenen Entfernung AR.

Werden zwei unterschiedliche Modulationsfrequenzen f; und fo mit f; < fy bei der
Messung verwendet, ergeben sich in Abhédngigkeit von der verwendeten Modulati-
onsfrequenz zwei spezifische eindeutige Entfernungsmessbereiche mit R,,; und R,,s.
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Somit ergibt sich Fall A und B fiir die gemessenen Entfernungen AR; und ARs.

Fall A

Sind die gemessenen Entfernungen AR; < ARy, dann gilt k&1 = ky = k und die
absolute Entfernung R ist bestimmt durch

R - lek + ARl - ngk + ARQ, (25)
mit der ganzzahlige Periodenanzahl k = (ARy — ARy) /(R — Rin2).

Fall B

Sind die gemessenen Entfernungen AR; > AR5, dann gilt k; + 1 = ky = k und die
absolute Entfernung R ist bestimmt durch

mit der ganzzahlige Periodenanzahl k = (ARy — ARy + R1)/(Rm1 — Rim2)-

Exemplarisch sind in Abbildung 2.3 fiir zwei Modulationsfrequenzen f; = 18 MHz
und fo = 21 MHz die gemessenen Entfernungen AR; und AR, iiber die absolute
Entfernung R aufgetragen. Die berechnete Differenz ARy — AR zeigen deutlich die
vorzeichenbedingte Fallunterscheidung.

8 /1 A H’| /
6 ,’I | f}| (rx")’| r‘?’|
al C / | L /
VAR /
T 2t |/ /
= R ER VATV
2 0
2
e -
Al i
&l — — AR, mitf, =18 MHz |
ol AR, mit f, =21 MHz |
AR,- AR,
_1[] 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 &0

Absolute Entfernung R [m]
Abbildung 2.3: Gemessenen Entfernungen AR; (rot gestrichelt) und ARy (griin

gepunktet), die berechnete Differenz ARy — AR; (blaue durchgehend) zur Fall-
unterscheidung iiber die absolute Entfernung R aufgetragen.
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Durch Messungenauigkeiten bei der Erfassung der gemessenen Entfernungen AR,
und ARy ergeben sich Abweichungen zum ganzzahligen Erwartungswert der Peri-
odenanzahl k. Entsprechend kann aus der berechneten Abweichnung ein Vertrauens-
maf ¢ abgeleitet werden, bei dem ganzzahlige Zahlenwerte als vertrauenswiirdig und
davon abweichende Werte als nicht vertrauenswiirdig im Intervall [0, 1] abgebildet
werden (Abbildung 2.1f) durch

q=1—2|Fk—nint(k) |, (2.7)

mit | - | fiir den Absolutwert und nint(-) fir den néchsten ganzzahligen Wert.

Somit ist es moglich, bei der signalbasierten Erweiterung des Entfernungsmessbe-
reichs jede einzelne Phasenrekonstruktion (Abbildung2.1h) hinsichtlich der Giite
zu quantifizieren. Es werden in Abbildung 2.1f vertrauenswiirdige Messungen durch
helle Grautone repréasentiert und nicht vertrauenswiirdigen Messungen durch dunkle
Grautone. Deutlich ist zu erkennen, dass bei diesem Beispiel tendenziell viele ver-
trauenswiirdige Phasenrekonstruktionen berechnet werden. Die wenigen Phasenre-
konstruktionen die nicht sehr vertrauenswiirdig erscheinen sind in groffer Entfernung
(Hintergrund der Szene), bei spiegelnde Oberflichen (Tischoberfliche im Vorder-
grund) oder bei stark geneigte Oberflachen (Raumdecke). Eine zusétzliche quanti-
tative Bewertung ist in Abbildung 2.4 dargestellt. Hierfiir wurde die Haufigkeit des
Vertrauensmafles von der Szene aus Abbildung 2.1b aufgetragen. Es ist zu erkennen,
dass vorwiegend vertrauenswiirdige Werte bei der Phasenrekonstruktion bestimmt
wurden.
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Abbildung 2.4: Haufigkeit der Vertrauensmafle bei der Szene aus Abbildung2.1b.
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2.1.2 Signaloptimierung bei Full-Waveform-Laserscanner-Daten

In diesem Kapitel wird ein Verfahren vorgestellt, bei dem das empfangene Signal von
Full-Waveform-Laserscanner optimiert wird. Hierbei wird durch Inversfilterung das
durch die Oberflache verursachte Signal rekonstruiert, womit beispielsweise eine ver-
besserte Trennbarkeit bei mehreren in unterschiedlichen Entfernungen beleuchteten
Objektoberflachen erreicht werden kann.

Im Gegensatz zur alleinigen Messung charakteristischer Entfernungswerte ergeben
sich bei der Aufnahme der kompletten zeitlichen Signalform (Full-Waveform) bei
Full-Waveform-Laserscanner (z.B. Optech Titan, Leica ALS60 oder RIEGL LMS-
Q780; Kapitel 1.1) neue Moglichkeiten bei der Auswertung zur erweiterten Szenen-
erfassung [A1l, A10, 61, 96, A15]. Inbesondere zur Interpretation der empfangenen
Signalform des riickgestreuten Laserpulses ist hierbei das Versténdnis fiir den physi-
kalischen Hintergrund von der Laserstrahlungsausbreitung und die Interaktion mit
Oberflachenstrukturen relevant [A6, 87]. In Abbildung 2.5 ist schematisch die La-
serstrahlungsausbreitung, die Interaktion mit verschiedenen Oberflachenstrukturen
(oben) und die daraus resultierende empfangene Signalform des riickgestreuten La-
serpulses (unten) skizziert.

Abbildung 2.5: Laserstrahlungsausbreitung, die Interaktion mit verschiedenen
Oberflachenstrukturen (oben) und die daraus resultierende empfangene Signal-
form des riickgestreuten Laserpulses (unten): a) Ebene Oberflache ohne Neigung,
b) Ebene Oberfliche mit Neigung, c¢) Zwei Bereiche mit leicht unterschiedlicher
Hohe, d) Zwei Bereiche mit deutlich unterschiedlicher Héhe und e) Zuféllig ange-
ordnete kleine Objekte (Vegetation).
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Um Oberflaichenstrukturen unterscheiden zu konnen, ist eine Einteilung in unter-
schiedliche Rauhigkeitsstufen sinnvoll. Hierbei kann die Grofle der angeleuchteten
Oberflachengeometrie, bezogen auf den Durchmesser d und die Wellenldnge A\ des
Laserstrahls, als Unterscheidungsmaf eingesetzt werden [A3], um die unterschied-
lichen Oberflachenstrukturen in Makro-, Meso- und Mikro-Strukturen einzuteilen
(Abbildung 2.6).

Makro-Strukturen

Mit Makro-Strukturen werden Strukturen bezeichnet, deren Ausmafle die Grofle des
Strahldurchmessers d (Footprint) um ein Vielfaches tibersteigen. Bei Lasersystemen
sind die Strahldivergenz und die rdumliche Abtastung aufeinander abgestimmt. Im
Allgemeinen ist hierbei der Strahldurchmesser kleiner oder idealerweise gleich dem
Abstand zwischen den Stiitzstellen. Die Entfernungswerte, die durch die rdumliche
Abtastung mit einem Lasersystem gemessen werden, ermoglichen die Rekonstruktion
von groflen Objektstrukturen (beispielsweise Geldndetopographie, Dachformen von
Gebauden).

Bei der Analyse von Makro-Strukturen, die bei ausgedehnten Objekten mit ein-
facher Oberflichengeometrie auftreten, wird vorausgesetzt, dass eine einzelne Re-
flexion auftritt. Diskontinuitdten innerhalb der beleuchteten Oberflichengeometrie
werden vernachlassigt. Makro-Strukturen konnen durch das Merkmal Entfernung
repréasentiert werden.

Meso-Strukturen

Mit Meso-Strukturen werden Strukturen bezeichnet, deren Ausmafle zwischen der
Grofe des Strahldurchmessers d und der Wellenldnge A liegen. Unterschiedlich weit
entfernte Objektbereiche innerhalb des Strahlengangs bewirken unterschiedliche Ent-
fernungswerte innerhalb einer Messung. Dies kann verursacht werden durch die Be-
leuchtung von zwei, mehreren oder kontinuierlichen Bereichen mit geringer unter-
schiedlicher Entfernung (beispielsweise Schornstein, Gaube, Dachschréige, Dachgie-
bel, Aste, Blitter).

Bei der Analyse von Meso-Strukturen kénnen sowohl deterministische Diskontinui-
taten durch anthropogene Objekte als auch zuféllige Diskontinuitdten durch na-
tiirliche Objekte fiir die beleuchtete Oberflachengeometrie angesetzt werden. Meso-
Strukturen bewirken eine Deformation der gesendeten Signalform des riickgestreuten
Laserpulses, wodurch die zeitliche Pulslénge der empfangenen Signalform vergrofiert
wird. Diese Variation kann als Merkmal Entfernungsvariation bezeichnet werden.
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Mikro-Strukturen

Mit Mikro-Strukturen werden Strukturen bezeichnet, deren Ausmafe kleiner bezie-
hungsweise in der Grofenordnung der Wellenlédnge A sind. In Abhéngigkeit von der
Wellenlédnge wird das Reflexionsvermogen der Oberfléche durch das Oberflichenma-
terial beeinflusst. Das Reflexionsvermégen der Oberfliche kann als Reflexionsstarke
durch ein Lasersystem bestimmt werden. Die Reflexionsstérke wird aus der Ampli-
tude oder der Energie der empfangenen Signalform gemessen. Somit kann durch die
Amplitude (Energie) auf das Material der Oberfliche geschlossen werden.

Bei der Analyse von Mikro-Strukturen ist das Reflexionsvermogen der beleuchteten
Oberflachen relevant, um beispielsweise verschiedene Materialien zu unterscheiden.
Mikro-Strukturen verdndern die Amplitude der empfangenen Signalform des riickge-
streuten Laserpulses, der Verlauf wird hierbei nicht verdandert. Die Amplitude kann
als Maf fiir das Merkmal Reflexionsstéirke gesehen werden.

Makro-Struktur > d  d > Meso-Struktur >> 4 A > Mikro-Struktur

Dachformen Bereiche mit unter- Rauheit der Ober-
von Gebauden schiedlicher Entfemung  flache und Materialien

Abbildung 2.6: Unterschiedliche Detaillierungsstufen die mit einem Lasersystem
erfasst werden kénnen. In Abhéngigkeit von Strahldurchmessers d (Footprint) und
Wellenlange .

Charakteristische Merkmale zur Beschreibung der Oberfliche sind somit Entfer-
nung, Entfernungsvariation und Reflexionsstéirke, die mit dem mittleren Zeitwert,
der Pulsdauer und der Amplitude der Signalform (Gleichung 2.8) bei Full-Waveform-
Laserscanner gemessen werden konnen. Die direkte Ableitung dieser Merkmale aus
dem Signalverlauf fithrt jedoch aufgrund der gestorten und diskretisierten Signal-
form auf nicht repréisentative Parameter, weswegen eine Modellannahme erfolgt. Die
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einfache Grundform des Signalverlaufs bei gepulsten Lasersystemen kann durch ei-
ne zeitverzogerte Gaufifunktion (Abbildung2.7) modelliert werden. Hierfiir wird zur
Vereinfachung aus praktischen Grinden die Dauer des Pulses bei halber Amplitu-

denhéhe (Full Width at Half Maximum, FWHM) fiir die GauBfunktion mit w in der
folgenden Formel definiert. Fiir die angepasste Gauifunktion ergibt sich somit

_ 2 In(2) ~exp(—4-In(2) - @), (2.8)

w T 2w

s(t)
wobei die zu bestimmenden Parameter der mittlerer Zeitwert 7, die Pulsdauer w

und die Amplitude a sind. Die Oberflicheneigenschaften haben direkten Einfluss
auf die Pulsdauer und die Amplitude der empfangenen Signalform.

s(t)

Abbildung 2.7: Signalform s(¢) mit mittlerem Zeitwert 7, Pulsdauer w bei Full
Width at Half Mazimum (FWHM) und Amplitude a.

Bedingt durch die Aufzeichnung der empfangenen Signalform erdéffnen sich neue
Méglichkeit zur Merkmalsbestimmung (Kapitel 2.3.2). Die Merkmalsbestimmung
kann zudem prinzipiell verbessert werden, indem sowohl die gesendete Signalform als
auch die empfangene Signalform der Laserpulse fiir die Analyse beriicksichtigt wird.
Fiir die Analyse eignen sich Signalverarbeitungsmethoden [A14], beispielsweise Kor-
relation [A9, A1l, A13] und Inversfilterung [A12, 99]. Es wurde mit der Wiener-
Filter-Methode ein neues Verfahren zur besseren Unterscheidbarkeit von mehreren
Oberflaichen mit geringer unterschiedlicher Entfernung (Abbildung2.5¢) entwickelt
[A12].

Im Folgenden wird kompakt die dafiir entwickelte Modellierung des Messsignals
vorgestellt. Die Oberflichenantwort h(t) représentiert hierbei die Oberfléche als 1D-
Signal aufgetragen iiber der Zeit, respektive die Entfernung. Durch Faltung der
gesendeten Signalform s(¢) mit der Oberflichenantwort h(t) wird die empfangene
Signalform r(¢) modelliert mit

r(t) = s(t) * h(t). (2.9)
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Das Spektrum der Oberflichenantwort H(f) wird bestimmt durch Fouriertransfor-
mation F mit

H(f) ==+ (2.10)

Zur Berechnung von H(f) missen die Spektren R(f) und S(f) bekannt sein, also
r(t) und s(t) durch Messung bestimmt werden. Die Messung dieser Signalformen
ist immer durch das Rauschen n(t) des Empféngers gestort, welches als additives
Rauschen modelliert wird mit

sult) = s(t) +n(t) L S, (f) (2.11)

und

ra(t) = r(t) +n(t) S R,(f). (2.12)

Bei starkem Empféngerrauschen kann es unter Beriicksichtigung von Gleichung 2.10
zu grofilen numerischen Fehlern bei der Berechnung von H(f) kommen. Dieses In-
versproblem kann durch das Wiener Filter [102] gelost werden, da dieses das Rau-
schen reduziert, moglichst ohne das Spektrum der Oberflichenantwort nachteilig zu
verdandern.

Zur Schitzung des Spektrums der Oberflichenantwort H (f) wird das Wiener Filter
W (f) berticksichtigt mit

H(f) =<7 W) (2.13)

Eingefiihrte Randbedingungen [A12] erméglichen die fiir die Wiener-Filter-Methode
bendtigten unbekannten Funktionen durch Messungen direkt zu bestimmen bzw.
indirekt abzuschétzen. N(f) kann sehr einfach mit dem gemessenen Hintergrund-
rauschen des Signals geschéitzt werden und man erhélt das geschétzte Rauschen
N (f). Zudem ist a priori das gesendete Signal s(¢) nicht bekannt, es kann jedoch
das gestorte Signal s,(t) respektive S, (f) gemessen werden (Gleichung 2.11). An-
stelle des im Divisor der Gleichung 2.13 verbleibende Spektrums S(f) konnte dass
durch die Messung gestorte Spektrum S,,(f) verwendet werden, was jedoch wegen
des Rauschanteils zu Problemen fiihren kann. Daher wird hierfiir das durch Tief-
passfilterung ausreichend geschétzte Spektrum S (f) eingesetzt und es ergibt sich

h(t), (2.14)
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wobei ({}*) dem konjugiert komplexen Spektrum entspricht. Zur Berechnung der
geschétzten Oberflichenantwort A(t) muss abschlieBend nur noch H(f) durch inverse
Fouriertransformation F~! in den Zeitbereich zuriick transformiert werden.

Durch die Wiener-Filter-Methode kann eine zeitabhéngige Oberflichenrepréasentati-
on bestimmt werden, die eine von der gesendeten Signalform unabhangige Beschrei-
bung der Oberfliche ermoglicht. Es konnte experimentell gezeigt werden, dass fiir
eine typische Pulsdauer w von 5 ns durch das neu entwickelte Verfahren eine Un-
terscheidbarkeit bei zwei Oberflichen mit einem Entfernungsunterschied von 0,15
m (dies ist dquivalent zu einem Zehntel der Pulsdauer) maéglich ist (Abbildung 2.8).
Zudem kann mit dieser Methode eine hohe Genauigkeit fiir die Bestimmung der
Entfernung erreicht werden.

Entfernung [m] Entfernung [m] Entfernung [m]
3 35 4 45 102.5 103 103.5 104 104.5 99.5 100 100.5 101 101.5
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Abbildung 2.8: Gemessene Signalformen mit Rauschen und geschatzte zeitabhan-
gige Oberflachenreprisentation: a) Gesendete Signalform s, (t) des emittierten La-
serpulses, b) Empfangene Signalform r,(t) des riickgestreuten Laserpulses, c¢) Ge-
schitzte Oberflachenantwort A(t) bei zwei Oberflichen mit einem Entfernungsun-
terschied von 0,15 m.

2.1.3 Radiometrische Kalibrierung bei Laserscanner-Daten

Aktive optische Sensoren werden primér zur Erfassung von geometrischen Daten
eingesetzt. Dartiber hinaus gewinnt zunehmend die Erfassung von radiometrischen
Daten an Bedeutung (alle TLS, MLS, ALS; Kapitel 1.1), da diese fir verschiedene
Anwendungen, wie beispielsweise Registrierung, Segmentierung, Klassifikation und
Visualisierung (Kapitel 2.2, Kapitel 2.3 und Kapitel 2.4), zusétzliche Auswertemaog-
lichkeiten eroffnen. Die gemessene Radiometrie unterliegt verschiedenen Einfliissen,
beispielsweise Entfernung, Atmosphére, Inzidenzwinkel und Oberflicheneigenschaf-
ten, die bei den zuvor genannten Anwendungen eine direkte Verwendung der gemes-
senen Daten erschweren bzw. unmoglich machen. Beispiele fiir die starke Variation
der Intensitdtswerte sind in Abbildung 2.9 dargestellt. Durch unterschiedliche Beob-
achtungsrichtungen, die sich bei der Befliegung (Abbildung 2.10) ergeben, beispiels-
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weise ist bei Flugpfad 3 und Flugpfad 4 die Beobachtungsrichtung entgegengesetzt,
variiert die gemessene Intensitat bei den Dachflichen in Abbildung2.9b und c.

Abbildung 2.9: Radiometrische Kalibrierung bei Airborne Laser Scanning (ALS):
a) Szene als RGB Bild, b) gemessene Intensitét bei Flugpfad 3 fiir gegebene Be-
obachtungsrichtung, ¢) gemessene Intensitiat bei Flugpfad 4 fiir entgegengesetzte
Beobachtungsrichtung, d) Ergebnis fiir winkelunabhéngige Intensitéit. Hohe Inten-
sitatswerte sind rot dargestellt.

Um radiometrische Daten sinnvoll nutzen zu kénnen, muss ein eindeutiger Zusam-
menhang zwischen den beleuchteten Oberflichenstrukturen (Kapitel2.1.2) und der
gemessenen Amplitude (Intensitat) des Signals der riickgestreuten Strahlung herge-
stellt werden. Ist dieser Zusammenhang hergestellt, kann idealerweise mittels einer
radiometrische Kalibrierung das Signal an die Oberflicheneigenschaften angepasst
werden, wodurch die Oberflicheneigenschaften iiber verschiedene Aufnahmepositio-
nen, Beleuchtungswinkel und Beobachtungszeiten hinweg vergleichbar werden. Um
den Zusammenhang zu bestimmen, werden meist datengetriebene [42, 45, 46, 52, 74]
jedoch auch modellgetriebene [42] Ansétze verfolgt.
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Abbildung 2.10: Airborne Laser Scanning (ALS) Befliegung: Flugpfade 1-7 und
eingeblendete Laserscanner-Daten aus Abbildung 2.9.

Zur radiometrischen Kalibrierung miissen verschiedene duflere Einfliisse bei der Mo-
dellierung beriicksichtigt werden. Die empfangene Intensitit I eines monostatischen
Laserscanners kann bei einer gauBférmigen Signalform des riickgestreuten Laser-
pulses mit der Amplitude a und der Pulsdauer w (Abbildung2.7) ndherungsweise
bestimmt werden mit

Ip~a-w-R 2% e 2. p . cos(¥), (2.15)

unter Beriicksichtigung der Entfernung R, der atmosphérischen Transmission e~2%
fir Hin- und Riickweg, der Reflektanz des Materials p,,, sowie des Inzidenzwin-
kels 1 zwischen Strahlausbreitungsrichtung und Oberflichennormale nach dem Lam-
bert’schen Kosinusgesetz. Wird der Inzidenzwinkel 9 iiber die lokale Nachbarschaft
bestimmt und sind die winkelunabhangigen Komponenten aus der Messung bekannt,
dann kann nach Gleichung 2.15 die winkelunabhéngige Intensitéat berechnet werden.
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Nach der Signalanpassung ist das Signal idealerweise nur noch von der Oberflachen-
eigenschaft gepriagt. Bei homogenen Oberflichen, beispielsweise Dachfléchen, ist
nach der Signalanpassung die winkelunabhéngige Intensitit konstant. Zur Model-
lierung kann neben dem hier vorgestellten Lambert’schen Beleuchtungsmodell das
darauf aufbauende Phong’sche Beleuchtungsmodell [75] herangezogen werden, um
nicht nur diffuse, sondern auch spiegelnde Eigenschaften der Oberflache [A2, A7, AS§]
zu berticksichtigen.

Bereits durch die Verwendung des Lambert’schen Beleuchtungsmodells kann durch
die radiometrische Kalibrierung eine vorteilhafte Signalanpassung erfolgen, wodurch
sowohl die Signalvariation bei spezifischen Oberflichen signifikant eingeschréankt
werden kann, als auch eine verbesserte Winkelinvarianz bei den Signalen erreicht
wird [A7]. Die durch radiometrische Kalibrierung erzielte Verbesserung fir eine
homogenen Oberfléche ist in Abbildung 2.9d qualitativ und in Abbildung 2.11 quan-
titativ dargestellt.

Accumulation
Accumulation

1 05 1 15

Intensity ’ Intensity normalized

a b

Abbildung 2.11: Homogenen Oberfléche und die dazu korrespondierenden Inten-
sitdtswerten: a) starke Variation der gemessenen Intensitiatswerten, b) geringe Va-
riation der winkelunabhéangigen Intensitatswerten nach radiometrischer Kalibrie-
rung.

2.2 Koregistrierung mit 2D- bzw. 3D-Sensoren

Nach der Aufbereitung der Daten in der vorherigen Verarbeitungsstufe werden mit
der zweiten Verarbeitungsstufe unterschiedliche Beobachtungen vereinheitlicht. Bei
dem Einsatz von mehreren Sensoren bzw. von einem bewegten Sensor fiir eine um-
fassende Szenenerfassung ist, bedingt durch die unterschiedlichen Beobachtungspo-
sitionen und -orientierungen, die Bestimmung der relativen Orientierung zwischen
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den Beobachtungen essentiell. Ist die relative Orientierung bestimmt, konnen diese
Beobachtungen in ein gemeinsames, iibergeordnetes, raumliches, kartesisches Koor-
dinatensystem, auch Weltkoordinatensystem genannt, iiberfithrt werden. Die Kore-
gistrierung als Losungsansatz ermoglicht eine Vereinheitlichung der Beobachtungen
und somit wird nachfolgend eine zweckméflige Analyse der erfassten Daten ermog-
licht. Im Folgenden werden neue Losungsanséitze zur Bestimmung der relativen Ori-
entierung zwischen aktiven 3D-Sensoren und passiven 2D-Sensoren (Kapitel2.2.1)
sowie bei bewegten aktiven 3D-Sensoren (Kapitel 2.2.2) vorgestellt.

2.2.1 3D/2D-Koregistrierung

Bei der Kombination von aktiven 3D-Sensoren und passiven 2D-Sensoren ergeben
sich unterschiedliche methodische Herangehensweisen fiir die 3D/2D Koregistrie-
rung. Anhand der gewédhlten Beispiele, Entfernungskamera kombiniert mit thermi-
scher Infrarot-Kamera (Kapitel 2.2.1.1) sowie mobilen Laserscanner kombiniert mit
RGB-Kamera (Kapitel 2.2.1.2), wird die methodische Herangehensweisen in den fol-
genden Kapitel verdeutlicht.

2.2.1.1 Entfernungskamera kombiniert mit thermischer Infrarot-Kamera

Zur 3D-Szenenerfassung bei dynamischen Szenen ist eine unverziigliche Aufnahme
vorteilhaft und wird durch aktive Entfernungskameras ermdoglicht. Neben dieser geo-
metrischen Beobachtung kann fiir bestimmte Anwendungen (z.B. Personendetektion
[B3, 64, B13], Gebaudeinspektion [41, 43]) eine zusatzliche radiometrische Beobach-
tung [55] vorteilhaft sein. Hierfiir ist eine Erweiterung der Erfassung mittels Sensoren
wie RGB-Kameras oder thermischen Infrarot-Kameras zweckméafig [2, 13, 93]. Be-
dingt durch eine separate Sensoranordnung (Abbildung2.12) ergeben sich fur die
beiden bildgebenden Sensoren leicht unterschiedliche perspektivische Beobachtun-
gen, die nur dann sinnvoll fusioniert werden kénnen, wenn eine eindeutige Zuord-
nung zwischen den unterschiedlichen Beobachtungen hergestellt wird. Daftir muss
die relative Orientierung der verwendeten Sensoren bestimmt werden.

Abbildung 2.12: Entfernungskamera PMD CamCube 2.0 (links) und thermische
Infrarot-Kamera InfraTec VarioCAM hr (rechts).
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Um die relative Orientierung einer Entfernungskamera (Kapitel 1.1, z.B. PMD Cam-
Cube 2.0) zu einer thermischen Infrarot-Kamera (z.B. InfraTec VarioCAM hr) zu
berechnen, miissen zunichst korrespondierende Bildinhalten einander zugeordnet
werden. Hierfiir werden zuerst die Inneren Orientierungen der Kameras durch eine
geometrische Kamerakalibrierung [7, 11, 40] bestimmt. Zur Kalibrierung der Ent-
fernungskamera ist ein planarer Kalibrierkorper mit Schachbrettmuster geeignet.
Das Schachbrettmuster ist jedoch im thermischen Infrarot-Bereich kontrastarm und
somit flur die Kalibrierung der thermischen Infrarot-Kamera unzureichend. Daher
wird zur Kalibrierung der thermischen Infrarot-Kamera ein planarer Kalibrierkor-
per mit regelmafig verteilt angeordneten strahlenden Glithbirnen (Abbildung2.13)
[54, 60, B5, B6] verwendet, da diese im Intensitatsbild gut zu erkennen sind.

Abbildung 2.13: Planarer Kalibrierkoérper mit regelméaflig verteilt angeordneten
strahlenden Glithbirnen.

Aufgrund der verschiedenen Spektralbereiche der Kameras und der daraus resul-
tierenden unterschiedlichen Bildeigenschaften (z.B. unscharfe Kanten und unter-
schiedliche Intensitéten) kénnen zur Ermittlung von korrespondierenden Punkten
keine Standardverfahren wie beispielsweise die Scale Invariant Feature Transform
(SIFT) [59] verwendet werden. Daher wird ein anderer Losungsweg angegangen,
bei dem zuerst mittels Forstner-Operators [27] fir das kalibrierte Intensitatsbild
der Entfernungskamera als auch fiir das kalibrierte Intensitéatsbild der thermischen
Infrarot-Kamera markante Bildbereiche detektiert werden. Basierend auf den mar-
kanten Bildbereiche im Intensitétsbild der Entfernungskamera wird unter Bertick-
sichtigung der entsprechenden Entfernungswerte und der gemessenen Basis die zu
erwartenden Koordinaten im Intensitatsbild der thermischen Infrarot-Kamera ge-
schatzt, um den Suchraum bei der Korrespondenzsuche einzuschranken. Ausgehend
von diesen Koordinaten wird im Intensitétsbild der thermischen Infrarot-Kamera der
entsprechende markante Bildbereich mit dem minimalen Abstand ausgewahlt und
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eine Zuordnung hergestellt [B4]. Eine zusatzliche Verbesserung wird durch die Ver-
wendung von formbasierten Zuordnungsverfahren (Shape-Based-Matching) [86, 90]
erreicht, da bei diesem Ansatz wellenldngenunabhéngige Formeigenschaften fiir die
Zuordnung beriicksichtigt werden [B13].

Unter Verwendung der ermittelten korrespondierenden 2D-Punkte und deren 3D-
Koordinaten sind verschiedene Losungsansatze zur Bestimmung der relative Orien-
tierung zwischen Entfernungskamera und thermischen Infrarot-Kamera moglich:

o Unter der Annahme, dass die 2D-Punkte auf einer Ebene (z.B. bei planaren
Gebéudefassaden) liegen, kann durch eine Homographie [38] die relative Ori-
entierung geschétzt werden [B10].

o Ist eine gute Anfangsndherung fiir die relative Orientierung bekannt, kann
iiber eine Ausgleichung die relative Orientierung durch den raumlichen Riick-
wartsschnitt geschitzt werden [B4].

 Unter Berticksichtigung der 3D /2D-Korrespondenzen kann durch die Kombi-
nation von Random-Sample-Consensus (RANSAC) [25] mit dem nicht-iterative
Efficient Perspective-n-Point (EPnP) Verfahren [66] die relative Orientierung
ohne Anfangsnéherung geschétzt werden [B13].

Die geschéatzte relative Orientierung aus Intensitéatsbildern einer Entfernungskamera
und den Intensitiatsbildern einer thermischen Infrarot-Kamera kann beispielsweise
zur Erzeugung von infrarot-texturierten Punktwolken (Abbildung2.14) verwendet
werden.

Abbildung 2.14: Zentralperspektivische Ansicht (links) und schrige Ansicht
(rechts) der selben infrarot-texturierten Punktwolke zur Verdeutlichung der Qua-
litdt der 3D/2D-Korregistrierung.
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2.2.1.2 Mobiler Laserscanner kombiniert mit RGB-Kamera

Bei Unmanned Aerial Systems (UASs) ist die Verwendung von Kameras zur Szenen-
erfassung weit verbreitet. Als zusatzliche Beobachtungsmoglichkeit ist der Einsatz
eines aktiven Sensors besonders bei der Vegetationsanalyse attraktiv. Die Verwen-
dung eines mobilen Laserscanners (Kapitel 1.1, z.B. Hokuyo UTM-30LX-EW) fur
Mobile Laser Scanning (MLS) kombiniert mit RGB-Kamera (z.B. GoPro 1080p HD
HERO2) auf einer gemeinsamen Plattform starr fixiert (Abbildung2.15) bietet neue
Moglichkeiten bei der 3D-Szenenerfassung durch geometrische und radiometrische
Datenfusion. Beispielsweise wird damit die Abschétzung der Skalierung bei Simulta-
neous Localisation and Mapping (SLAM) [23] erméglicht. Die Herausforderung bei
dieser Sensorkombination ist, dass die unterschiedlichen Sensoren im nahen Infrarot
bzw. sichtbaren Spektralbereichen messen [B7] und folglich eine direkte gegenseitige
Zuordnung der Beobachtungen nicht gegeben ist. Daher wird eine Methodik gesucht,
mit der die relative Orientierung zwischen den Sensoren bestimmt werden kann.

Abbildung 2.15: Mobiler Laserscanner Hokuyo UTM-30LX-EW (links) und RGB-
Kamera GoPro 1080p HD HERO2 (rechts).

Zur Bestimmung der relativen Orientierung zwischen den auf einer gemeinsamen
Plattform starr fixierten Sensoren werden folgende Verfahrensschritte angegangen.
Zuerst werden aus verschiedenen Ansichten synchrone Aufnahme von dem plana-
ren Kalibrierobjekt (Schachbrett) durch den Laserscanner und die Kamera erstellt.
Somit ergeben sich paarweise Aufnahmen mit einzelnen Laserscanner-Zeilen und
dazu korrespondierenden Kamerabildern. Automatisch wird im Folgenden aus jeder
Laserscanner-Zeile das geradlinige Linensegment extrahiert [49], welches den La-
serpunkten auf dem planaren Kalibrierobjekt entsprechen. Nach der Methode von
Zhang und Pless [104], die als Randbedingung ein planares Kalibrierobjekt voraus-
setzt, welches durch mehrere geradlinige Linensegmente beschrieben werden kann,
wird daraus die relative Orientierung zwischen Laserscanner und Kamera bestimmt
[B8]. Die geschétzte relative Orientierung und deren Unsicherheiten fiir Hebelarm
(Lever-arm) und Relativausrichtung der Systemkomponenten (Bore-sight) [39] ist in
Tabelle 2.1 dargestellt. Die geschatzten Werte entsprechen tendenziell dem gemesse-
nen Referenzwert.
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| Estimated values | Root mean square error

Lever-arm [mm)] -0.63 +9
67.10 +47
-6.45 +12
Bore-sight [deg] 1.08 +0.84
1.69 +0.37
-89.30 +0.14

Tabelle 2.1: Geschétzte relative Orientierung und deren Unsicherheiten fiir Hebel-
arm (Lever-arm) und Relativausrichtung der Systemkomponenten (Bore-sight).

Um abschlieBend eine Projektion der Laserpunkte auf ein verzeichnisfreies Bild vor-
nehmen zu kénnen, werden zusétzlich die Verzeichnungsparameter der Kamera durch
eine geometrische Kamerakalibrierung [7, 11, 40] bestimmt und entsprechend bertick-
sichtigt. Exemplarisch ist in Abbildung2.16 die 3D/2D-Koregistrierung zwischen
mobilem Laserscanner und RGB-Kamera dargestellt.

Abbildung 2.16: Visualisierung der 3D /2D-Koregistrierung zwischen mobilem La-
serscanner und RGB-Kamera unter Beriicksichtigung der geschatzten relativen
Orientierung (rote Punkte: detektierte 2D-Punkte von auffilligen Bildbereiche;
blaue Punkte, horizontal: Laserpunkte projiziert auf das dazu korrespondierende
Bild; griine Linien, vertikal: skalierte Repriasentation der Entfernungsmessungen
fir jeden projizierten Laserpunkt).
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2.2.2 3D-Koregistrierung

Eine detaillierte Erfassung einer Szene kann durch das Messen von Objektober-
flichen durch eine moglichst dichte, genaue und vollstandige Punktwolke erreicht
werden. Die Punktwolke besteht dann iiblicherweise aus mehreren Millionen ge-
messenen 3D-Punkten. Optional kénnen den 3D-Punkten noch zuséatzliche Attri-
bute wie beispielsweise Intensitdt oder Farbe zugeordnet werden. Um eine gute
Flachenabdeckung bei der Erfassung der Szene zu erreichen, werden in der Regel
mehrere 2.5D-Messungen, also Entfernungsmessungen, von unterschiedlichen Auf-
nahmestandpunkten erfasst und mittels Koregistrierung in ein gemeinsames, tiber-
geordnetes Weltkoordinatensystem tiberfiihrt. Hierbei ist darauf zu achten, dass fiir
jede der 2.5D-Messungen synchron die absolute Orientierung, also die absolute Po-
sition und Lage bekannt ist. Ist eine Erfassung nicht direkt moglich, kann indirekt
iiber eine Verkettung von berechneten relativen Orientierungen zwischen jedem ein-
zelnen Aufnahmestandpunkt ein Vereinheitlichung vorgenommen werden.

Des weiteren ist eine Unterscheidung hinsichtlich statischer und dynamischer Szenen
sinnvoll, da je nach Anforderung unterschiedliche Aufnahmestrategien angewandt
werden konnen. Bei einer statischen Szene kann mit einem stationar positionierten
und scannenden aktiven Sensor (z.B. Leica HDS6000, Z+F Imager 5006h, RIEGL
VZ-4000; Kapitel 1.1) die Szene sukzessive erfasst werden, da keine Szenenénderun-
gen wahrend der Messung gegeben sind. Anders verhalt es sich bei dynamischen
Szenen. Erfolgt hier die Erfassung mit einem scannenden aktiven Sensor, kann dies
zu ungewollten Bewegungsartefakten fithren [91]. Abhilfe wird ermdéglicht, indem
bei einer dynamischen Szene mit einem bildgebenden aktiven 3D-Sensor (z.B. Mi-
crosoft Kinect 1.0, MESA SR-4000 oder PMD CamCube 2.0; Kapitel 1.1) synchrone
2.5D-Messungen durchgefiihrt werden, wodurch eine momentane Erfassung gewéhr-
leistet ist. Bei bewegten 3D-Sensoren ist es zudem sinnvoll, die absolute Position und
Lage synchron mit den Beobachtungen zu erfassen, beispielsweise direkt gemessen
durch zusétzliche Sensoren in Form von einem Positionsbestimmungssystem gekop-
pelt mit inertialem Navigationssystem. Nicht immer ist hiermit eine Position- und
Lagemessung moglich, beispielsweise ist innerhalb von Gebauden keine direkte Posi-
tionsbestimmung durch ein globales Navigationssatellitensystem ( Global Navigation
Satellite System) moglich, daher werden andere Losungen angegangen.

Im Folgenden werden neue Methoden vorgestellt, bei denen keine zusétzliche Sen-
soren zur Bestimmung der Position und der Lage des aktiven 3D-Sensors verwendet
werden. Hierfiir werden ausschliellich die mit den aktiven 3D-Sensoren erfassten
Daten beriicksichtigt, um die Aufnahmestandpunkte anhand der geschétzten relati-
ven Orientierung zu ermitteln, d.h. unter Verwendung von Daten die mit scannen-
den aktiven 3D-Sensoren (Kapitel2.2.2.1) bzw. bildgebenden aktiven 3D-Sensoren
(Kapitel 2.2.2.2) erfasst werden, wird deren Koregistrierung vorgestellt. Die Koregis-
trierung zwischen scannenden und bildgebenden aktiven 3D-Sensoren [B15] ist ein
Spezialfall der im Rahmen dieser Habilitationsschrift nicht vertieft wird.
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2.2.2.1 Koregistrierung bei terrestrischen Laserscanner

Terrestrische Laserscanner (z.B. Leica HDS6000, Z+F Imager 5006h, RIEGL VZ-
4000; Kapitel 1.1) ermoglichen eine dichte und sehr genaue 3D-Erfassung. Jedoch
reicht in der Regel meist ein einzelner Aufnahmestandpunkt aufgrund von Verde-
ckungen bei den 2.5D-Messungen nicht aus, um eine Szene vollstiandig zu erfassen.
Die 3D-Messwerte der einzeln erfassten Punktwolken beziehen sich jeweils nur auf
das lokale Koordinatensystem des Laserscanners wahrend der Messung und nicht
auf ein gemeinsames, tibergeordnetes Weltkoordinatensystem. Infolgedessen muss
die relative Orientierung des Sensors durch die Koregistrierung der einzeln erfass-
ten Punktwolken bestimmt werden, um eine moglichst vollstandige Punktwolke zu
erhalten. Die zeitaufwendige Verortung der einzelnen Aufnahmestandpunkt erfolgt
bisher meist manuell bzw. halbautomatisch mittels standardisierten Referenzkor-
pern. Vollautomatische Verfahren zur Koregistrierung sollen daher moglichst eine
geringe Berechnungsdauer und zudem eine sehr hohe Genauigkeit aufweisen.

Eine automatische Koregistrierung kann durch das lterative Closest Point (ICP)
Verfahren [5, 80] erfolgen. Es handelt sich hierbei um ein zweistufiges Verfahren,
bei dem zuerst eine Grobausrichtung und danach eine Feinausrichtung durchge-
fithrt wird. Insbesondere die Grobausrichtung von zwei Punktwolken gestaltet sich
schwierig und setzt zudem einschrankende geometrische Nebenbedingungen voraus
[1, 10, 19, 20, 21, 94]. Die Feinausrichtung basiert im einfachsten Fall auf einer
Zuordnung zwischen jedem Punkt aus der einen Punktwolke zum jeweils nachsten
Punkt der anderen Punktwolke. Hierzu ist zu bemerken, dass es sich bei den Punkten
um durch die Messung vorgegebene 3D-Positionen handelt, die nicht notwendiger-
weise einer gemeinsamen Verortung auf der Oberfliche entsprechen miissen. Fiir die
Berechnung wird durch aufwendige iterative Anpassung der Transformationspara-
meter der Abstand zwischen den zugeordneten Punkten sukzessive minimiert bis
ein globales Optimum erreicht ist bzw. die maximale Anzahl von Iterationen durch-
laufen ist. Neben der einfachen Zuordnung existieren verbesserte und entsprechend
angepasste ICP-Varianten bei denen nicht der Punkt-zu-Punkt-Abstand, sondern
der Punkt-zu-Ebene-Abstand optimiert wird.

Der Nachteil von Zuordnungen, die auf Messpunkten basieren, kann umgangen wer-
den, indem eine direkte Zuordnung von identischen 3D-Oberflaichenelementen, al-
so gemeinsam verorteten Oberflaichenelementen, erfolgt. Wie kann dies effizient er-
reicht werden? Zweckdienlich hierfiir ist eine Bildrepréisentation der sukzessiv er-
fassten korrespondierenden Entfernungs- bzw. Intensitdtsmesswerte. Basierend auf
der Nutzung von geometrischer und radiometrischer Bildreprasentation wurden ver-
schiedene bildbasierte Ansétze zur Registrierung von Punktwolken entwickelt [3, 83].
Aus den einzelnen Intensitatsbildern kénnen charakteristische 2D-Merkmalspunkte
(z.B. mit Scale Invariant Feature Transform (SIFT) Merkmale [59]) ermittelt werden
(Abbildung 2.17), die eindeutig korrespondieren und einer gemeinsamen Verortung
entsprechen [6, 48, 98]. Uber den Vergleich von 2D-Merkmalspunkten in verschiede-
nen Intensitatsbildern kénnen 2D/2D- und daraus folglich auch 3D/3D-Punktkor-
respondenzen bestimmt werden.
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Somit sind verschiedene Losungsansatze zur Koregistrierung moglich. Ein schnel-
les und robustes Verfahren, welches das Efficient Perspective-n-Point (EPnP) [66]
Verfahren mit dem Random-Sample-Consensus (RANSAC) [25] Verfahren kombi-
niert, liefert basierend auf 3D-zu-2D-Punktkorrespondenzen bereits eine sehr gute
Grobregistrierung der Punktwolken und ist daher fiir die Koregistrierung beson-
ders geeignet. Sind grofie 3D/3D-Distanzen zwischen einzelnen Punkten bei den
grob registrierten reduzierten Punktwolken gegeben, werden diese als Ausreifler de-
klariert und entfernen. Abschliefend kann fiir die verbleibenden Korrespondenzen
eine Verfeinerung der Schiatzung (Feinregistrierung) durch einen erneuten Durch-
lauf der vorhergehenden Schritte oder eine ICP-basierte Feinregistrierung erfolgen
[B11, B12, B14].

Die entwickelten Methoden wurden an einem frei verfiigbaren Datensatz!, bei wel-
chem Referenzwerte fiir die 11 Aufnahmestandpunkte vorliegen, getestet und zeigen
eine geringe Berechnungsdauer von wenigen Sekunden auf einem Standardrechner,
sowie einen absoluten Positionsfehler zwischen dem geschétzten 3D-Aufnahmestand-
punkt und der Referenz fiir die untersuchte Szene in Abbildung2.19, der im niede-
ren Zentimeter-Bereich fiir die Grobregistrierung (eqs < 5 cm, blau gestrichelt)
bzw. Feinregistrierung (eqs < 3 cm, rot durchgehend) liegt (Abbildung2.18). In
Abbildung 2.19 sind die geschétzten 11 Aufnahmestandpunkte sowie die Punktwolke
nach der Uberfithrung in ein gemeinsames, iibergeordnetes Weltkoordinatensystem
dargestellt.

Abbildung 2.17: 3D-Repréasentation einer Punktwolke (links), entsprechende 2D-
Repréasentationen fiir Entfernungswerte und Intensitatswerte sowie Intensitatsbild
mit den lokalisierten SIFT-Merkmalen (rechts, von oben nach unten).

http://www.ikg.uni-hannover.de/index.php?id=413&L=de (Letzter Zugriff April 2015)
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Abbildung 2.18: Absoluter Positionsfehler zwischen dem geschatzten 3D-
Aufnahmestandpunkt und der Referenz fiir die untersuchte Szene in

Abbildung 2.19: Grobregistrierung (blau gestrichelt) bzw. Feinregistrierung (rot
durchgehend).

2.2.2.2 Koregistrierung bei Entfernungskameras

Entfernungskameras (z.B. Microsoft Kinect 1.0, MESA SR-4000 oder PMD Cam-
Cube 2.0; Kapitel 1.1) erfassen flichenhaft und synchron Entfernungs- und Intensi-
tatswerte. Moderne Entfernungskameras mit hohen Bildraten sind daher auch zur
Erfassung von dynamischen Szenen geeignet [B2, 79]. Die erfassten Punktwolken
beziehen sich auf das lokale Koordinatensystem des aktiven Sensors zum Aufnah-
mezeitpunkt. Durch die bekannte relative Orientierung zwischen den Aufnahme-
standpunkten der Entfernungskamera konnen die Punktwolken in ein gemeinsames
Koordinatensystem transformiert werden. Infolgedessen muss zur Szenenrekonstruk-
tion eine Registrierung der Punktwolken erfolgen, bei welcher die gesamte, fiir alle
Aufnahmezeitpunkte erfassten 2.5D-Messungen in ein gemeinsames, iibergeordnetes
Weltkoordinatensystem transformiert wird. Diese Registrierung sollte idealerweise
automatisch, schnell und mit hoher Genauigkeit erfolgen.

Um bei der Koregistrierung die Einschrdnkungen beziiglich des geringen Sichtfeldes
der Entfernungskamera und der im Vergleich zu Laserscannern geringeren Messge-
nauigkeit zu kompensieren, wurde ein modifiziertes Gewichtungsschema basierend
auf der Zuverlassigkeit einzelner 3D-Messungen realisiert [B9]. Durch das regulédre
Scanraster lassen sich die aufgenommenen Entfernungs- und Intensitatsmesswer-
te als Entfernungs- und Intensitatsbilder darstellen. In den zu zwei Beobachtun-
gen zugeordneten Intensitatsbildern kénnen iiber Scale Invariant Feature Trans-
form (SIFT) [59] zuverlassig korrespondierende Punkte (2D/2D-Korrespondenzen)
detektiert werden. Statt der Verwendung von Intensitétsbildern ist eine erweiter-
te Kombination aus Entfernungs- und Intensitédtsbilder moglich, dann kénnen tiber
Complex Scale-Invariant Feature Transform (CSIFT) [B1] die korrespondierende
Punkte detektiert werden. Mit Hilfe der entsprechenden Entfernungswerte konnen
daraus wiederum Paare von physikalisch nahezu identischen 3D-Punkten (3D/3D-
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Abbildung 2.19: Punktwolke nach der Uberfithrung in ein gemeinsames, iiberge-
ordnetes Weltkoordinatensystem.

Korrespondenzen) abgeleitet werden, aus welchen die Transformationsparameter der
relativen Orientierung zwischen den entsprechenden Punktwolken geschétzt werden
kénnen (Abbildung2.20a). Dabei wird der Beitrag jeder 3D /3D-Korrespondenz an-
hand der Zuverldssigkeit der entsprechenden Entfernungswerte sowie der Zuverlas-
sigkeit der 2D/2D-Korrespondenz, welche die Ahnlichkeit lokaler Intensitéitswerte
beschreibt, gewichtet.

Eine Bewertung fiir jede einzelne Beobachtung ist bei diesen Untersuchungen nur
eingeschrankt moglich, da kein Referenzmesssystem zur Erfassung der Position und
Lage wiahrend der Aufnahme verfiighbar war. Unter der Annahme, dass eine gerad-
linige Bewegung entlang einer Seilbahn gegeben ist, der Anfangs- und Endpunkt
eingemessen wurde, ergibt sich eine Standardabweichung fiir die Position quer zur
Bewegungsrichtung mit o, = 0.0378m und ein absoluter Fehler fiir den Anfangs-
punkt im Schleifenschluss mit €00, = 0.0967m. Es konnte somit gezeigt werden,
dass eine automatisierte und rein bildbasierte Schétzung der Position und Lage
unter Verwendung von bildgebenden aktiven Sensoren moglich ist. Zusétzliche Un-
tersuchungen fiir jede einzelne Aufnahme hinsichtlich Position und Lage kénnten
zukiinftig noch angegangen werden, um eine differenzierte Bewertung zu erstellen.
Abschlieffend kann zuséitzlich eine Filterung beziiglich der Zuverlassigkeit der ge-
messenen Entfernungsinformation erfolgen, um unzuverlissige 3D-Messungen aus
der Punktwolke zu entfernen (Abbildung2.20b und c).
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Abbildung 2.20: Koregistrierung bei Entfernungskameras: a) Szeneninhalt, b) auf
die Grundebene projizierte registrierten Punktwolke im gemeinsamen, tibergeord-
neten Weltkoordinatensystem (griin) mit verketteter relativer Orientierung (rot),
c¢) ungefilterte Punktwolke und d) gefilterte Punktwolke mit anthropogenem Ob-
jekt (mittig).

2.3 Szenenanalyse

Nach der Vereinheitlichung der Daten wird in der dritten Verarbeitungsstufe der
Szeneninhalt analysiert. Um den Inhalt einer Szene beziiglich der darin enthalte-
nen Strukturen moglichst effizient zu analysieren, ist sowohl die schnelle Erfassung
durch aktive Sensoren (alle TLS, MLS, ALS; Kapitel 1.1) als auch eine automatisier-
te Interpretation von Punktwolken von grofler Bedeutung. Dabei ist eine wesentli-
che Herausforderung, jeden 3D-Punkt der Punktwolke automatisch ein semantische
Kennzeichnung zuzuweisen (beispielsweise Boden, Gebédudefassade oder Vegetation)

8, 69].

Zur Automatisierung der Szenenanalyse werden vier wesentliche Verfahrensschrit-
te (Abbildung2.21) vorgeschlagen. Da aktive Sensoren primér der geometrischen
Erfassung dienen, werden in diesem Kapitel keine radiometrischen Eigenschaften,
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sondern nur geometrische Eigenschaften der Szene in Form von Punktwolken fiir
die Analyse herangezogen. Um einen 3D-Punkt der Punktwolke entsprechend zu
charakterisieren, ist die Verwendung der lokalen Nachbarschaft zweckméafig. Da die
Charakterisierung von 3D-Punkten sowohl von der nicht bekannten Szenenstruk-
tur als auch von der zu wéahlenden Nachbarschaftsanzahl gepragt ist, wird zuerst
die Wahl der optimalen lokalen Nachbarschaft zur Merkmalsberechnung angegan-
gen und erldutert (Kapitel2.3.1). Aus der optimalen lokalen Nachbarschaft werden
im néchsten Schritt verschiedene geometrische Merkmale extrahiert (Kapitel 2.3.2)
und dem 3D-Punkt zugewiesen. Da die Relevanz der geometrischen Merkmale von
den Szeneninhalten beeinflusst wird, ist es sinnvoll fiir eine performante Klassifikati-
on eine optimale Auswahl von relevanten Merkmalen (Kapitel 2.3.3) zu bestimmen.
AbschliefSend wird basierend auf den bestimmten relevanten Merkmalen eine Klas-
sifikation (Kapitel 2.3.4) durchgefihrt.

Semantic Scene

3D Point \ Neighborhood Interpretation

Cloud Data Selection

|_) Feature

Extraction

|_) Feature

Selection

|—) Classification

Abbildung 2.21: Szenenanalyse durch semantische Interpretation bei Punktwol-
ken.

2.3.1 Bestimmung der optimalen lokalen Nachbarschaften

Zur Berechnung von Merkmalen fiir einen 3D-Punkt wird die lokale Nachbarschaft
beriicksichtigt, da diese den benachbarten Bereich des Punktes und somit indirekt
den Punkt selbst charakterisiert. Wesentlich hierbei ist die Grofle des benachbar-
ten Bereichs, um den 3D-Punkt bestmoglich semantisch zu charakterisieren, ohne
storende Einfliilsse von weit entfernten nicht zutraglichen 3D-Punkten einflieen zu
lassen.

Ublicherweise wird die lokale Nachbarschaft basierend auf Vorwissen bzgl. der Szene
und der Daten empirisch bestimmt, wobei fiir die lokalen Nachbarschaften aller 3D-
Punkte im Datensatz haufig die gleiche Parametrisierung verwendet wird [57, 58,
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69, 71]. Da die Grofie des benachbarten Bereichs von der lokalen Punktdichte und
der lokalen Geometrie abhingt [4, 24], wurde ein neues generisches Verfahren zur

automatischen Bestimmung von einer optimalen lokalen Nachbarschaft fiir jeden
individuellen 3D-Punkt der Punktwolke entwickelt [C4, C5, C7].

Um die optimalen lokalen Nachbarschaften (Abbildung2.21: Neighborhood Selecti-
on) fiir jeden 3D-Punkt zu bestimmen wird zuerst die Eigenentropie (Eigenentropy)
E) eingefiihrt. Die Eigenentropie basiert auf der Kovarianzmatrix, wobei die Elemen-
te der Kovarianzmatrix sich aus den Koordinaten eines 3D-Punktes X und der dazu
k néchsten 3D-Punkte berechnen. Die Kovarianzmatrix ist eine symmetrische posi-
tiv definite Matrix, woraus sich drei orthogonale Figenvektoren mit den Eigenwerten
A, A2, A3 € Rund A; > Ay > A3 > 0 ableiten lassen. Um einen generischen Ansatz
zu erhalten, wird eine Normalisierung iiber die drei Eigenwerte durch die Summe
>, vorgenommen. Die Eigenentropie F), abgeleitet von der Shannon Entropie [85],
wird bestimmt durch

E\ = —¢1ln(e;) — ealn(er) — e3ln(es), (2.16)

wobei €; durch ¢, = \;/ >, mit ¢ € {1,2,3} gegeben ist.

Anhand der durchgefiihrten Untersuchungen konnte gezeigt werden, dass die Ver-
wendung von optimalen lokalen Nachbarschaften basierend auf der beschriebenen
Figenentropy-based Scale Selection zu deskriptiven Merkmalen fithrt. Im Vergleich
mit konstanter Nachbarschaftsanzahl (Mg, Nso, N1og)? bzw. mit variabler Nachbar-
schaftsanzahl, beispielsweise bestimmt durch Dimensionality-based Scale Selection
mit der optimalen Nachbarschaftsanzahl j\/’opudim?’ , konnte das Klassifikationsergeb-
nis durch Figenentropy-based Scale Selection mit der optimalen Nachbarschaftsan-
zahl N\ zusitzlich verbessert werden. Das erreichte Klassifikationsergebnis wird
durch das Giitemafl Fi-Score [92] bewertet, welches die Genauigkeit (Precision) und
Trefferquote (Recall) in einem Giitemafl kombiniert.

In Abbildung2.22 ist der F;-Score fiir die Nachbarschaftsanzahl Ny, Nso, Nigo,
Nopt.aim und Nop » aufgetragen. Als Klassifikation wurde bei dem dargestellten Bei-
spiel exemplarisch die Random Forest (RF) [9] Klassifikation verwendet. Die un-
tersuchte Szene (Abbildung2.26) beinhaltet verschiedene Klassen (Leitung, Pfos-
ten/Stamm, Gebaudefassade, Boden und Vegetation). Fiir die Nachbarschaftsanzahl
Nopt ist der Fi-Score generell fiir jede der fiinf Klassen sehr hoch, meist wird damit
das beste Ergebnis erreicht.

2Nachbarschaft mit 10, 50, 100 nichsten Nachbarn
3Optimale Nachbarschaft nach [17]
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Abbildung 2.22: F;-Score fiir die Nachbarschaftsanzahl Nig, Nso, Nioo, Nopt.dim
und N, a. Untersuchte Klassen (von links nach rechts) Leitung (wire), Pfos-
ten/Stamm (pole/trunk), Gebéaudefassade (facade), Boden (ground) und Vege-
tation (vegetation).

2.3.2 Merkmalsextraktion

Um deskriptive Merkmale aus den 3D-Punkten zu extrahieren (Abbildung 2.21: Fea-
ture Eztraction) wird im Folgenden sowohl auf 3D-Merkmale als auch 2D-Merkmale
eingegangen. Zur Beschreibung der lokalen Nachbarschaft eines 3D-Punktes X sind
die in Kapitel 2.3.1 bereits erwahnten Eigenwerte \i, Ay, A3 besonders gut geeignet
sind. Aus diesen Eigenwerten lassen sich sowohl 3D-Merkmale (beispielsweise fiir
lineare, planare und volumetrische Strukturen) [71, 101] als auch spezielle geometri-
sche Formprimitive (beispielsweise Punkt bzw. verschiedene Linien und Fliachen aus
Abbildung 2.23) [C1] bestimmen, die zur Beschreibung von bestimmten Szeneninhal-
ten verwendet werden konnen, unter anderem fiir natiirliche Objekte (Kapitel 2.4.1)
[C2] sowie fiir anthropogene Objekte (Kapitel 2.4.2) [C3].

In der Literatur werden verschiedene geometrische Eigenschaften zur Berechnung
zusétzlicher Merkmale vorgeschlagen, die wesentlichen Eigenschaften sind beispiels-
weise Winkelstatistiken [67], Hohencharakteristiken und lokale Planaritéten [62],
Schiefe und vertikale Profile [33] bzw. Punktabstdnde und Héhenunterschiede [97].
Neben diesen vorgestellten Eigenwert-basierten Merkmalen, die alleine auf der Geo-
metrie der lokalen Nachbarschaft basieren, werden zusétzliche radiometrische Merk-
male (Kapitel2.1.2 bzw. Kapitel 2.1.3) berticksichtigt [12, 62, 69, 82, 97] um die
Klassifikationsleistung zu steigern.

Ohne Anspruch auf Vollstandigkeit werden exemplarisch die wesentlichen 3D- und
2D-Merkmale beschrieben, die sich bei der Szenenanalyse bewéhrt haben [C6, C4,
C5, C7] und bei der in Kapitel 2.3.3 folgenden Auswahl relevanter Merkmale ver-
wendet werden.
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Abbildung 2.23: Spezielle geometrische Formprimitive.
3D-Merkmale

Die aus der lokalen Nachbarschaft, respektive 3D-Punkten, abgeleiteten Merkma-
le werden als 3D-Merkmale bezeichnet. Die 3D-Merkmale Linearity Ly, Planarity
Py und Scattering Sy eignen sich um lineare 1D-Strukturen, planare 2D-Strukturen
oder volumetrische 3D-Strukturen zu beschreiben. Zuséatzliche 3D-Merkmale sind
die Omnivariance O, Anisotropy Ay, Eigenentropy E) und die Sum of eigenva-
lues bezeichnet mit ¥,. Ein Indikator fir Kriimmung ist das Merkmal Change of
curvature C'y. Die formale Definition der genannten Merkmale ist gegeben mit

(2.17)
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A2 — A3
A

Planarity Py = (2.18)

Scattering Sy = i\g) (2.19)
1

Omnivariance Oy = \/ A\ A2As, (2.20)

AL — A
Anisotropy Ay = 1)\ 3, (2.21)
1
3
Eigenentropy Ey = — > X In(\), (2.22)
i=1
Sumof eigenvalues Xy = A\; + Ag + A3, (2.23)
Ch f ture C. As (2.24)
ange of curvature C = —————. :
g AN Ao+ A

Weitere wichtige 3D-Merkmale, jedoch nicht weiter spezifiziert, sind die Verticality
V' [18] und die modifizierte Local Point Density D [56].

2D-Merkmale

Anthropogene Objekte sind fiir die Szenenanalyse relevant, da diese Objekte hiufig
planare Oberflichen aufweisen und zudem vertikal ausgerichtet sind (beispielswei-
se Gebidudefassade, Pfosten) ist es konsequent, speziell hierfiir Merkmale zu ent-
wickeln. Es ist naheliegend, dass hierfiir 3D-Punkte auf eine horizontal orientierte
Ebene (Geldndeebene) projiziert werden und daraus 2D-Merkmale abgeleitet wer-
den, beispielsweise die Local Point Density Dop und der Radius 7y ny2p [56]. Ein
Hinweis auf planare 2D-Strukturen wird durch die Eigenwerte Ai 2p, Ag2p bzw. de-
2,2D

ren Verhaltnis Ry op = San ermoglicht. Ebenso wird die zweidimensionale Variante

der Sum of Eigenvalues Z’AQD berticksichtigt. Zudem kann iiber eine Accumulation
Map [65] die Merkmale Mazimum Height Difference AZ und die Height Variance
oz bestimmt werden.
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2.3.3 Auswahl relevanter Merkmale

Da jedes einzelne Merkmal die Eigenschaften des benachbarten Bereichs beschreibt,
sind nur bestimmte Merkmale (Abbildung2.21: Feature Selection) fiir spezielle An-
wendungen geeignet. Normalerweise ist jedoch kein klassenspezifisches Vorwissen
hinsichtlich der Merkmalseignung bekannt, daher werden prinzipiell alle verfiigharen
Merkmale eingesetzt, um anhand von Trainingsdaten einen Klassifikator zu trainie-
ren. Es ist zu erwarten, dass einige Merkmale irrelevant sind. Durch Reduktion aller
verfligharen Merkmale auf die relevanten Merkmale kann die Klassifikationsleistung
gesteigert werden und zusétzlich die Rechenzeit als auch die Anforderungen be-
ziiglich des Speicherbedarfs deutlich reduziert werden [34]. Durch Kombination von
willkiirlich gewédhlten Merkmalen bei der Klassifikation und der dazu korrespondie-
renden Klassifikationsleistung konnen relevante Merkmale nur mit sehr hohem Re-
chenaufwand bestimmt werden [12, 50, 62]. Im Gegensatz dazu konnen klassifikati-
onsunabhéngige Abschatzungen hinsichtlich der Eignung des Merkmals anhand von
Filter-based Feature Selection Methoden besonders einfach und effizient bestimmt
werden [C8]. Mit der Univariate Filter-based Feature Selection Methode [C6] und
der Multivariate Filter-based Feature Selection Methode [C7] lasst sich dies weiter
spezifizieren.

Univariate Filter-based Feature Selection

Bei der Univariate Filter-based Feature Selection Methode impliziert eine Bewer-
tungsfunktion die Relation zwischen Merkmal und Klasse um die Relevanz der Merk-
male zu bestimmen. Die hierfiir am héufigsten eingesetzten Bewertungsfunktionen
sind beispielsweise Pearson Correlation Coefficient [72|, Gini Index [31], Fisher Sco-
re [26], Information Gain 78] oder Symmetrical Uncertainty [77].

Multivariate Filter-based Feature Selection

Bei der Multivariate Filter-based Feature Selection Methode impliziert eine Bewer-
tungsfunktion sowohl die Relation zwischen Merkmal und Klasse als auch die Rela-
tion zwischen den Merkmalen selbst, um die Redundanz der Merkmale zu bestim-
men. Das hierfiir am haufigsten eingesetzte Bewertungsverfahren ist ReliefF' [51],
weitere Bewertungsverfahren sind Correlation-based Feature Selection (CFS) [35],
Fast Correlation-Based Filter (FCBF) [103] oder minimal-Redundancy-Mazimal-
Relevance (mRMR) Criterion [73].

Hinsichtlich Relevanz (Mazimal Relevance Selection) bzw. Redundanz (Minimal
Redundancy Selection) der analysierten Merkmale ergeben sich hierfiir Bewertungen
die in einer tibergeordneten Relevanzmetrik vereinheitlicht werden kénnen. Die Re-
levanzmetrik basiert auf verschiedenen Strategien zur Analyse der intrinsischen Ei-
genschaften der gegebenen Trainingsdaten und berticksichtigt verschiedene Aspekte
hinsichtlich Maflen beziiglich Abstand, Information, Abhéngigkeit oder Konsistenz.
Die Betrachtung der Merkmale anhand der Relevanzmetrik ermoglicht eine Eintei-
lung in mehr oder weniger relevante Merkmale (Abbildung2.24), wobei die fiir die
Klassifikation zu wiahlende Anzahl von relevanten Merkmalen beispielsweise aus der
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Gesamtgenauigkeit der Klassifikation (Abbildung 2.25) abgeleitet werden kann [C6].
Ferner wird durch Abbildung 2.25 verdeutlicht, dass durch alleinige Hinzunahme von
zusatzlichen Merkmalen nicht notwendigerweise eine zusétzliche Steigerung der Ge-
samtgenauigkeit der Klassifikation ermoglicht wird bzw. durch die Beriicksichtigung
von wenigen relevanten Merkmalen im Vergleich zur Verwendung aller Merkmale
die Gesamtgenauigkeit der Klassifikation deutlich gesteigert wird.
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Abbildung 2.24: Rangfolge der 3D-Merkmale (blau) und 2D-Merkmale (griin)
entsprechend der Relevanzmetrik aufgetragen, je niedriger der Rang desto rele-
vanter das Merkmal.
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Abbildung 2.25: Gesamtgenauigkeit der Klassifikation (Quverall Accuracy) von
Nearest Neighbor (NN), k-Nearest Neighbor (k-NN), Naive Bayesian (NB) und
Support Vector Machine (SVM) Klassifikation (Kapitel2.3.4) aufgetragen tiber
die akkumulierte Rangfolge der Merkmale.
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2.3.4 Klassifikation

Die in Kapitel 2.3.3 ermittelten relevanten Merkmale werden in einem Merkmals-
vektor zusammengefasst und fiir jeden 3D-Punkt wird der dazugehorige individuelle
Merkmalsvektor zur Klassifikation (Abbildung2.21: Classification) eingesetzt. Fur
die Untersuchungen sind Verfahren zur tiberwachten Klassifikaton geeignet [100],
beispielsweise die Nearest Neighbor (NN), k-Nearest Neighbor (k-NN) [15], Nai-
ve Bayesian (NB) [44], Support Vector Machine (SVM) [14] und Random Forest
(RF) [9] Klassifikation. Benachbarte 3D-Punkte weisen sehr héufig gleiche Klassen-
zugehorigkeit auf, durch kontextabhéngige Klassifikation (Contextual Classification)
kann diese Interaktion zwischen benachbarten 3D-Punkten zusatzlich beriicksichtigt
werden. Insbesondere statistische Modelle sind fiir kontextabhéngige Klassifikation
geeignet und werden beispielsweise bei Conditional Random Field (CRF) Klassifika-
tion [53] angewandt. Es konnte gezeigt werden, dass durch kontextabhangige Klassi-
fikation die Klassifikationsleistung zusétzlich gesteigert werden kann [C9]. Hierzu ist
in Abbildung2.26 ein Klassifikationsergebnis einer Random Forest (RF) Klassifika-
tion verglichen mit einer Conditional Random Field (CRF) Klassifikation dargestellt
fiir insgesamt fiinf urbane Klassen. Es wird eine bessere Gruppierung mit geringerem
Rauschen (Abbildung2.26b vs. d) durch kontextabhéngige Klassifikation erreicht.

Abbildung 2.26: Klassifikationsergebnis von 3D-Punkten mit optimaler lokaler
Nachbarschaft zur Merkmalsberechnung: Random Forest (RF) Klassifikation (a)
mit Ausschnittsvergroferung (b), Conditional Random Field (CRF) Klassifikation
(¢) mit AusschnittsvergroBerung (d). Farbkodierung der Klassen: Leitung (blau),
Pfosten/Stamm (rot), Gebaudefassade (grau), Boden (braun), Vegetation (griin).
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2.4 Objektrekonstruktion

Nach der sehr allgemein gehaltenen Szenenanalyse (Kapitel 2.3) wird in der vier-
ten Verarbeitungsstufe eine differenzierte Analyse der Szene hinsichtlich einzelner
Objekte angegangen. Hierbei sollen einzelne Objekt erkannt bzw. rekonstruiert wer-
den. Im Vergleich zu den vorherigen Verarbeitungsstufen werden in diesem Kapitel
hauptséchlich erste Entwicklungen gezeigt die zukiinftig weiter vertieft werden kon-
nen. Bei diesem Kapitel wird wegen der speziellen Formen bestimmter Objekte eine
Unterscheidung hinsichtlich nattrlicher Objekte (Kapitel 2.4.1) und anthropogener
Objekte (Kapitel 2.4.2) vorgenommen.

2.4.1 Natiirliche Objekte

Im Folgenden wird ein Ansatz zur Objektrekonstruktion bei nattirlichen Objekten
vorgestellt. Aus der Objekterkennung sind Verfahren bekannt, die statt einzelner Pa-
rameterwerte in Form von 3D-Merkmalen und 2D-Merkmalen (Kapitel 2.3.2) durch
eine hoher dimensionierte Parametrisierung eine moglichst représentative Vertei-
lung aus der Szene bestimmen, die wiederum als Histogramm reprasentiert werden
[59, 81, 89, 88]. Zu diesen Verfahren zahlt auch die Shape Distribution Methode
[70], bei der eine Haufigkeitsverteilung fiir zuféllig gewéhlte 3D-Punkte vorgenom-
men wird um daraus Histogramme mit spezifischen Eigenschaften zu generieren. In
Anlehnung an die urspriingliche Idee dieses Ansatzes konnen unter anderem finf ver-
schiedene Histogramme berechnet werden, deren Parametrisierung (A3, D1, D2, D3,
D4) auf geometrischen Maflen basiert, beispielsweise Winkeln, Distanzen, Flidchen
und Volumen zwischen zufallig gewéhlten 3D-Punkten:

» Winkel zwischen drei zufillig gewéhlten 3D-Punkten (A3)

o Distanz eines zuféllig gewédhlten Punktes zum Schwerpunkt aller 3D-Punkte
innerhalb der Nachbarschaft (D1)

« Distanz zwischen zwei zuféllig gewdahlten 3D-Punkten (D2)
 Fliche eines Dreiecks zwischen drei zuféllig gewéhlten 3D-Punkten (D3)
« Volumen eines Tetraeders zwischen vier zufillig gewéhlten 3D-Punkten (D4)

Die Vorteile der spezifischen Eigenschaften der berechneten Histogramme sind deren
Rotations- und Translationsinvarianz, die Robustheit gegentiber kleinen Stérungen
und eine effiziente Berechnung. Aus der Ahnlichkeit zwischen den Haufigkeitsver-
teilungen der Parametrisierung lassen sich Riickschliisse auf die Ahnlichkeit von
Objekten schlielen. Erste Ergebnisse sind vielversprechend und zeigen das Potential
hinsichtlich Objektrekonstruktion bei natiirlichen Objekten [D1].
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2.4.2 Anthropogene Objekte

Anthropogene Objekte sind meist von reguliren Formen geprigt, weswegen sich
eine Modellierung durch geometrische Formprimitive bzw. einfache Strukturelemen-
te anbietet, beispielsweise durch Punkte, Linien und Flachen. Im Umkehrschluss
ist es daher erstrebenswert basierend auf 3D-Punkten innerhalb einer Punktwol-
ke bestimmte Formprimitive zu bestimmen um Hinweise fiir anthropogene Objekte
zu erhalten. Eine gesteigerte Klassifikationsleistung bei der Objektdetektion wurde
beispielsweise fiir Gebdude erreicht, indem mittels Airborne Laser Scanning Da-
ten zwischen flachen und geneigten Dachflichen unterschieden wird [D2]. Zudem
wird eine verbesserte Datengrundlage bei Gebaudedachflichen erreicht, indem zu-
erst eine Modellierung der Gebaudedachs als Flache erfolgt, um dann bei unsicheren
Messwerten eine nachtragliche Verdichtung der Daten zu ermoglichen [D4, D5]. Fur
eine robustere Objektdetektion werden bei Gebauden stabile Liniensegmente gene-
riert um die Gebaudekanten moglichst vollsténdig damit zu beschreiben [A8]. Unter
der Annahme, dass Gebaudekanten gerade sind, konnen diese Kanten als Linien
modelliert werden. Mit speziellen Einschrénkungen ist dann eine subpixel-genaue
Lokalisierung von Kanten moglich [D3].

Als Alternative zu dem vorherigen modellbasierten Ansatz kann durch eine merk-
malsbasierte Objektdetektion anhand SIFT [59] ohne Hinzunahme von geometri-
schen Formprimitiven eine Zuordnung zwischen anthropogenem Objekt und Modell
erfolgen. In Abbildung2.27 ist ein Fahrzeug zu sehen, welches trotz perspektivischer
Anderung als anthropogenes Objekt detektiert wird.

Abbildung 2.27: Detektion und Erkennung von anthropogenen Objekten: Passives
Intensitétsbild mit Fahrzeug aus Abbildung 2.20a, Template aus einer Datenbank
und transformiertes Template (oben, v.L.n.r.) sowie zum transformierten Template
korrespondierende Punktwolke (unten; der rote Punkt entspricht der Sensorposi-
tion).
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3 Diskussion und Ausblick

In diesem Kapitel werden die zuvor beschriebenen Verarbeitungsstufen diskutiert
und es wird davon ausgehend ein Ausblick auf zukiinftige Forschungsaktivitdten
gegeben. Zudem wird eine Positionierung der dazu entstandenen Schliisselpublika-
tionen im wissenschaftlichen Umfeld vorgenommen.

Mit der ersten Verarbeitungsstufe Modellierung und Analyse von Messsigna-
len (Kapitel 2.1) werden die mit aktiven Sensoren erfassten Daten fiir die nachfolgen-
den Verarbeitungsstufen zweckméfig aufbereitet. Beim Phase- Unwrapping bei
Entfernungsbildern (Kapitel 2.1.1) stellen die szenenbedingten Diskontinuitdten
eine wesentliche Beschrankung fiir die Verarbeitung dar, die nicht ohne zusatzli-
chen Aufwand tiberwunden werden kann. Eine Weiterentwicklung wird ermoglicht,
indem statt einer einzigen Beobachtung mehrere zeitlich aufeinanderfolgende Be-
obachtungen, erfasst von verschiedenen Standorten, analysiert werden und damit
Unzulanglichkeiten beim Phase-Unwrapping ausgeschlossen werden, beispielsweise
durch Eigenbewegung des aktiven optischen Sensors. Zudem wurde mit der Si-
gnaloptimierung bei Full-Waveform-Laserscanner-Daten (Kapitel 2.1.2) ei-
ne neue Moglichkeit fiir die Verarbeitung von Laserscanner-Daten vorgestellt. Die
hierfiir entwickelten Methoden sind nur eingeschrankt bei den aktuell verwendeten
Bandbreiten und Empfindlichkeit der Sensorelemente bei aktiven optischen Sensoren
einsetzbar. Deswegen sind zusétzliche Weiterentwicklung hinsichtlich der Bandbrei-
te und Empfindlichkeit der Sensorelemente bei aktiven Sensoren erforderlich, um
eine noch differenziertere Auswertung der riickgestreuten Strahlung und somit eine
verbesserte Analyse der beleuchteten Oberfliche zu erméglichen. Die Radiometri-
sche Kalibrierung bei Laserscanner-Daten (Kapitel 2.1.3) zeigt, dass neben
der Erfassung von geometrischen Daten zusédtzlich die radiometrischen Daten von
Bedeutung fiir die Auswertung sind. Auch hier ist eine Verbesserung nur dann mog-
lich, wenn die zuvor definierten Randbedingungen eingehalten werden kénnen und
zudem rauscharme Signale vorliegen. Dies bedeutet, dass hier ebenfalls eine erhéhte
Bandbreite und Empfindlichkeit der Sensorelemente bei aktiven optischen Sensoren
relevant ist. Die zu diesem Thema veroffentlichten Schliisselpublikationen wurden
zum einen auf renommierten internationalen Konferenzen der International Society
for Photogrammetry and Remote Sensing (ISPRS) als Peer-Reviewed Konferenz-
artikel akzeptiert und présentiert, beispielsweise bei den Laserscanning [A5] und
Photogrammetric Image Analysis [A10] Konferenzen und zudem als begutachte-
te Artikel in nationalen und internationalen Zeitschriften akzeptiert, beispielsweise
AVN - Allgemeine Vermessungs-Nachrichten [A4], Journal of Photogrammetric En-
gineering € Remote Sensing (PE&RS) [AT], Revue Francaise de Photogrammétrie
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et de Télédétection [A9] und ISPRS Journal of Photogrammetry € Remote Sen-
sing [A12]. Der letztgenannte Beitrag [A12] wurde als bester Beitrag des ISPRS
Journal of Photogrammetry € Remote Sensing (Volume 61) mit dem U.V. Helava
Award pramiert. Ein Beitrag [A14] wurde als Buchkapitel bei dem internationalen
Standardwerk Topographic Laser Ranging and Scanning: Principles and Processing
berticksichtigt.

Nach der Aufbereitung der Daten werden mit der zweiten Verarbeitungsstufe Kore-
gistrierung mit 2D- bzw. 3D-Sensoren (Kapitel 2.2) unterschiedliche Beobach-
tungen vereinheitlicht. Sowohl bei Entfernungskamera kombiniert mit ther-
mischer Infrarot-Kamera (Kapitel2.2.1.1) als auch bei Mobiler Laserscan-
ner kombiniert mit RGB-Kamera (Kapitel 2.2.1.2) werden bistatische Sensor-
anordnungen eingesetzt, weswegen sich durch unterschiedliche Perspektiven die kon-
struktionsbedingte Nachteile insbesondere im nahen Entfernungsbereich ergeben.
Abhilfe ist prinzipiell durch aufwendigere monostatische Systeme moglich, jedoch
erscheint eine zeitnahe technische Umsetzung von kombinierten aktiven und pas-
siven Sensoren nur mit groflem Aufwand moglich. Deswegen stellen derzeit die
vorgeschlagenen Methoden zur 3D/2D-Koregistrierung mit den perspektivischen
Einschrénkungen im nahen Entfernungsbereich hierzu eine gute Alternative dar.
Bei den entwickelten neuen Methoden zu Koregistrierung bei terrestrischen
Laserscanner (Kapitel2.2.2.1) bzw. Koregistrierung bei Entfernungskame-
ras (Kapitel 2.2.2.2) wird die merkmalsbasierte Zuordnung texturbedingt meist nur
anhand von radiometrischer Bildreprisentationen durchgefiihrt, die geometrischen
Messungen bleiben hierfiir oft ungenutzt. Deswegen erscheint eine Kombination von
Radiometrie und Geometrie bzw. die zusatzliche Verwendung von generierten Merk-
malsbildern sinnvoll. Erste eigene Ansétze hierzu wurden bereits in der internatio-
nalen Open-Access-Zeitschrift Remote Sensing publiziert [B1]. Weitere Schliisselpu-
blikationen sind in den internationalen Zeitschriften International Journal of Image
and Data Fusion [B8] und ISPRS Journal of Photogrammetry € Remote Sensing
[B14] erschienen. Zusatzlich wurden auf verschiedenen hochwertigen internationa-
len Konferenzen begutachtete Beitrage vorgestellt, beispielsweise auf dem [EFEE -
Joint Urban Remote Sensing Event (JURSE) [B11], der Laserscanning Konferenz
der ISPRS [B12] und dem Technical Commission I Symposium - Sustaining Land
Imaging: UAVs to Satellites der ISPRS [B13].

Nach der Vereinheitlichung der Daten wird in der dritten Verarbeitungsstufe durch
Szenenanalyse (Kapitel 2.3) der Inhalt einer Szene hinsichtlich darin enthaltenen
Strukturen analysiert. Die Bestimmung der optimalen lokalen Nachbarschaf-
ten (Kapitel2.3.1) eines 3D-Punktes erfolgt in puncto aller 3D-Punkte die inner-
halb einer radialsymmetrischen Nachbarschaft als relevant fiir eine semantische Cha-
rakterisierung angesehen werden. Die Prozessierung aller 3D-Punkte ist prinzipiell
sehr aufwendig. Bei zukiinftigen Untersuchungen kénnte anhand von Stichproben
eine Untermenge der 3D-Punkte fiir eine effiziente Schétzung der optimalen lokalen
Nachbarschaft beriicksichtigt werden. In diesem Zusammenhang radialsymmetrische
Nachbarschaften zu verwenden ist naheliegend, jedoch gegebenenfalls nicht optimal,
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deswegen wird eine an die ortlichen Gegebenheiten adaptierte Nachbarschaft postu-
liert, die durchaus asymmetrische Formen annehmen kann. Die Merkmalsextrak-
tion (Kapitel 2.3.2) basiert im wesentlichen auf definierten, vielfaltigen und deskrip-
tiven Merkmalen. Diese Merkmale sind generisch, jedoch noch nicht anwendungsspe-
zifisch optimiert. Dies bedeutet, dass zukiinftig fiir spezielle Anwendungen gegebe-
nenfalls spezifische Merkmale sowohl konzipiert als auch untersucht werden miissen.
Die darauf folgende Auswahl relevanter Merkmale (Kapitel 2.3.3) dient zur Stei-
gerung der Klassifikationsleistung. Die hierfiir verwendeten Bewertungsfunktionen
sind nach den bisherigen Untersuchungen zufolge sehr robust, die Berticksichtigung
von zuséatzlichen Bewertungsfunktionen ermoglicht gegebenenfalls noch eine verbes-
serte Optimierung, wobei die mogliche Verbesserung nach derzeitigen Erfahrungen
eine sehr grofe Herausforderung darstellt. Fir die Klassifikation (Kapitel2.3.4)
wurden bekannte Klassifikationsschemen angewandt um eine moéglichst hohe Ge-
samtgenauigkeit bei der Verarbeitung zu erreichen, methodische Weiterentwicklun-
gen konnen bei Bedarf zukiinftig angegangen werden. Die Schliisselpublikationen in
diesem Kapitel sind erschienen bei den angesehenen internationalen Zeitschriften
ISPRS Journal of Photogrammetry & Remote Sensing [C4] und Computers € Gra-
phics Journal [C5]. Zudem wurde ein Peer-Reviewed Konferenzartikel [C7] bei der
internationalen Konferenz ISPRS Technical Commission III Symposium - Photo-
grammetric Computer Vision and Image Analysis (PCV) mit dem PCV 201/ Best
Paper - Honourable Mention pramiert.

Nach der sehr allgemein gehaltenen Szenenanalyse wird in der vierten Verarbei-
tungsstufe durch Objektrekonstruktion (Kapitel 2.4) eine differenzierte Analyse
der Szene hinsichtlich einzelner Objekte angegangen. Diese Verarbeitungsstufe ist in
der Verfahrensentwicklung noch nicht sehr weit fortgeschritten, da der Schwerpunkt
der Forschungsaktivitdten auf den vorherigen Verarbeitungsstufen lag. Zur Rekon-
struktion bei Natiirlichen Ojekten (Kapitel 2.4.1) wird eine hoher dimensionier-
te Parametrisierung eingesetzt, um einzelne natiirliche Objekte zu bestimmen. Die
ersten Ergebnisse hierzu sind vielversprechend. Es besteht weiterhin Forschungsbe-
darf hinsichtlich der Konzeption von zuséatzlichen hoher dimensionierten Merkmalen,
die optimal an die Objektcharakteristik angepasst sind. Bei Anthropogenen Ob-
jekten (Kapitel 2.4.2) werden zur Rekonstruktion haufig Verfahren entwickelt die
auf Formprimitiven (Strukturelemente) basieren. Diese Formprimitive gilt es mog-
lichst genau und vollstandig zu bestimmen, insbesondere die Vollstandigkeit kann
unter Berticksichtigung von Modellwissen bei verrauschten Messungen verbessert
werden, indem schwache bzw. verrauschte Signale zusatzlich extrahiert werden. Eine
Schliisselpublikation [D4] hierzu ist in der internationalen Zeitschrift ISPRS Journal
of Photogrammetry & Remote Sensing erschienen. Eine weitere Schliisselpublikati-
on wurde als Peer-Reviewed Konferenzartikel bei der Laserscanning Konferenz der
ISPRS [B12] akzeptiert und préasentiert.

Von tiibergeordneter Bedeutung fiir zukiinftige Forschungsaktivitaten im Umfeld des
Habilitationsthemas dréangen sich verschiedene Fragestellungen zu den vorgestell-
ten Verarbeitungsstufen auf. Beispielsweise erscheint eine generelle Verbesserung

51



der Datengrundlage durch die standortoptimierte Erfassung mit Sensoren moglich
indem die bestmogliche nachste Mess- bzw. Beobachtungsposition pradiziert wird
(Next Best View Problem) um durch moéglichst wenige Messungen eine vollstandige
Objekt- bzw. Szenenerfassung zu erreichen. Hierfiir kann sequentiell vorgegangen
werden bzw. durch die zunehmende Verfiigharkeit von preiswerten Sensoren wird
die parallele Erfassung der Szene immer attraktiver, beispielsweise durch den gleich-
zeitigen Einsatz von mehreren Sensoren. Mehrere mit Sensoren ausgestattete UAS
mit kollektiver Intelligenz sind fiir diese Aufgabe geradezu prédestiniert. Hierbei
sind keine Einschrankungen hinsichtlich andersgearteten Sensoren gegeben, denn ein
Sensorverbund aus aktiven und passiven Sensoren zur Datenerfassung ist wesentlich
geringer anféllig gegeniiber sensorspezifischen Limitierungen, wodurch sich zukiinftig
neue Moglichkeiten zur automatischen Szenencharakterisierung in der Photogram-
metrie und Fernerkundung ergeben.
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4 Relevante Publikationen als Teil der Habilitationsschrift

Diese kumulative Habilitationsschrift beinhaltet Publikationen des Verfassers zu den
in Kapitel 2 vorgestellten Methoden. Den entwickelten Methoden wurden relevan-
te Publikationen zugeordnet und separat in Kapitel A, Kapitel B, Kapitel C und
Kapitel D aufgefithrt. Insgesamt 22 Schliisselpublikationen, eine Untermenge der
45 relevanten Publikationen, haben eine spezielle Referenzkennung (Schriftstarke
fett) und sind als Abdruck vollstédndig in der Habilitationsschrift enthalten. Nicht
referenzierte Publikationen des Verfassers im erweiterten Themengebiet sind in Ka-
pitel Z aufgefithrt. Des Weiteren lassen sich relevante Publikationen kapitelweise in
begutachtete Zeitschriftenartikel und Peer-Reviewed Konferenzartikel (Full Paper
& Double Blind Review) einteilen und gruppieren. In Tabelle4.1 sind nur die re-
levanten Publikationen und Schliisselpublikationen aufgefiihrt, die diesen Kriterien
entsprechen.

Kapitel 2.1 | Kapitel 2.2 | Kapitel 2.3 | Kapitel 2.4
Kapitel A | Kapitel B | Kapitel C | Kapitel D
Zeitschriftenartikel [A4] [B1] [C4] [D2]
(A7) B4] Cs) D4]
[A9] (B8] C8]
[A12] [B14]
[A14]
Peer-Reviewed [A5] [B11] [C2] [D1]
Konferenzartikel [A] [B12] [Co] D3]
[A10] [B13] [CT7] [D5]
[A11] [C9]
[A15]

Tabelle 4.1: Relevante Publikationen und Schliisselpublikationen kapitelweise un-
terteilt in Zeitschriftenartikel und Peer-Reviewed Konferenzartikel.

Fiir die vorliegende Habilitationsschrift wurden diese relevanten Publikationen nach
folgenden Gesichtspunkten ausgewahlt:

e Zu jedem der in den Kapiteln 2.1 bis 2.4 beschriebenen Forschungsthemen
bringt der Verfasser der Habilitationsschrift mindestens einen begutach-
teten Zeitschriftenartikel bzw. Peer-Reviewed Konferenzartikel als
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Erstautor ein. Diese Artikel wurden in namhaften Zeitschriften bzw. bei nam-
haften Konferenzen aus der Photogrammetrie, Fernerkundung und Computer
Vision publiziert.

e Zujedem der in den Kapiteln 2.1 bis 2.4 beschriebenen Forschungsthemen wur-
den weiterfitlhrende Arbeiten publiziert. Die Autorenschaft dieser Artikel
kann variieren, meist erscheint dann der mit dem Thema betraute Doktorand
bzw. Kooperationspartner als Erstautor.

An dieser Stelle sei erwdahnt, dass ein begutachteter Zeitschriftenartikel [A12] mit
dem U.V. Helava Award und ein Peer-Reviewed Konferenzartikel [C7] mit dem PCV
2014 Best Paper - Honourable Mention pramiert wurde.

Zudem hat der Verfasser bei mehreren dem Habilitationsthema fachnahen Heraus-
geberschaften 27, 723, 724, 725, 726, 727] mitgewirkt.
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avn. | Fachbeitrag begutachtet

Extending the Range Measurement
Capabilities of Modulated Range
Imaging Devices by Time-Frequency-
Multiplexing

Erweiterung des Entfernungsmessbereichs
bei modulierten Entfernungskameras durch ein
Zeit-Frequenz-Multiplexverfahren

Boris Jutzi

In diesem Beitrag wird ein Zeit-Frequenz-Multiplexverfahren zur Auflésung der Phasenmehrdeutigkeiten
bei modulierten Entfernungskameras présentiert, um den Entfernungsmessbereich zu erweitern. Es wird
sowohl Phasen-Unwrapping anhand zweier Modulationsfrequenzen als auch ein VertrauensmaB fiir die
Entfernungsmessung vorgestellt. Fir die Untersuchungen werden sowohl Innen- als auch AuBenauf-
nahmen ausgewertet.

Die vielversprechenden Ergebnisse zeigen, dass Entfernungskameras nicht nur im sehr nahen Nahbereich
eingesetzt werden konnen. An einem Beispiel wird gezeigt, dass der vom Hersteller spezifizierte Entfer-
nungsmessbereich um das Vierfache erweitert werden kann, ohne Modifikationen am Sensor vornehmen
zu missen.

Schliisselbegriffe: Entfernungsbild, Entfernungskamera, Mehrdeutigkeit, Phasen-Unwrapping, Modulationsfrequenz, Nah-
bereich

In this contribution a time-frequency-multiplexing method for unwrapping the range ambiguity of range
imaging device is presented to extend the range measurement capabilities. Beside the phase unwrapping
by multiple frequency modulations a confidence measure for the range measurement is proposed. For the
investigations an indoor and an outdoor scene were analyzed. The results are promising to utilize range
imaging devices not only in very close range. It will be shown that four times of the manufacturers non-
ambiguity range specification could be reached without modifying the sensor or improving the illumination
unit.

Keywords: Range imaging, RIM, ambiguous, phase-unwrapping, modulation frequency, close range
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1 INTRODUCTION

The 3D geometry of the environment is of great interest for a wide
variety of applications. In order to obtain a geometric description
usually the captured image or range data is analyzed, where in gen-
eral a high level of automation is desirable.

By utilizing passive imaging sensors the 3D information is gained
by textured image data indirectly from several images with costly
stereo- or multiple image analysis. These procedures are widely
used, but have indispensable claims due to capturing disposition
and scene contents. For instance, the illumination conditions should
be adequate, the observed materials should be textured and opaque,
and the distance between object and camera as well as between the
camera viewpoints of stereo images should be sufficient large for
gaining a reliable 3D reconstruction.

Beside this, the photogrammetric methods are complemented by
active sensor procedures. For instance, a laser scanner captures a
sequence of singular range values while accomplishing a time-de-
pendent spatial scanning of the environment. In general spaceborne,
airborne as well as terrestrial laser scanner sensors allow a direct and
illumination-independent measurement of 3D objects [Shan & Toth,
2008]. For an accurate data acquisition necessarily the scene con-
tents as well as the sensor platform should be static, otherwise a
deformation of the environment can appear. In general, with an in-
creasing dynamic of the scene contents respectively sensor platform,
the complexity of the analysis increases and the exploitation of 3D
information is more and more challenging. To gain 3D information
from rapid dynamical processes the capturing of the environment
at the same time is essential.

Very recently enhanced types of active imaging sensors have
started to meet these requirements, e. g. MESA with the Swiss Ran-
ger series and PMD Vision with the CamCube series. These close
range sensors allow to capture a range image and a co-registered
monochrome intensity image simultaneously with high repetition rate
up to 100 releases per second. The spatial resolution can be up to
204 x 204 pixels. Beside this the non-ambiguity (sometimes called
unique) range is currently about a few meters. In general the mea-
sured intensity strongly depends on the used wavelength (usually
close infrared) of the laser source and the surface characteristic.

With these new types of sensors for the first time the basic prin-
ciple to unify advantages of active sensors and the simultaneous cap-
turing of an image for an extended area of dynamical 3D applications
is given. Especially the 3D motion or deformation analysis, like auton-
omous navigation of robots, motion control for game consoles, tra-
jectory tracking of pedestrians for surveying, or maker free 3D mea-
surements of crash tests, are of interest. Beside the hardware and
sensor developments [Lange, 2000], nowadays most works focus on
geometric (e. g. [Boehm & Pattinson, 2010]; [Kahimann et al., 2006])
and radiometric calibration (e. g. [Lichti, 2008]) or tracking of objects
or automatic extraction of object features.

The terminology for scannerless range imaging systems is multi-
farious, where the terms Time-of-Flight (TOF) depth camera, 3D ran-
ge imager, Time-of-Flight Sensors, photonic mixer devices (PMD)
[Schwarte et al., 1997] or a combination of the mentioned terms
are used. Most of the terms are much more related to the range
measurement than to the as well available reflectivity measurement
of the observed area. For the procedure the term range imaging with
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the abbreviation RIM is more and more established, particularly in
Europe.

Especially the relatively large noise influence on the measurement,
due to the large amount of ambient radiation in comparison to the
emitted radiation, results in a range measurement which is less reli-
able compared to the performance of airborne laser scanner (ALS) or
terrestrial laser scanner (TLS). The major drawbacks of the known
RIM devices are:

— an absolute range accuracy of a few centimeters
— a range ambiguity of a few meters

[t has to be mentioned that the range ambiguity is closely related to
the well-known phase unwrapping problem which is extensively dis-
cussed in the radar interferometry community. It is a inverse problem
which cannot be solved in general and intensive research is going on
this issue until today. To resolve the ambiguity by phase reconstruc-
tion various methods are known in literature. A general overview of
the existing methods is given in Ghiglia & Pritt [1998], where most of
these approaches deal with 2D data sets. By utilizing the Goldstein 2D
unwrapping procedure on RIM data an image-based solution was
proposed by Jutzi [2009]. However, one large drawback of the meth-
ods is the sensitivity of the phase reconstruction to minor measure-
ment errors. Additionally, the reconstruction suffers from multiple in-
teger solutions caused by the unwrapping procedure. Usually the
measured environment is unknown and therefore, multiple integer
solutions are possible if the topography contains large geometrical
discontinuities.

Beside this, from other sensor systems different techniques are
known to solve this problem in order to obtain a range non-ambiguity,
e.g. by utilizing at least two different modulation frequencies as most
continuous-wave (CW) modulated laser scanner and radar systems
do or by (pseudo) random modulation. In general, for high modulation
frequencies the range measurement shows a high accuracy and the
ambiguity range is small, whereas for low modulation frequencies it is
vice versa. Therefore, it is always a trade-off to select the best fre-
quency to gain optimal results.

In this paper a method for unwrapping the range ambiguity of ran-
ge imaging devices is presented to extend the range measurement
capabilities. In Section 2 the methodology is proposed by an overview
for the measurement principle, the utilized phase unwrapping by mul-
tiple frequency modulation, and a confidence measure for the range
measurement. Section 3 shows a brief overview of the utilized range
imaging sensor with the selected indoor scene and the selected out-
door scene. The detailed experiments and results for both scenes are
presented in Section 4. Finally, the derived results are evaluated and
discussed, the content of the entire paper is concluded, and an out-
look is given.

2 METHODOLOGY

In the following the measurement principle (Section 2.1), the phase
unwrapping by multiple frequency modulation (Section 2.2), and a
confidence measure for the range measurement (Section 2.3 are
specified.
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2.1 Measurement principle

The range measurement can be briefly described as follows: A si-
nusoidal CW modulated signal is transmitted by a LED array in
form of monochromatic light (Figure 7). The emitted light travels
to the object, is backscattered by the surface and captured by a re-
ceiver unit. The receiver unit is usually a CCD or CMOS array. Single
pixels of the array can be subdivided into four collaborating subpixels
(Figure 1b).

Concerning a demodulation of the sinusoidal received signal the
parameters amplitude A and phase shift A ¢ can be determined. For
each measurement per single pixel four neighborhood subpixels are
utilized to measure by time gating four intensities with a relative pha-
se shift of 90°, or with other words an absolute phase shift of 0°,
90°, 180°, and 270° (Figure 2a). For each absolute phase shift the
corresponding intensity is determined by integration. Then the phase
shift A g between the transmitted and received signal can be deter-
mined by the intensity values Ay, Ago, Argo, and Ao7o (Figure 2b) with

Aoz — Aeo)
—_— ). 1
Ao — Aiso )

Ny = arctan(
Based on the phase shift Ag, the range AR to the object is given
with respect to the two-way time of flight by

c Aoy
AR = o o0 2)

where f is the modulation frequency and c¢ the speed of light.

Unfortunately, the phase shift Ay is a wrapped phase and its
corresponding range AR is ambiguous due to the measurement
principle with the utilized modulation frequency. Hence the absolute
range Rto the object can not be determined directly if the real range
is above the modulation range

c
Ain =57 3)

transmitted signal

[ D
[ D
D

LED array

received signal

..WW—ML

CMOS pixel with 4 subpixels
b

Fig. 1 | Function principle of the RIM: a) transmitter, b) receiver.
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Fig. 2 | Measurement principle of the RIM sensor: a) utilizing time gating to
measure the phase shift, b) determining intensity by integration.

Therefore, the unwrapped phase
¢ =21k + Ap (4)

has to be known, where the number of periods kK = 0,1,2, ... are
integer valued. Based on this relationship the absolute range R can be
denoted by

R = Rok + AR, (5)

with the number of periods & multiplied by the modulation range R,
and added by the measured range AR.

2.2 Phase unwrapping by multiple frequency
modulation

To resolve the ambiguity of the phase measurement two different
modulation frequencies f and fipp With ;1 < fn2 have to be avail-
able, which results in two modulation ranges R,;1 and R,;. Addition-
ally, two conditions have to be satisfied with k = ko or
k+1=k.

Then the range measurement can be extended to a maximum
range

Hmax = Hm1 k1max = Rm2k2ma)m (6)
With Kimar = £/ (f — ) and komax = B/ ( — ).

Due to the two conditions two cases A and B have to be consid-
ered:

avn | 119 (2012) 2

29



Case A
If the measured ranges are ARy < AR, then ki = k, = k and the absolute range is
R = Ruk + ARy = Rk + AR27 (7)

with k = (AR, — AR/ (Rm — Ru).

Case B

If the measured ranges are ARy > AR, then ki +1 = k, = k and the absolute
range is

B = Rui(k —1) + ARy = Ruok + ARy, (8)

with k = (AHQ — ARy + H,m)/(R,—m — ng).
In general, for both cases the solution for k should be integer valued.

2.3 Confidence measure for the range measurement

Due to measurement inaccuracies small variations can be expected for the calculated
number of periods k; and therefore, non-integer values will be obtained. If the non-
integer value is close to the integer value it can be assumed that the calculated & is
reliable, if the variation is large the result is not reliable. This is of interest because due
to the measurement principle in general for each pixel a range value is captured even if
no surface was available. Usually the corresponding active intensity value to this range
measurement should be small valued.

In order to avoid unreliable measurements it is obvious to introduce a confidence
measure g for the calculated absolute range R. The confidence measure g within the
intervall [0, 1] can be defined by

q=1-2] ks —nint(ky) |, 9)

with | - | for the absolute value and nint (-) for the nearest integer.

3 CONFIGURATION

A RIM sensor (Section 3.1) was utilized to capture an indoor and an outdoor scene
(Section 3.2).

3.1 RIM sensor

For the investigations, a PMD Vision CamCube 2.0 sensor was used. The sensor has a
204 x 204 pixel array with a pixel size and pitch (spacing) of about 45 xm. The user
can preselect the modulation frequency f,, with 18, 19, 20, and 21 MHz, which results
in a modulation range Ry, of 8.33, 7.89, 7.5, and 7.14 m. The maximum frame rate is
about 25 frames per second and the sensor measures per pixel three features: range,
active intensity and passive intensity. Therefore, above three million measurement va-
lues per second can be captured.

An example is depicted in Figure 3. For the preselected modulation frequencies f
18 MHz and £, 21 MHz the range ambiguity is given by the modulation range Ry (f)
8.33m and Rye(f) 7.14m. With Formula eq:2.2 the maximum range Rpa 50 m.
Furthermore, the depicted difference between AR, and AR; helps to understand
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Fig. 3 | Absolute range A to the object compared with measured ranges AR
for different frequencies (dashed red and dotted green line) and calculated
range differences (solid blue line).

the two different cases of interest A and B with AR < AR, as
positive values and ARy > AR, as negative values. At the moment,
to utilize two different modulation frequencies a temporal sequential
capturing of frames by alternating modulation frequencies is realized
by time-frequency-multiplexing.

3.2 Scene
ARIM data set of a static indoor and an outdoor scene was recorded
by a stationary placed sensor. The photo of the observed scenes are

depicted in Figure 4. For the environment no reference data concern-
ing the radiometry or geometry was available.

4 EXPERIMENTS

For the indoor and outdoor experiments the modulation frequencies
18 MHz and £, 21 MHz for maximum frequency discrimination were
selected. The integration time was pushed to the maximum of 40 ms

Fig. 4 | Scenes captured with the RIM sensor: a) indoor, b) outdoor.
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to gain a high signal-to-noise ratio for the measurement. In this case,
saturation could appear in close range or at object surfaces with high
reflectivity. All measurement values were captured in raw mode. Only
a single image without averaging is depicted in the following figures.

4.1 Indoor

The active range measurement of the indoor scene is only sligthly
influenced by additional sunlight illumination from outside and arti-
ficial lighting from the facility ceiling and therefore, a high signal-to-
noise ratio is given. The two range images captured with different
modulation frequencies f; 18 MHz and £, 21 MHz are depicted in
Figure 5. Obviously the depth for modulation range R+ is larger
than for Ry, and range measurement inaccuracies can be observed,
especially at the wrapping discontinuities.

Concerning the formulars in Section 2.2 the numbers of periods
and k» can be estimated. The results for the number of periods k» are
shown in Figure 6, where the estimated number of periods k are
encoded by gray values. For the close-by ceiling and benches the
estimated parameter k is close to zero. It can be observed that
for larger number of periods the variations of the estimated parameter
konly slightly increase. Large inconsistencies are visible at the dark
colored and polished doors on the left and right side in the back of the
room. Unreliable measurement values appear at the polished sur-
faces in the foreground mainly on the left side where the incidence
angle to the surface is steep. These outliers occur due to the low
reflectivity or specular surface characteristic which can result in mul-
tipath measurements. In general a non-integer value for kis not plau-
sible (Figure 6a), therefore it was rounded to the nearest whole num-
ber (Figure 6b). Due to the size of the room for the indoor scene the

a b

Fig. 5 | Range images captured with different modulation frequencies:
a) f; 18 MHz, b) % 21. MHz.

Fig. 6 | Estimated number of periods k»: a) non-integer, b) integer.
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number of periods is A = [0, 3], which can be as well observed in
Figure 6 by the four different gray values.

For the estimated number of periods in Figure 6 up to three dif-
ferent range images can be generated, one for the non-integer and
two different ones for the integer case. For each case an example is
depicted in Figure 7. Concerning the non-integer value of the range
estimation the directly calculated absolute range value is equivalent
with averaging the unwrapped range values of the 18 MHz and
21 MHz measurements (Figure 7a). As one would expect, the abso-
lute range image calculated by the integer number of periods appears

Fig. 7 | Unwrapped range images generated with different estimated number
of periods parameters: a) non-integer number of periods, b) integer number of
periods and 21 MHz measurements.
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Fig. 8 | Histogram of the absolute range values: a) all estimate values,
b) for values with a ,confidence measure above 0.75.
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cleaner with less noise. Two different absolut range images can be
calculated by utilizing the 18 MHz and 21 MHz measurements. In
Figure 7b the 21 MHz measurement was selected for visualization.
Due to the higher modulation frequency a more accurate range mea-
surement can be expected. However it has to be stated that it was not
goal of this investigation to validate and compare these two results by
a reference measurement.

The unwrapped range values are spread over large distance,
where it can be assumed that for large range values the reliability
is lower due to the low signal-to-noise ratio. Figure 8a shows a his-
togram of the estimated absolute range values over the maximum
range Rmax, Where most range values are below 23 m. Due to a ma-
ximum distance to the central wall at the back of the room of about
23 m, absolute range values above this distance are erroneous.

To evaluate the unwrapping procedure a confidence measure q
was introduced with Formula 9 and the results for the scene are
visualized as image with the corresponding histogram in Figure 9.
Most absolute range values over the entire scene have a high relia-
bility except at the far away ceiling and at the polished surfaces in
front, where the incidence angle to the surface is steep. The histo-
gram shows a widely spread distribution with a very high density close
to 1, where the highest number of elements is above 0.9, but below
1. For the selected scene 77 % of the absolute range values have a
confidence measure above 0.75. A sample of the remaining absolute
range values above this empirical preselected threshold for the con-
fidence measure is depicted in Figure 8b.
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Fig. 9 | Confidence measure ¢: a) image-based visualization,
b) corresponding histogram.
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4.2 Outdoor

The outdoor scene provides a challenging measurement environment
due to the additional influence of the background illumination by sun-
light which decreases the signal-to-noise ratio of the active range
measurement. The two range images captured with different mod-
ulation frequencies f; 18 MHz and £ 21 MHz are depicted in
Figure 10, where the depth for modulation range R, is larger
than for Rnpp.

Again, the numbers of periods ks and k, are estimated and the
results for the number of periods k; are shown in Figure 11. For the
foreground of the image, which is obviously close-by, the estimated
parameter k is close to zero. For larger number of periods the varia-
tions of the estimated parameter k increases. Again, the non-integer
and integer value for k is depicted in Figure 11 for comparison pur-
poses.

For the estimated number of periods Figure 12 shows the un-
wrapped range images generated with the non-integer number of
periods and integer number of periods utilizing 21 MHz. Again,
the range image calculated by the integer number of periods appears
cleaner with less noise.

The unwrapped range values are spread over large distance,
where it can be assumed that for large range values the reliability
decreases. The black bars in Figure 13a show an histogram of
the estimated absolute range values, where most range values
are below 15 m.

The confidence measure g for the outdoor scene is visualized as
image with the corresponding histogram in Figure 74. Again, it can be
stated as it would be expected that the most reliable absolute range

a b

Fig. 10 | Range images captured with different modulation frequencies:
a) i 18 MHz, b) £, 21 MHz.

a b

Fig. 11 | Estimated number of periods ki: @) non-integer, b) integer.
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a

Fig. 12 | Unwrapped range images generated with different estimated
number of periods: a) non-integer number of periods, b) integer number of
periods and 21 MHz measurements.

values appear for the close range measurements. Behind the tree,
approximately at a range of 10 m, the reliabiltiy decreases. The his-
togram shows a widely spread distribution with a high density close to
1, where the highest number of elements is above 0.9, but below 1.
For the selected scene 65 % of the absolute range values have a
confidence measure above 0.75. A sample of the remaining absolute
range values above this empirical preselected threshold for the con-
fidence measure is depicted in Figure 13b.
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Fig. 13 | Histogram of the absolute range values: a) all estimate values,
b) for values with a confidence measure above 0.75.
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Fig. 14 | Confidence measure g: a) image-based visualization, b) corresponding histogram.

5 CONCLUSION

The goal of these investigations was to extend the measurement capabilities of the
range. Therefore, an indoor and an outdoor scene were captured and analyzed. Even
without increasing the illumination properties of the system the results are promising to
utilize range imaging devices not only in very close range. Furthermore, the outdoor
capability could be shown even when the results are not as good as for the indoor
scene. However, the results show that four times of the manufacturers non-ambiguity
range specification could be reached without modifying the sensor or improving the
illumination unit, e.g. by additional illumination modules.

The proposed confidence measure is a useful parameter to evaluate the range mea-
surement and gives evidence about the measurement. It could be shown that a large
number of measurements have a high confidence measure, where the highest density
is only slightly below 1 (Figure 9b & 74b). On the depicted histograms it looks like a
systematic error occurs which might be given by a systematic offset between the 18
MHz and 21 MHz range measurements. Therefore, further investigations have to be
done which prove this assumption. However, there are different possibilities to handle
this inconsistency, e.g. one is to eliminate these outliers or another is to average the
two measurements derived by the different modulation frequencies. This decision can
be supported by sub-dividing the confidence measure in different classes.

Usually the range imaging devices have a low range accuracy and the range mea-
surements are sensitive to the signal-to-noise ratio. A simple possibility to increase the
measurement reliability is to stretch the integration time or, with other words, to av-
erage multiple recordings, but this is of course only helpful for a static scene and a
stationary placed sensor.

In future, the extended absolute range values should be validated by resolution and
accuracy. Beside the restrictive static scene and a stationary placed sensor, additional
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investigations on more dynamic aspects should be focused. However,
refined techniques might allow to gain the advantage of an extended
range without loosing much data capturing speed performance.
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ABSTRACT:

For the first time the basic principle to unify athitages between active sensors and the simultacaptisging of an image for an
extended area of dynamical 3D applications in clasge is given by range imaging (RIM) sensors. diaevback of data which is
captured with RIM sensors is the absolute rangeracgwand the limited non-ambiguity range. From ptensor systems different
techniques are known to solve this problem in orgewobtain a non-ambiguity range, e.g. by utilizidgferent modulation
frequencies as most continuous-wave (CW) modulaser Iscanner and radar systems do or by (pseutiymamodulation. In this
paper a post-processing task is presented. Thest@old2D unwrapping procedure for unwrapping thgeaambiguities of ranging
sensors (e.g. RIM sensors or CW-modulated laser scginis proposed considering residues, branch andstree estimation
strategies and additionally confidence criteriacdtild be shown that a range restoration for nuogemeriods of the ambiguity

range is in principle possible with the presentBdudwrapping procedure.

1. INTRODUCTION

Currently the geometrical 3D capturing and des@iptf the
environment are based on image or range data. Biyindi
passive imaging sensors the 3D information is ghity
textured image data indirectly from several imagéh costly
stereo- or multiple image analysis. These procedare widely
used, but have indispensable claims due to captdisposition
and scene contents. For instance the illuminationditions
should be adequate, the observed materials shautéxbured
and opaque, and the distance between object anetaas well
as between the camera viewpoints of stereo imdgesid be
sufficient large enough for gaining a reliable 3@anstruction.

Beside this the photogrammetric methods are compitrdeby
laser scanner procedures. These active sensorsireapt
sequence of singular range values while accomplishi time
dependent spatial scanning of the environment. Betidse
basic range measurements the current commerdiarag laser
scanner (ALS) developments allow to record the @oge or
the waveform of the backscattered laser pulse i(&ut3tilla,

2006). Therefore, laser scanner systems like OPTBECHV

repetition rate (up to 100 releases per secondg ibn-
ambiguity range is currently below 7.5m and depeodshe
modulation frequency. The measured intensity sisodgpends
on the used wavelength (usually close infrared}hef laser
source and the surface characteristic.

For the first time the basic principle to unify atages of
active sensors and the simultaneous capturing dfnage for
an extended area of dynamical 3D applications igergi
Especially the 3D monitoring in close range wittbarne and
terrestrial platforms in problematic weather andniination
conditions or at night is promising with this notethnology.
Therefore different applications are building silfaace, traffic
monitoring, and driver assistance. Beside this3tbenotion or
deformation analysis, like autonomous navigationraiots,
trajectory tracking of pedestrians for surveying,nmaker free
3D measurements of crash tests, are of interest.

Another technical advantage is
configuration, which allows to observe the areantdrest from
a single point of view, in contrast to the claskistereo
observation technigues with passive sensors, wigeld at least
two different viewpoints. The mayor drawbacks dre limited

3100, TOPEYE MK II, and TOPOSYS HARRIER 56 can benon-ambiguity range and the absolute range accurhayfew
used. The latter system is based on the RIEGL LMBEQ5 centimeters. Especially the relatively large ndistuence on

More and more waveform capturing scanners are ahleilat
the moment, e.g. RIEGL - one of the leading compafie
laser scanners - already offers several scannéviS{Q560,
LMS-Q680, and VQ-480). In general spaceborne, ambas
well as terrestrial laser scanner sensors allowirectdand
illumination-independent measurement of 3d obj¢8isan &
Toth, 2008).

For an accurate data acquisition necessarily thaescontents
as well as the sensor platform should be staticeratise a
deformation of the environment can appear. In génegith an
increasing dynamic of the scene contents respéctsensor
platform the complexity of the analysis increasesl ghe
exploitation of 3D information is more and more ltdraging.
To gain three-dimensional information from rapidndsnical
processes the capturing of the environment at dheegime is
essential. Very recently enhanced types of activaging
sensors have started to meet these requirementglyndhe

the measurement, due to the large amount of amta€ltion
in comparison to the emitted radiation, resultsainrange
measurement which is less reliable compared top#réorm-
ance of airborne or terrestrial laser scanner (TUHB)wever
concerning the technical progress, most limitationi be
overcome soon and in close future systems with redgs
operating range and improved image size will bélalvie.

The terminology for scannerless range imaging systés
multifarious, the terms Time-of-Flight (TOF) deptamera, 3D
range imager, Time-of-Flight Sensors, photonic midevices
(PMD; Schwarte, 1997), or often a combination of th
mentioned terms are used. Unfortunately, most eftéhms are
much more related to the range measurement thémecas well
available gray value measurement of the observeal &or the
procedure the term range imaging with the abbriewiaRIM is
more and more established, especially in Europe.

Swiss Ranger (www.mesa-imaging.ch), the PMD VisionYarious studies about range imaging have beenghddiin the

(www.pmdtec.com), and the O3D series (www.ifm.dE)ese
close range sensors (Table 1) allow to captureaager image
and a co-registered intensity image simultaneousti high
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literature dealing with different interests. Besithe hardware
and sensor developments (Lange, 2000), nowadayswaoks
focus on geometric and radiometric calibration:

the monostatic senso



. Reulke (2006) introduced a geometrical calibratiol a integer solutions caused by the unwrapping proeedusually
fused the intensity image derived by the range intag the measured environment is unknown and, therefoudtiple
sensor with high resolution RGB data to improve theinteger solutions are possible, if the topograpbsgtains large
texturing of surfaces. geometrical discontinuities.

. Kahlmann et al. (2007) focused on the geometridn this paper a method for unwrapping the rangeigniiies of
calibration of range imaging sensors and developed range imaging sensors is proposed. In Section 2 the
tracking of moving objects (people) approach based measurement principle of range imaging sensorg) atfaight
recursive Bayesian filter. forward and the Goldstein 2D unwrapping procedure a

o introduced. In Section 3 the sensor and scene gumafion is

*  Lichti (2008) proposed a method for the self-calftan  resented and in Section 4 the data are examirfeslafialysis
by bundle adjustment of range imaging sensors whiclyy the mentioned unwrapping procedures is descritred
allows a simultaneous calibration concerning thatiah  section 5 considering residues, branch cuts ardesémation
distortions and the ranging system. strategies, and the confidence criteria. Finallye terived

results are evaluated and discussed, the contetiteo&ntire

Other works focused on tracking of objects and mata ! i
paper is concluded, and an outlook is given.

extraction of object features:

. For the tracking of human motion and interactiothisi a 2. METHODOLOGY
range image sequence, Westfeld & Hempel (2008)
suggested the combination of complementary radigenet 2.1 M easurement principle
and geometric information to increase accuracy and
reliability. The range measurement can be briefly describedblmvs:

) ) ) . First a sinusoidal CW modulated signal is transmhitig a LED
*+  For a moving range imaging Karel et al. (2007) #®&t  4rray in form of monochromatic light. The emittéght travels
an automatic object segmentation sensor basedfasta iy the object, is backscattered by the illuminasedace, and
minimum covariance determinant approach and eveduat captured by a receiver array (usually CCD or CMOSyajra
statistically the quality of the data. Concerning a demodulation of the sinusoidal recesigdal the
ebarameters amplitud® and phasey can be determined. For
each measurement four neighborhood pixels arezedilito
measure the four received intensities with a nedaphase shift
of 90°, or with other words an absolute phase gififd°, 90°,
As briefly mentioned above one drawback of the RéMsorsis  180°, and 270°. Then the phase shify between the
the limited non-ambiguity range. From other sensgstems transmitted and received signal can be determingdthie
different techniques are known to solve this proble order to  intensity values\, Ag, Aigo, andAyzo, With
obtain a non-ambiguity range, e.g. by utilizing fetiént
modulation frequencies as most continuous-wave (CW) Ag = arcta Am—Agoj o)

. Kim et al. (2008) proposed to utilize more than on
synchronized range imaging system to gain multivsie
for the reconstruction of dynamic scenes.

modulated laser scanner and radar systems do @odeydo) A - Ag
random modulation.

In this paper a post-processing task is investijateontrast to Based on the phase shifp the rangeR to the object is given

the above mentioned and not yet for RIM sensorslablai with respect to the two-way time of flight by

technical improvements. It has to be mentioned ttieat .Y

ambiguous range subject is close related to thé kvelwn T2f on! @
phase unwrapping problem which is extensively dised in m

the radar interferometry community. This inverseolem  wheref,, is the modulation frequency andhe speed of light.
cannot be solved in general and intensive resaargbing on

this issue until today. For instance one large ek is the 2.2 Datacharacteristic & feature convention

sensitivity of the phase reconstruction to minoramwement

errors. Additionally, the reconstruction suffersrfr multiple 1€ range ambiguitR can be denoted by

MESA Swiss Ranger PMD [Vision]
Type SR-3000 |  SR-4000 03° | S3° | CamCube2.0
URL www.mesa-imaging.ch www.pmdtec.com
Image size 176x144 176x144 64x48 64x48 204x204
Focal length [mm] 8 10 TBD - 12.8
Field of View (FoV) [] 47.5x39.6 43.6x34.6 40x30 080 40x40
Pixel size [pum] 40x40 40x40 100x100 100x100 TBD
Wavelength [nm] 850 850 850 850 870
Power (optical) [W] <1 <1 ca. 1l ca. 4 TBD
Frame rate [1/s] max. 15-20 max. 54 max. 25 max. 20 max. 25
Modulation frequency [MHz] 20 29, 30, 31 20 20 abie
Non-ambiguity range [m] 7.5 5 7.5 7.5 7.5
Size [mm] 60x50x65 65x65x68 60x42x54 120x75x95 @60
Outdoor feasibility no y&s yed yed yed

Table 1. Specification overview of selected rarmgaging sensors: MESA Swiss Ranger semesy.mesa-imaging.ghand PMD
Vision series\yww.pmdtec.co URLs accessed on June 2009.
3pMD [Vision] 03/S3 are equivalent to IFMxuw.ifm.de) 03D100/ O3D200°Suppression of background illumination.
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@)

To estimate the absolute rangdor the ambiguity an integés
is multiplied with the range ambiguityR

R=ARK . (4)

To resolve the range ambiguity various methodskamevn in
literature. A general overview of the existing neth is given
in Ghiglia & Pritt (1998). Most of these approachizsal with
2D data sets. In contrast to this, the capturing e€ene with a
RIM system delivers a 3D data set composed out xélgavith
two spatial coordinatesy and one time coordinate

Q% y.t), ©)

where for each voxel different features are meakieg.range
R, intensity I, and confidence-of-the-measurement C. Then for
each feature a single data cube is give@RyQ,, andQc.

In the following, a stationary sensor setup is as=ii for
observing a high dynamical temporal and spatiahecdwo
methods were examined and a brief overview is givethe
following Sections.

2.3 1D straight forward unwrapping

With this straight forward approach a separabdityhe data set
is assumed based on a sequential accomplished WEapping.
Additionally, a mask, which is available from thata cubeQc
with the featureconfidence-of-the-measurement, can be used to
mask out unreliable voxels.

The drawback of this approach is that only a singbeel in the
neighborhood of the six connected voxels (joint efac
connection) is considered and the result dependsthen
processing direction and order. Therefore the tpplis
principally ignored and due to this, the 1D progagsauses an
erroneous unwrapping which results in a stripedepat This
inadequate approach was implemented mainly for emisgn
purposes and to visualize the problematic of ambjigange
unwrapping.

2.4 Goldstein 2D unwrapping

The Goldstein approach is described in detail imious
publications, e.g. Goldstein et al. 1988. Origipait was
developed for phase unwrapping in radar interfetoméhe
suggested solutions to reconstruct the unknowneplcas be
analogue transferred to the ambiguous range praiemA
brief description of unwrapping the ambiguous ramgi be
given in this section.

The goal of unwrapping is to find integérsvhich can be added
to the measured values to gain a continuous reqiasen. The
measured values are within a cycle of zero and rtbe-
ambiguity value. In general phase unwrapping apgres are
based on processing the changes between the potels
respective voxels in the direct neighborhood by dignat
calculation. Then the values are integrated by gfieed rules
and finally, if a discontinuity is detected, the shdikelihood
integer solution for unwrapping is added. To geeasonable
solution it is essential to find an optimal intetgya path for the
gradient.

The unwrapping procedure is highly over
Therefore, different constraints have to be assuriiéé key
assumption is moderate changes within the neiglumattwith
relative changes below the ambiguity value. Valabeve are
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determined.

called discontinuities and have to be bypassed®ydstoration
procedure. The discontinuities can be reduceddonsistencies
within the range values, so-called residues. Residue given
if the sum of four neighborhood pixels calculatedcircular
direction is unequal to zero. This procedure ishppendent
and further it is very sensitive to noise.

The identified residues are connected to generatealed
branch cuts. Usually the length of the branch ddistance
between the residues) should be as short as pes3ih¢ idea
behind the branch cut is to find close by nega#ind positive
residues (sometimes called dipoles) which can repensate
by each other if the total charge along the bramdhs zero. If
the total charge is nonzero, the search continoleadditional
close by residues. Each associated residue is cmthé the
tree by means of a branch cut and the total chiargalculated.
If the total charge is zero the tree is consider&tie
disadvantage of this procedure is that coordinggesition) of
the branch cuts are arbitrarily chosen leaving ioytortant
context information. A better solution might beutiilize a more
expensive approach, like for instance the Maskatyrithm,
which take into account the quality concerning plosition of
the selected cuts.

For the continuative search of associated residegsydless if
the residues have been previously assigned, tleegdated to a
new tree. This results in a dendritic form of tharch cuts.
Finally, the derived tree has to be bypassed feritegration
calculation to utilize the unwrapping procedure.

This procedure can be additionally supported byctiméidence-
of-the-measurement to mask out unreliable range values.

3. CONFIGURATION
3.1 Sensor

For the investigations a Swiss Ranger SR-4000 seve® used
with the specifications listed in Table 1. The s@risas a 176 x
144 pixel array with a pixel size and pitch (spaginf about
40 um. The user can preselect the modulation freguevith

29, 30, and 31 MHz, which results in a maximum non-

ambiguity range of 5.17, 5.00, and 4.84 m. The maxn frame
rate is about 50 frames per second. Thereforeyuhber of 3D
points measured by a range imaging system is alume
million points per second which is equivalent te@ tburrent
point capturing rate of the fastest close rangerlasanners.

3.2 Scene

A range image sequence of an indoor scene wasdettdry a
stationary placed sensor. 100 frames were captitaca frame
rate of 12 frames per second while the person wagng in
direction to the sensor within a furnished roomsiAgle RGB
image of the observed scene is depicted in FigurEot the
environment no reference data concerning the raetignor
geometry were available.

Figure 1. RGB image of the observed indoor scene.



4. DATA EXAMINATION

To depict the neighborhood relations of the feanarge, the
data cubewas sliced in different directions: equivalent tet
captured frames iry-x slices, vertically int-y slices, and

Beside the featureange and intensity the confidence-of-the-
measurement is available. In Figure 3a the quality of the
measurement is coded by gray values, dark values flow
confidence (bad) and bright values for a high amice
(good). Obviously the measurements close to theigritip

horizontally inx-t slices. The same procedure was done for th@ange appear with a bad signal-to-noise ratio tretefore, the
featureintensity. Figure 2 shows a set of images for the differentconfidence is low. Furthermore, the quality of theasurement
slices in the space-space and space-time domain thi

corresponding range and intensity images. The imdgeve
been normalized for visualization purposes and eaagd
intensity values are depicted as gray values.

Agr——

Figure 2. Correspondingnge andintensity images differently
orientated: a&bx-y, c&d) t-y, and e&f)x-t slice.

For the measurements a modulation frequency of B2 Mas
selected which results in a range ambiguithABE5.17 m. The
range ambiguity is below the extension of the ro&igure 2a
obviously shows several range ambiguity crossinghe
discontinuities of the gray values can be seen dipparing
them with the continuous appearance of the grayegabf the
intensity in Figure 2b, e.g. on the plan wall oft &de. Further
the range and slope dependent measured intengitysyavhich
decrease with increasing range, are noticeabléherwall and
on the ceiling. The intensity can be normalized by the
corresponding rangewith

1
10 Ea (6)

Due to the stationary sensor setup tlyeandx-t slices contain
mainly a stripy pattern, which is typical for atg&tascene. This
pattern is interrupted by a specific representatiiihe dynamic
procedures within the scene, which can be recodrasemotion
area. In Figure 2c-f the moving person is visibbet the
representation is obviously deformed. In Figure @aéithin the
motion area the black to white crossover of theéoreg shows
an object (person) crossing the ambiguity rangeinduthe
measurements.

is range dependent, measurements in far rangessadliable
than in close range. This can be observed for nestat the
wall on the left side of the room. Further if thesasured
intensity is above the dynamic range, the recele¢urates and
the measurement is unusable. The statistic of tiadity for the
investigated slice is depicted in Figure 3b. It éenseen that
most of the measurements are reliable, but abot &fl the
measurements are unreliable, where tunfidence-of-the-
measurement C is equivalent to 0.

10000

Number of elements

5
good)

1 2 3 7
Confidence (bad <

b

Figure 3.Confidence-of-the-measurement image (a) and
corresponding histogram (b) fauy slice.

5. ANALYSISRESULTS
5.1 1D straight forward unwrapping

The 1D straight forward unwrapping does not take account
all neighborhood relations. An example for the uappming
procedure is depicted, where in Figure 4a the walgi
ambiguous range (dashed red line), the ambiguntgeddotted
green line), and the 1D unwrapped range (solid bh&) are
shown. Furthermore, the corresponding intensityuesl are
presented in Figure 4b. Comparing the characteristi the
ambiguous range with the intensity values, the liaiviity of
the measured values is obvious (e.g. at pixel doatel 25). At
this range the intensity values are noisy comptwate nearby
values. After unwrapping the dynamic range intervaplies
about four periods of the range ambigukiR in the depicted
example.
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Figure 4. 1D examples for the characteristic ofegponding
range and intensity values of a single row: a) iDab
ambiguous range (dashed red line), ambiguity range
(dotted green line), and 1D unwrapped range (solid
blue line), b) intensity (solid green line).

Utilizing this approach on they slices it can be shown that the
derived results depend on the unwrapping directioe to the
discontinuities of the range values. In Figure & thsults for
different processing directions are presented. Mafstthe
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failures are induced by unreliable measurementghwhill be
demonstrated in the following Section.

OMQ
| ‘

d

Figure 5. 1D straight forward unwrapping resultsdifferent
processing directions: a) Right to left, b) botttam
top, c) left to right, d) top to bottom.

5.2 Residues, branch cutsand tree estimation

First, all residues are calculated for &l slices of the data
cubeQg. In Figure 6a the negative and positive residiéeck
and white colored pixels) for they slice in Figure 2a are
depicted. All in all 64 residues were determined.pFoof the
reliability of the residues for each residue theresponding
confidence-of-the-measurement voxel is extracted. A histogram
with the statistic for the reliability of all resids is depicted in
Figure 6b. It clearly shows that most of the deteed residues
base on an unreliable measurement, as 26 residues the
confidence-of-theemeasurement 0 and, therefore, they are
unreliable. This coincides with the already mergidistatement
that the procedure to calculate residues is vensiee to
noise.
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Figure 6. Intermediate results: a) Extracted ressgb)
reliability of the residues, c) branch cuts anédsral)
number of gained range offs&B.

In Figure 6c all connected residues in form of bhacuts are
shown, where all branch cuts are linked togethethto final
trees. For the following integration procedure tovap the
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range areas it is interdicted to cross the branth dhe number
of gained range offsetsR coded by integer values are depicted
in Figure 6d. For the black areas the number i®,zéris
denotes the original range is already non-ambigu®he gray
areas show that ambiguous range areas have bestedeand
solutions up to a range ambiguity of four periodsght gray
areas) could be determined.

Concerning the residues on the afore mentioned tfigkt
forward unwrapping approach in Section 5.1 it candasily
shown with Figure 7 that the remaining discontiiesitderived
by the erroneous range unwrapping have their orairthe
coordinates of the residues (black pixel).

Figure 7. Visualization of residues (black pixetdal D straight
forward unwrapping results of Figure 5a&b.

5.3 Goldman 2D unwrapping concerning the confidence
criteria

The given data cubeQc (confidence-of-the-measurement)

provides information about the quality of the meesent,
where the ranking of the quality is within the im& 0-7 and
the values start from unreliable (value 0) up toedlent (value
7). A histogram for a singbe'y slice is shown in Figure 3.

In the following the quality of the measurement tme

reconstruction of the absolute range is investijaiderefore,
different tests were carried out to verify the usfihce of the
quality of the measurement on the reconstructiothe@bsolute
range. Overall seven tests were carried out byzinty the

confidence masks to verify the influence of the liguaf the

measurement on the reconstruction for the abscéuige by the
2D unwrapping process. Only the reliable ambiguiyge
values above a given threshold are considered rimzegsing.
According to this the low quality measurements héaesn
rejected.

Selected results are depicted in Figure 8. In ctasge, below
two periods of the ambiguity range and with modest
discontinuities the range unwrapping is reliablg.(ehe wall on
the left side). Erroneous range unwrapping canlizemwed in
all four results, where most of the wrong unwragpiange
values appear at far range, above two periodseofithbiguity
range. At this range the data quality is poor dedrainge values
might be noisy. In addition to this, numerous ditauuities are
at this range. Furthermore, it has to be mentian the results
mainly depend on the seed point initialization aowl the
connectivity of the segments.




d

Figure 8. Unwrapping results considering confidemesks: a)
Interval 0-7 (equivalent to all data processing), b
interval 2-7, c¢) interval 4-7, and d) interval 6-7.

5.4 Range dependent intensity normalization

Finally, the range dependent correction of the meabs
intensity is calculated by utilizing Formula 4. Theeasured
intensity (Figure 2b) can be compared with the eacgrrected
intensity (Figure 9a). The derived intensity foretlsame
material (e.g. wall on the left) is equalized otlee complete
range area. Of a selected 1D example (dotted wimee in
Figure 9a) the corresponding intensity values g@sblue line)
are depicted in Figure 9b. For comparison purposes
measured intensity (solid green line) and the upped range
corrected intensity (dashed red line) is shownll Some
artifacts are remaining from unreliable pixelsta iD example
and within the intensity image (e.g. at the person)

20 0
Pixel coordinate

b
Figure 9. Range corrected intensity. a) Image, bpté&mple.

6. EVALUATION AND DISCUSSION

The evaluation of the results is difficult becage®metric and
radiometric reference data are not available. These the

evaluation was performed by visual criteria. It Ilcbwe

observed that the range unwrapping sometimes failere

most of the wrong range values appear at far rasigeye two
periods of the ambiguity range, because at thigeahe data
quality is poor and the range values might be ndikywever,

in general an improvement could be gained.

Obviously the main disadvantage of the Goldman 2DCommission V Symposium:

unwrapping approach is the way the branch cutsletermined
because they were selected by the criteria to behagt as
possible (Figure 6c¢) and they do not rely on topppical

7. CONCLUSION AND OUTLOOK

It could be shown that a range restoration for monne periods
of the ambiguity range is in principle possible hwithe
presented 2D unwrapping procedures. For future wibek
confidence-of-the-measurement might be a reliablgisbfor a
quality guided unwrapping approach. Furthermores thuthe
availability of a 3D data set, a 3D unwrapping dere might
be promising. Beside these approaches which maadg on a
single sensor system, the utilization of more thane
synchronized range imaging system to gain multwsienight
be of interest to solve the range unwrapping prable
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Investigations on Surface Reflection Models
for Intensity Normalization in Airborne Laser
Scanning (ALS) Data

Boris Jutzi and Hermann Gross

Abstract

The analysis of laser scanner data is of great interest for
gaining geospatial information. Especially for segmentation,
classification, or visualization purposes, the intensity meas-
ured with a laser scanner device can be helpful. For auto-
matic intensity normalization, various aspects are of concern,
like beam divergence and atmospheric attenuation, both
depending on the range. Additionally, the intensity is influ-
enced by the incidence angle between beam propagation
direction and surface orientation. To gain the surface orienta-
tion, the eigenvectors of the covariance matrix for object
points within a nearby environment are determined. After
normalization the intensity does no longer depend on the
incidence angle and is influenced by the material of the
surface only. For surface reflection modeling, (a) the Lambert-
ian, (b) the extended Lambertian, and (c) the Phong reflection
model are introduced, to consider diffuse and specular
backscattering characteristics of the surface. An airborne
measurement campaign was carried out to investigate the
influences of the incidence angle on the measured intensity.
For investigations, 17 urban areas, such as traffic, building,
and vegetation regions were studied and the derived improve-
ments are depicted. The investigation shows that large
intensity variation caused by the object surface orientation
and the distance between sensor and object can be normal-
ized by utilizing the standard Lambertian reflection model.

Introduction

The processing of laser scanner data is of great interest to
gain geospatial information. Spaceborne, airborne as well as
terrestrial laser scanners allow a direct and illumination
independent measurement of 3D objects in a fast, contact
free, and accurate way (Shan and Toth, 2008). Besides the
classical range measurements, the current generation of
airborne laser scanners allows to record the amplitude or the
complete waveform of the backscattered laser pulse. Various
laser scanners and systems provide nowadays these capabili-
ties, such as the OPTECH ALTM 3100, TOPEYE MK II, and RIEGL
LMS-Q560. More and more waveform capturing scanners are
available and tend to be state-of-the-art, e.g., RIEGL, one of
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the leading companies for laser scanners, already offers
several small-footprint full-waveform laser scanners like the
LMS-Q560, LMS-Q680, and VQ-480.

The received waveform of a backscattered laser pulse
depends on the absolute range, range variation, and
reflectance of the illuminated surface. To interpret the
received waveform, a fundamental understanding of the
physical background of pulse propagation and surface
interaction is important. The waveform of each laser pulse
can be described by a distributed series of range values
combined with amplitude values. For a Gaussian shaped
waveform of the emitted laser pulse, the received waveform
can be approximated by one or more parameterized Gauss-
ian curves (Hofton et al., 2000; Persson et al., 2005; Wagner
et al., 2006). Due to this approximation, the temporal
position, width and amplitude caused by the object surfaces
can be estimated (Jutzi and Stilla, 2006). With these parame-
ters, the geometry and reflectance of the illuminated surface
can be investigated, whereby the material reflectance
features from the measured data mainly depend on the
incidence angle of the beam on the surface, the surface
properties and the laser wavelength (Jelalian, 1992).

Related Works

In the terminology of laser scanning, the reflectance is widely
used as a synonym for the amplitude or energy, where the
energy of each pulse is the integral over its waveform. For a
Gaussian pulse, this can be simplified and approximated by
the product of amplitude and width. Besides amplitude or
energy, the term intensity is used. Various studies about
surface reflectance and intensity calibration have been
published in the literature in this context:

e Briese et al. (2008) proposed to use natural surfaces with
known backscattering characteristic measured by a reflec-
tometer for radiometric calibration of full-waveform data.

e Hofle and Pfeifer (2007) showed a data and a model-driven
method for correcting the intensity for specific influences.
The corrected intensity is successfully used to generate
intensity images with lower systematic errors.

e Kaasalainen et al. (2007 and 2009) suggested using labora-
tory-measured reference targets for calibrating the intensity
values of airborne laser scanner sensors.

e Katzenbeisser (2003) observed for flat surfaces that the
measured intensity provide a reasonable mean for the
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reflectance, if the measured intensity is corrected by the
known distance.

e Kukko et al. (2007) measured for various urban materials the
dependency of the intensity on the incidence angle.

o Pfeifer et al. (2007) studied the influence on the intensity for
surfaces with varying incidence angles, known reflectance
and scattering characteristics. It is shown that the range
dependent inverse-square model might be insufficient to
estimate the accurate intensity.

o Pfeifer et al. (2008) proposed the potential of retrieving
material properties from natural surfaces after investigating
radiometric reference targets with terrestrial laser scanners.

¢ Reshetyuk (2006) investigated the surface reflectance of
various materials and its influences on the measured range
and intensity.

¢ Wagner et al. (2006) gives a review on their proposed
calibration procedure and scattering model concerning the
cross section and backscattering parameter of an object with
diffuse (Lambertian) surface characteristics.

Especially for registration, segmentation, classification,
or visualization purposes an intensity normalization of the
measurements derived by an airborne laser scanner is of
great interest. Obviously, the variation of the incidence angle
increases if data from several flights with different paths
(flight stripes) are fused. Further, the atmospheric conditions
can change slightly while the measurement is carried out or
change considerably if multi-temporal data is acquired. For
these reasons, the range, the incidence angle and the
atmospheric attenuation has to be taken into account to
normalize the intensity.

To give an example for the dependency of the intensity on
the incidence angle, an airborne image together with the
corresponding intensity values from two different flights are
visualized in Figure 1. The viewing direction of the sensor
system is depicted by a white arrow. The area of interest is the
gabled roof. Obviously, roof areas oriented towards the sensor
system show higher intensity values, while roof areas on the
opposite side show significantly smaller intensity values.

These intensity values, which are estimated from the laser
data, strongly correlated to the incidence angle of the laser
beam on the surface. Therefore, as likewise Hofle and Pfeifer
(2007) showed, the intensity can be normalized by considering
the incidence angle derived by the sensor and object position
as well as its surface orientation. The estimation of the surface
orientation is derived by utilizing the available data concern-
ing the nearby neighborhood of each measured laser point.
Based on the estimated surface orientation diffuse and

specular material reflectance is investigated. Further influ-
ences on the measurement are not studied in this work, like
the non-linear effects on the measured intensity induced by
electronic receiver components or inhomogeneous intensity
distribution of transmitted laser in the footprint or inhomoge-
neous reflectance characteristic within the illuminated area.
The paper is organized as follows. In Section Methodol-
ogy, the physical conditions of the Lambertian and Phong
reflection models, a data-driven parameter estimation
approach, and the methodology for the calculation of the
incidence angle are introduced. In the following section, the
Evaluation of the Intensity Calibration is described. The
Section Test Environment gives a description of the data
set, the regions of interest and the influence of the flight
paths on the incidence angle. The Results for the data-
driven parameter estimation are shown in the following
section, concerning parameter estimation and the normal-
ization results for all investigated regions. The derived
results are discussed in general and in detail for selected
regions in the subsequent Section Discussion. Finally, the
gained experiences are given in the Section Conclusion.

Methodology

In general, each echo from full-waveform laser scanning data
has attributes such as the relative 3D coordinate, signal
amplitude ag, and signal width wg at full-width-at-half-
maximum derived from the Gaussian approximation.
Additionally to these attributes of the measurement, the
corresponding absolute 3D coordinate of the sensor position
by the flight trajectory is available.

The shape and size of the received waveform mainly
depends on the material characteristic, the reflectance
characteristic of the surface, and the inclination angle
between the surface normal and the laser beam direction.
The typical surface attributes which can be extracted from a
waveform are the absolute range, range variation, and
reflectance corresponding to the waveform features: time,
width, and amplitude. A representative reflectance of the
surface can only be extracted for a unique surface area. This
is usually given for single echoes on objects larger than the
laser footprint, for multiple echoes, e.g., derived from a
vegetated environment, it is indistinguishable.

The intensity is estimated with a Gaussian approxima-
tion by multiplying the width with the amplitude, and

(@)

Figure 1. Dependency of the intensity from the incidence angle: (a) airborne image, (b) intensity values
of flight 3 measured from left, and (c) intensity values of flight 4 measured from right.
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further it is adapted by the range between sensor and object
with respect to the extinction by the atmosphere and the
divergence of the laser beam. It describes the reflectance
influenced by geometry and material of the object at this
point. For each particular echo caused by partially
illuminated object surfaces, an individual intensity value
influenced by the part of the footprint is received.

Laser Beam, Transmission, and Reflection Model

The received intensity I, of a monostatic laser scanner
system can be calculated by the amplitude a; and width wg
of the received signal approximation with I, = ag - wg.
Considering an energy balance, the received intensity I,
depends on the transmitted intensity I,, the distance R to the
object surface, and for a Lambertian reflection model, the
incidence angle ¥, which is given by the angle between the
transmitter direction and the surface normal vector with:

I.=1-C,C.,-R%-e *f.cos(d)flc,) (1)

where C, and C, are constant terms of the transmitter and
the receiver (Kamerman, 1993; Pfeifer et al., 2007). The
atmospheric attenuation along the way from the transmit-
ter to the illuminated object surface and return to the
receiver is e 2*". The function f(c,) depends on c,, which
encloses all additional influences, e.g., the surface material
or roughness.

Equation 1 is valid for object surface sizes larger than
the footprint of the laser beam. Because the scaling is not
relevant, all constant terms can be ignored. Using the
received amplitude a; and width wg of the signal, the range
corrected intensity can be calculated with:

Iy = ag - wg+ R?- e*°k, (2)

The intensity Iz does not depend on the distance R anymore. Iz
is only influenced by the material properties and the incidence
angle. Non-linear effects of the signal capturing unit (e.g.,
photodiode, amplifier) are not considered by this assumption.
For all points with high planarity concerning the close
neighborhood, the measured intensity is normalized by:

I, = Iz/cos(d) (3)

with respect to the incidence angle. The illumination
direction ¢, is calculated from the sensor to the object
position. For each measured point, the covariance matrix is
calculated by including all points in a predefined environ-
ment. Its eigenvalues are used to estimate the planarity of an
object surface. The eigenvector e; with respect to the
smallest eigenvalue A4 is the normal vector of the object
surface. Further details about estimating the planarity are
given in Sub-section Surface Orientation. With the normal-
ized vectors the required divisor can be calculated with the
inner product cos(d) = le - e;l.

With the proposed framework, the radiometric calibra-
tion of the intensity due to atmospheric influences and
surface orientation is feasible. Finally, the normalized
intensity I, depends on the wavelength of the laser and the
material properties only. The influence of speckle effects on
the measurement is neglected in this framework.

Data-driven Parameter Estimation

In order to adapt the dependency of the intensity on the
object distance, atmospheric attenuation, and incidence
angle, an extended Lambertian reflection model is intro-
duced. Therefore, Equations 2 and 3 are extended for each
single measured point i by:

Ly; = LR cos®(d)fiy @
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with I; = ag, - wg,, R; the distance between the sensor and
the object, 9; the incidence angle, and a, b, ¢ constant
parameters. Herein a describes the beam divergence. The
exponent 2bR concerns the attenuation by the two-way
propagation of the laser beam. The term ¢ models the type
of reflectivity and f; is supposed to be constant inside each
homogeneous region, and normalizes the term to be equal
with 1. Inside a homogeneous region the adapted intensity
should be nearly constant. Set T; = LR{e**" cos®(9,), and let
Nr be the set of the region numbers. The following mini-
mization problem has to solved:

2
812 = E Z (k]<Tifk(i) - 1> — Min (5)

iEUrEgion(kl k€& Nr i€ regionl

kENr
where &; marks the error of the i point of the point cloud
with the considered region. For known parameters a, b, ¢
the region weighting factor is:

= 2 T

i€ region(k)

z TR (6)

iE€region(k)

Extended Reflection Model for Diffuse and Specular Material Reflectance
To enhance the above mentioned Lambertian reflection
model and its extended version, the empirical Phong
reflection model (Phong, 1975) is introduced. Besides the
diffuse surface scattering k, the proposed Phong model can
handle also specular surface characteristics k,. The general
Equation is given by:

Iaut = Iambka + Iin kd COS(ﬁ) + ks COS“(Z{}) (7)

where I, is the incoming intensity and I, the outgoing inten-
sity. Ignoring the ambient intensity I, by setting

(k, = 0) and considering k, + k; + k; = 1 for the diffuse
reflectance parameter k; = 1 — k, is derived. The remaining free
parameters k, and n are the weighting factors for the specular
part of the reflection. The adaptation of the Equation yields

Lip= IBGSZbH/<(1 — k)cos(9) + k, cos“(Zﬁ]) (8)

with the specular reflectance parameter k, and the degree of
the specular reflectance n, which can be iteratively opti-
mized within a homogeneous region.

The dependency of the backscattered intensity from the
incidence angle is shown in Figure 2 for the Lambert and
the Phong reflection model with the parameters k; = 0.6 and
n = 4. For small incidence angles, the Phong model gives
higher intensity values than the Lambert model and lower
values for greater incidence angles.

Determining the Surface Orientation

The orientation of the illuminated surface has to be estimated
to accomplish the radiometric calibration of the intensity. For
each measured point in the data set, all points in a small
spherical neighborhood are considered to calculate the
covariance matrix and the corresponding eigenvalue and
eigenvector (Gross and Thoennessen, 2006). With the deter-
mined eigenvalues plane surface areas can be segmented and
the orientation of the surface can be estimated. To decide
whether a point belongs to a planar surface or not, the
planarity p = (A, — A3)/A,; based on descend-sorted eigenval-
ues of the covariance matrix (West et al., 2004) is used.

Evaluation of the Intensity Calibration

For evaluating the adapted intensity typical object types
(e.g., roof, road, grassland, field areas) of a laser scanning
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earth observation were selected and different orientated
planar regions with homogeneous surface reflectance have
been investigated. The regions were manually selected by
the criteria to consist of the same material and to have a
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Figure 2. Backscattered intensity
for the Lambertian (dotted grey)
and the Phong (solid black)
reflection model depending on the
incidence angle.

large variety of surface slopes. The large variety of surface
slopes enables to evaluate the utilized reflection models.

For the selected regions, the given intensity is normal-
ized by the optimized cosine exponent (reflectance adapta-
tion parameter ¢) and the division by the cosine of the
incidence angle 9. By this division, the normalized intensity
value increases compared to the original one. For the
intensity sample x the mean value u(x) and the standard
deviation o(x) is used for the calculation of the variation
coefficient V,(x) = o(x)/u(x). This term is scale invariant and
takes into account the dependency of the standard deviation
of the intensity as presented by Pfeifer et al. (2007).

The variance of the incidence angle for each region
increases in general if data from more than one flight are
used. For an assessment, the ratio of the variation parameter
Ry(region) = V, qpe,(region)/ V, peforc(region) for all selected
regions after versus regions before normalization are calcu-
lated. If the ratio is smaller than 1, the intensity could be
improved.

Test Environment

A measurement campaign on a scene containing buildings,
streets, grassland, and trees in an urban environment was
carried out to investigate the influences of the incidence
angle on the measured intensity. The data was captured
with a RIEGL LMS-Q560 full-waveform laser scanner. Several
flight paths with different trajectories to gain overlapping
stripes were performed.

Data Set

The data set is fused by all points gathered within seven
flights. Six flight paths are parallel. Flight path seven
crosses the others (Figure 3a). A square region in the middle

(b)

Figure 3. Test environment: (a) flight paths, and (b) investigated regions.
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of the scene with the size of 200 m X 200 m is covered by
an average density of about 11 points per square meter,
where flights 1, 2, 3, 4, 5 have a density of 0.6, 3.1, 3.6, 2.9,
and 0.9 points/m?, respectively.

The calculation of the incidence angle and the planarity
is based on the determination of the covariance for each
point by including all neighbor points inside a sphere with
predefined radius. For a radius of 1 m the average of 25
points are considered if the data of all flight paths are
utilized.

Regions of Interest

For investigations, 17 specific Regions (Figure 3b and Figure 4)
were manually selected from the data set to prove the concept
and usage of the normalization method for different orientated
object regions and different kinds of materials:

e Region 1 and 2: parking areas made of different materials
(Figure 4a),

e Region 3: one building with a flat bright roof,

* Regions 4, 5, 6, and 7: one L-shaped building with different
orientated parts of a gabled roof made of dark tiles (Figure 4b),

Figure 4. Examples of investigated regions (within the white boundary): (a) parking
area (Region 1), (b) gabled roof with dark tiles (Regions 4, 5, 6, and 7), (c) pyrami-
dal roof with brown tiles (Regions 8, 9, 10, and 11), (d) forest area (Region 14).
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“(b)

(c) flight path 4, and (d) flight path 5.

Figure 5. Influence of the incidence angles on the intensity: (a) flight path 2, (b) flight path 3,

(d)

* Regions 8, 9, 10, and 11: one building with different
orientated parts of a pyramidal roof made of brown tiles
(Figure 4c),

Regions 12 and 13: two great grassland areas,

Regions 14 and 15: two forest areas (Figure 4d), and
Regions 16 and 17: two street areas.

Influence of the Flight Paths on the Incidence Angle

The influences of the flight path respectively of the local
incidence angle on the measured intensity values is shown
in Figure 5. The flight paths 2 to 5 have a distance of about
330 m. Already a small offset (116 m) between the two flight
paths 2 and 3, yields to significant different intensity values
as depicted in Figure 5a and 5b.

The building with four different orientated parts of a
pyramidal roof (Regions 8, 9, 10, and 11) out of the same
material on the left border of the image shows that large
intensity values are given if the plane normal vector points
to the sensor. Smaller intensity values are given for the same
area if the normal vector is directed away from the sensor.
The variation of the intensity in general is depicted in
Figure 5.

Results

Parameter Estimation of the Lambertian Models for the Investigated

Data Set

For both Lambertian models, the beam divergence of the
laser beam is set to a = 2 due to geometric consideration
and the atmospheric extinction coefficient b = 0.001725
[1/m] was provided with the measured data. Then, the
estimated extinction parameter is equal to the attenuation of
7.5 dB/km. Typically the atmospheric attenuation versus
wavelength (0.7 to 10.6 um) for lasers is within the range of
0.2[dB/km] for extremely clear weather conditions up to
9[dB/kml] for light fog or rain (Jelalian, 1992). For the
standard Lambertian model ¢ = —1.0 is utilized and by
optimization for the extended Lambertian model ¢ = —0.79
is estimated. For the standard Lambertian model according
to Equation 3, a slightly greater mean error than for the
optimized extended version can be observed (Table 1). The
enhancement is not essential.

Normalization Results for the Investigated Regions

To study the influence of the incidence angle on the
intensity, the selected regions, which are shown in Figure
3b, were processed. Table 2 shows the relevant informa-
tion and derived results in the following order: (a) each
selected Region, (b) number of points of the point cloud

[ September 2010

TaBLE 1. MEAN ERRORS FOR THE LAMBERTIAN MODELS

a b[1/m] c mean(s?)
Standard 2.0 0.001725 —1.00 0.1365
Extended 2.0 0.001725 —0.79 0.1358

per region by X Points, (c) mean value mean(l,) and

(d) standard deviation std(I,) of the original intensity,

(e) mean value of the normalized intensity derived by
utilizing the Lambertian Iy, reflection model by mean(Iy.),
(f) corresponding standard deviation std(Ir.), (g) coefficient
before V(I.) = std(I.)/mean(l,) and (h) after the normaliza-
tion V¢(Iy.), and (i) ratio of the variation coefficients
Vellge)/V(I). Ratio values below 1 are improvements
gained for the intensity by considering the extinction by
the atmosphere and the laser beam divergence in depend-
ence on the distance between sensor and object surface as
well as the incidence angle given by the normal vector of
the surface and the beam direction.

In Table 3 for each region, the derived variation coeffi-
cients of the investigated reflection models are listed for
direct comparison. First, the already given variation coeffi-
cients of the Lambertian with cos(3)™!, second, the extended
Lambertian considering the empirically optimized surface
reflectance adaptation parameter ¢ = —0.79 with cos(d) %7,
and third, the Phong reflection model considering the
empirically determined parameters k, = 0.2 and n = 4. The
rates of the variation coefficients after versus before the
normalization of the intensity are for the extended Lambert-
ian model for most of the regions better and for the Phong
model in the most of the regions worse than for the standard
version.

Discussion
In the following, a discussion on the intermediate and final
results is given.

Normalization Results for the Investigated Regions

The results derived by the Lambertian reflection model
(Equation 3) in Table 2 have to be discussed. Comparing
the traffic related areas of the given data set, it can be
observed that the parking areas (Region 1 and 2) have
three to five times higher intensities than the street areas
(Region 16 and 17) but nearly the same variation coeffi-
cient before and after the normalization. Due to the small
variation of the incidence angle and the low intensity
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TABLE 2. REsuULTS DERIVED BY UTILIZING THE LAMBERTIAN REFLECTION MODEL FOR THE SELECTED REGIONS

a b c d e f g h i
Region SPoints mean(I,) std(I,) mean(Ip,) std(Ty,.) V() Vellge) Vellpe)/Vell,)
1 18667 2988 705 1421 243 0.24 0.17 0.72
2 19294 4725 1152 1778 423 0.24 0.24 0.98
3 1398 2907 778 1288 314 0.27 0.24 0.91
4 1016 5287 1086 2885 397 0.21 0.14 0.67
5 943 4836 1316 2724 419 0.27 0.15 0.57
6 798 4354 782 2614 392 0.18 0.15 0.83
7 537 5195 1071 3074 455 0.21 0.15 0.72
8 454 4568 1000 2500 411 0.22 0.16 0.75
9 429 4651 1015 2577 430 0.22 0.17 0.76
10 333 4792 2100 2476 978 0.44 0.39 0.90
11 423 4422 1063 2479 397 0.24 0.16 0.67
12 100261 3180 569 1300 209 0.18 0.16 0.90
13 72065 3021 773 1410 348 0.26 0.25 0.96
14 216597 1758 915 841 446 0.52 0.53 1.02
15 24074 1579 1167 831 558 0.74 0.67 0.91
16 5068 1089 257 489 105 0.24 0.22 0.91
17 5793 1199 269 599 110 0.22 0.18 0.82

TABLE 3. RATIOS OF THE VARIATION COEFFICIENTS FOR THE LAMBERTIAN AND
THE PHONG REFLECTION MODELS

Vellpe)/VelT;) VelI)/ V(L) Vellap)/ V()

Lambert Lambert Phong

Region (c=—-1) (¢ = —0.79) (ks = 0.2 and n = 4)
1 0.72 0.72 0.80
2 0.98 0.98 1.01
3 0.91 0.90 0.99
4 0.67 0.70 0.67
5 0.57 0.53 0.59
6 0.83 0.82 0.84
7 0.72 0.71 0.72
8 0.75 0.78 0.75
9 0.76 0.75 0.79
10 0.90 0.92 0.91
11 0.67 0.67 0.68
12 0.90 0.88 1.13
13 0.96 0.96 1.01
14 1.02 1.01 1.03
15 0.91 0.94 0.85
16 0.91 0.91 0.97
17 0.82 0.81 0.86

values, improvements from 2 percent to 28 percent could
be derived.

In general for the roof areas, significant improvements
up to 43 percent could be gained, especially if the roof parts
were differently orientated and a large incidence angle on
these parts was given, e.g., gabled roof with grey tiles with
Regions 4 to 7, and pyramidal roof with brown tiles with
Regions 8 to 11. It could be observed that the intensity for
all roof parts was nearly in the same range and independent
from the visible colors of the tiles. A lower improvement of
9 percent was given for flat bright roof with Region 3, due to
the small variation of the incidence angle.

For the vegetation environment, no significant improve-
ments were expected, due to the large variation of natural
objects and therefore, the low planarity in close neighbor-
hood. The results for the grassland areas (Region 12 and 13)
and forest area (Region 15) do only show very small
improvements up to 10 percent or no relevant changes for
the forest area in Region 14.
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Concerning the extended Lambertian (Equation 4) and
Phong (Equation 7) reflection model, (Table 3) the investiga-
tions show that only for a few cases the extended Lambert-
ian reflection model gives insignificantly better results than
the standard model. With the Phong reflection model, the
results are worse for all regions except for the forest Region
15. Various internal tests showed that other parameter
values do not provide essentially better results for this data
set. Due to the large variation of the intensity measurements
in this data set unfortunately no reliable improvements
could be gained. Therefore, these two reflection models are
not further discussed in this paper.

Detailed Comparison of the Intensity Normalization Results
In Figure 6a, the variation coefficients for all regions are
plotted; diamond symbols mark the values before and
square symbols after the intensity normalization (Table 2,
column V(1) and V((Ip.)). All regions except Region 14 give
better results. The ratios of the variation coefficients
Vellge)/Vell,) are drawn in Figure 6b. All regions containing
man-made objects show an improvement between 2 percent
to 43 percent due to the intensity normalization. For the
street areas (Region 16 and 17), the original intensity is very
low, but nevertheless a small improvement could be gained.

The following figures show the intensity distribution
depending on the incidence angle before and after the
normalization for a parking area (Figure 7) and the pyrami-
dal roof regions (Figure 8) colored in accordance with the
flight identification. The influence of the incidence angle on
the intensity is obvious, where the theoretical trend of the
intensity is depicted by the black curves. The proposed
normalization can compensate the mean intensity but not
the high variation of the intensity for constant incidence
angle. It can be assumed that the high variation of the
intensity is strongly influenced by the measurement
procedure.

Figure 9 shows the distribution of the intensity values of
a parking area (Region 1, Figure 4a) with incidence angles
from 0° up to 10° before and after the intensity normalization.
It could be shown that in general the intensity variation in
the area is improved with the normalization. In Figure 10 the
high standard deviation for each incidence angle is depicted.
The variation can not be corrected by using the incidence
angle only, it is influenced by the measurement techniques
itself and also some local disturbances.
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Conclusion

Investigations on airborne laser scanning data for intensity
normalization on man-made and natural areas were done.
The intensity was adapted concerning the influence of the
atmospherical extinction, the laser beam divergence as well
as the incidence angle between laser beam, and normal
vector of the object surface under the assumption that the
material has a Lambertian reflectivity. To refine the surface
model beside the standard Lambertian (Equation 3), the
extended Lambertian (Equation 4) and the Phong (Equation
7) reflection model was introduced. For evaluation, nearly
homogeneous regions were selected interactively. Due to the
dependency of the standard deviation from the mean value
of the intensity, the variation coefficient as measure for the
assessment is recommended.

A significant improvement could be presented in this
paper by utilizing the standard Lambertian reflection model.
Concerning the extended Lambertian and Phong reflection
models, no reliable improvements could be gained even after
parameter optimization. However, for future investigations

8 September 2010

data captured in close range might be of interest, e.g., by a
terrestrial laser scanning (TLS) device, where less intensity
variation can be expected.

Our investigation demonstrates that large intensity
variation with respect to the surface orientation and beam
propagation direction can be reduced and the intensity
can be already improved within the standard Lambertian
reflection model. The limitation of this approach is given
for intensity variations depending on the sensor tech-
nique (e.g., low signal-to-noise ratio at the receiver,
variation of the emitted pulse intensity), measurement
technique (e.g., speckle effects), object materials (e.g.,
inhomogeneous material reflectance), and local geometry
(e.g., roughness of the surface, partly illuminated surface
areas). These effects cannot be compensated by the
proposed approach.
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ABSTRACT:

The analysis of data derived by full-waveform laser scanning systems is of great interest. In this study, we estimate the impulse
response of a laser scanning system capturing the waveform. Considering the impulse response of the system is important for precise
waveform analysis. The characteristic of the system has to be mentioned to interpret the pulse properties in an accurate way. We
determined by experiments the impulse responses of the laser scanning system for different bandwidths, namely 250 MHz,
750 MHz, 1 GHz, and 6 GHz. By considering the impulse response the measured transmitted waveform of the emitted laser pulse
can be adapted. The similarity of the adapted transmitted and received waveform is compared and discussed.

1. INTRODUCTION

The automatic generation of 3-d models for a description of
man-made objects, like buildings, is of great interest in
photogrammetric research. Laser scanner systems allow a direct
and illumination-independent measurement of the range. Laser
scanners capture the range of 3-d objects in a fast, contact free
and accurate way. Overviews for laser scanning systems are
given in (Huising & Pereira, 1998; Wehr & Lohr, 1999;
Baltsavias, 1999). A general overview how to develop and
design laser systems can be found in textbooks (Jelalian, 1992;
Kamermann, 1993).

Current pulsed laser scanner systems for topographic mapping
are based on time-of-flight techniques to determine the range of
the illuminated object. The elapsed time between the emitted
and backscattered laser pulses is typically determined by a
threshold detection with analogous electronics. Some systems
capture multiple reflections caused by objects which are smaller
than the laser beam footprint located in different ranges. Such
systems usually record the first and the last backscattered laser
pulse.

First pulse as well as last pulse exploitation is used for different
applications like urban planning or forestry surveying. While
first pulse registration is the optimum choice to measure the
hull of partially penetrable objects (e.g. canopy of trees), last
pulse registration should be chosen to measure non-penetrable
surfaces (e.g. ground surface below vegetation).

Beside the first or last pulse exploitation the complete
waveform in between is of interest, because it includes the
backscattering characteristic of the illuminated field.
Investigations on the waveform analysis were done to explore
the vegetation concerning the bio mass, foliage or density (e.g.
trees, bushes, and ground). NASA has developed a prototype of
the Laser Vegetation Imaging Sensor (LVIS) recording the
waveform to determine the vertical density profiles in forests
(Blair et al., 1999). This experimental airborne system operates
in altitudes up to 10 km and provides a large footprint diameter
(up to 80 m) to study different land cover classes.
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The spaceborne Geoscience Laser Altimeter System (GLAS) on
the Ice, Cloud and Land Elevation Satellite (ICESat) determines
changes in range through time, height profiles of clouds and
aerosols, ice sheet and land elevations, and vegetation (Brenner
et al., 2003; Zwally et al., 2002). It operates with a large
footprint diameter (70 m) on Earth and measures elevation
changes with decimeter accuracy (Hoften et al., 2000). Table 1
gives an overview of additional specifications.

Beside large footprint systems first developments of small
footprint systems were done for monitoring the nearshore
bathymetric environments with the Scanning Hydrographic
Operational Airborne Lidar Survey system (SHOALS).
SHOALS has been in full operation since 1994 (lrish &
Lillycrop, 1999; Irish et al., 2000). Recent developments of
commercial laser scanner systems led to systems that allow
capturing the waveform: RIEGL LMS-Q560, OPTECH ALTM
3100, TOPEYE Il. The systems mentioned above are specified
to operate with a transmitted pulse width of 5ns and allow
digitization and capturing the waveform with approximately
1 GSample/s. Additional specifications of the small footprint
laser systems mentioned above are shown in Table 2.

To interpret the received waveform of the backscattered pulse, a
fundamental understanding of the physical background of pulse
propagation and surface interaction is important (Jutzi et al.,
2002; Wagner et al., 2003). The influence of the surface on the
transmitted waveform is discussed by Steinvall (2000) for
objects with different shapes taking into account different
reflection characteristics. Gardner (1982) and Bufton (1989)
investigated the pulse spreading by the impact of the surface
structure, e.g. surface slope and vertical roughness within the
laser footprint.

The recording of the received waveform offers the possibility to
use different methods for the range determination, e.g. peak
detection, leading edge detection, average time value detection,
constant fraction detection. This topic was investigated by
different authors, e.g. Der et al., 1997; Steinvall & Carlsson,
2001; Jutzi & Stilla, 2003; Thiel & Wehr, 2004; Wagner et al.,
2004; Vandapel et al., 2004. The analysis of the pulse shape
increases the reliability, accuracy, and resolution.
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Large footprint laser systems LVIS GLAS
Wavelength [nm] 1064 1064
Pulse length at FWHM ® [ns] 10 6
Pulse repetition rate [Hz] 100-500 40
Laser output energy [mJ] 5 75
Laser beam divergence [mrad] ~5 0.11
Operating altitude [km] 10 600
Scan angle [°] +7 0
Detector bandwidth [MHz] 90 016&1
Digitizer sampling rate [GSamples] 0.5 1

Table 1. Specifications of large footprint laser systems
capturing the waveform: LVIS (Blair et al., 1999),
and GLAS (Zwally et al., 2002).
2 Full-width-at-half-maximum

The range estimation is further improved by the comparison
between the transmitted and the received waveform. This can
be done by signal processing methods (e.g. cross-correlation,
inverse filtering), if the sampling of the waveform is done with
a high sampling rate. The maximum of the cross-correlation
between the transmitted and received signal estimates the range
value with a higher reliability and accuracy than considering the
received waveform only (Hofton & Blair, 2001; Jutzi & Stilla,
2005; Thiel et al., 2005).

Beside the range determination further surface features can be
studied by waveform analysis, namely reflectance, slope and
roughness. This specific surface features have an influence on
the amplitude and width of the received waveform (Brenner et
al., 2003; Jutzi & Stilla 2002; Steinvall et al., 2004; Wagner et
al., 2006). For a parametric description of the pulse properties a
Gaussian decomposition method on the waveform can be used
(Hofton et al., 2000; Jutzi & Stilla 2005; Persson et al., 2005;
Soderman et al., 2005). Nowadays, waveform analysis is more
and more established for remote sensing applications especially
in forestry (Hug et al., 2004; Reitberger et al., 2006).

Depending on the application different surfaces have to be
analyzed, e.g. for urban objects we have to deal with different
elevated objects. In rural environment we have to deal with
statistically distributed natural objects. The impact of the scene
on the received waveform will be discussed using some
standard examples (Figure 1). Different elevated object surfaces
within the beam corridor lead to a mixture of different range
values. A simple situation is given by a horizontal plane surface
which will lead to a small pulse (Figure 1b). A plane which is
slanted in relation to the viewing direction shows different
range values within the footprint. This range interval which is
given by the size of the footprint and the orientation of the
plane leads to a spread of the pulse width (Figure 1c). A
deformation of the pulse form can also be caused by
perpendicularly oriented plane surfaces shifted by a small step

A A A A A
11\ NS U YRR N
b c d e f

Figure 1. Effects of the surface on the received waveform.
a) transmitted waveform,
b) plane surface,
c) sloped surface,
d) two slightly different elevated areas,
e) two significantly different elevated areas,
f) randomly distributed small objects.

in viewing direction (Figure 1d). A large step leads to two
separate pulses (Figure le). Several surfaces with different
range within the beam can result in multiple pulses. Randomly
distributed small objects (e.g. by vegetation) spread over
different range values within the beam leads as well to a spread
of the pulse width (Figure 1f). These examples show the
influence on the waveform by standard surface situations.

Beside the influence of the surface on the waveform the
waveform is additionally affected by the used system,
especially by the measurement unit itself. For precise waveform
analysis it is relevant to consider the system characteristic. This
system characteristic can be described by the impulse response
of the used laser scanning system. To investigate the impulse
response of laser scanning systems experiments are carried out
by using receivers with various bandwidths.

In Section 2 an overview on the experimental setup is given.
We show a method to estimate the impulse response of the laser
scanning system in Section 3. The adaptation of the transmitted
waveform by the impulse response and an evaluation for the
similarity of the transmitted and received waveform is
presented in Section 4. In Section 5 the method is proofed by
experiments and results are depicted.

2. EXPERIMENTAL SETUP

An experimental setup was built up for exploring the
capabilities of a laser scanning system, which allows capturing
the waveform.

Small footprint laser systems RIEGL LMS-Q560 OPTECH ALTM 3100 TOPEYE 11
Wavelength [nm] 1550 1064 1064
Pulse length at FWHM?® [ns] 4 - 5
Pulse repetition rate [kHz] Up to 100 50 50
Laser output energy [mJ] - - -
Laser beam divergence [mrad] <05 0.30r0.8 1
Operating altitude [m] <1500 <2500 <1000
Scan angle [°] +225 +25 +20
Detector bandwidth [MHz] - - -
Digitizer sampling rate [GSamples] 1 1 1

Table 2. Specifications of small footprint laser systems capturing the waveform: RIEGL LMS-Q560 (http://www.riegl.com), Optech
ALTM 3100 with Intelligent Waveform Digitiser (http://www.optech.on.ca), and TopEye Mark I1 (http://www.topeye.com).
# Full-width-at-half-maximum
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2.1 Laser system

The laser system has three main components: an emitter unit, a
motion control unit, and receiver unit.

2.1.1  Emitter unit

We use a laser pulse system with a pulse duration of 5 ns at
full-width-at-half-maximum (FWHM) and a high repetition rate
(42 kHz). The average power of the laser is up to 10 kW. The
multi-mode Erbium fiber laser operates at a wavelength of
1550 nm with a beam divergence of 1 mrad. The transmitted
waveform of the emitted pulse shows strong random
modulation for each emitted pulse. In Figure 2 two examples of
the transmitted waveform are depicted. The shape of the
waveform depends on the design of the laser system, where the
system uses a photodiode to pump the multi mode fiber cavity
and a fiber amplifier.

Range [m] Range [m]

05 1 15 05 1 15
0.25 0.25 0.25] 10.25
0.2 0.2 0.2] 0.2
s s
g 0.15 0.15 g 0.15] 0.15
% 0.1 0.1 ’i 0.1] 0.1
E E
< 0.05 0.05 < 0.05] 0.05
0 0 0 0
) 2 6 8 10 12 ) 2 4 6 10 12
Time [ns] Time [ns]
a b
Figure 2.  Two samples of the transmitted waveform.

2.1.2  Moation control unit

For the 2-d scanning process a moving mirror is used for an
elevation scan with +15 degrees in vertical direction (320 raster
steps) and a rotation stage for an azimuth scan with 360 degree
rotation in horizontal direction (variable number and spacing of
the raster steps).

2.13

The receiver unit to capture the waveform usually contains
PIN® or APD® photodiodes. For our investigations we used
receivers with various bandwidths (250 MHz, 750 MHz, 1 GHz,
7GHz, and 12 GHz) containing photodiodes sensitive at
wavelengths of around 900 to 1700 nm. An overview for the
specifications of the receivers which were used in the
experiment is given by Table 3. Furthermore, we use an A/D
converter with 20 GSamples/s. The A/D conversion and digital
recording is accomplished by using a digital memory
oscilloscope (Le Croy - Wavemaster 8600A), where the
bandwidth of the oscilloscope is limited to 6 GHz.

Receiver unit

3. ESTIMATING THE IMPULSE RESPONSE OF THE
SYSTEM

The measured received waveform of the backscattered laser
pulse depends on the transmitted waveform s[t] of the emitted
laser pulse, the impulse response hg[t] of the measurement unit
for the received waveform, the spatial beam distribution of the
used laser P[x,y], and the illuminated surface S[x,y,z]. The
received waveform ry[xy,zt] can be expressed by a
convolution of the relevant terms mentioned above and we get

r-M [X,y,Z,t]= s[t]*hR[t]*P[Xv y]*s[xr yvz] (1)

where (*) denotes the convolution operation. The spatial beam
distribution is typically Gaussian, and the surface characteristic
can be described by its geometry and its reflectance properties
(usually a mixture of diffuse and specular). If the transmitted
waveform s[t] is as well measured it can be described by

Sy [t] = s[t]*hg[t] , @

where hg[t] is the impulse response of the measurement unit of
the transmitted waveform. Both impulse responses are mainly
affected by the used photodiode(s) and amplifier(s).

Assuming a perfectly flat surface perpendicular to the
propagation direction of the laser beam we derive with
Equation 1

Ny [t] = S[t]*hg[t] . ©)

The measured waveforms sy[t] and ry[t] may not necessarily
represent the real waveforms of the laser pulses. Depending on
the bandwidth of the used photodiodes and amplifiers the
waveforms of the used laser system show more or less detailed
information. The depicted transmitted waveforms in Figure 2
are recorded with a high bandwidth of 6 GHz and are sampled
with 20 GSamples/s. However, we want to characterize the
system by its impulse response h[t] independent of the
bandwidth of the measurement unit. But, how can we determine
the impulse response of the used system?

For estimating the impulse response h[t] of the measurement
unit a deconvolution is necessary. The deconvolution can be
easily formulated by transforming Eq.2 and 3 in frequency
domain

U= =t @

—
IT
£
—
—
—

Terms S[f], S,[f], R,[f], H[f], and H.[f] are the
Fourier transforms of the corresponding terms s[t], swm[t], rm[t],

Receivers TTI-TIA 9507 | TTI-TIA950° | New Focus 1611 | TTI-TIA4000° | New Focus 1544°
3dB bandwidth [MHz] 250 750 1000 7000@6000 12000@6000
Detector Material/Type InGaAs/PIN ¢ InGaAs/PIN InGaAs/PIN InGaAs/APD © InGaAs/PIN
Wavelength [nm] 900-1700 900-1700 900-1700 950-1650 950-1650
Minimum NEP [pW/+/Hz ] 3 3 20 16 33
Detector Diameter [um] 100 100 100 30 25
Table 3. Specifications of the receivers used in the experiment
Gain of 10.0
® Gain of 1.0

¢ Bandwidth is limited by the digital oscilloscope to 6 GHz

dpositive intrinsic negative diode
¢ Avalanche photodiode
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hs[t], and hg[t].

This can be written as

I

ol f
s[f]

where H[f] is the transfer function of the system.

Rylf]1=Sulf]-

=Sy[f]-HIf], ®)

|

To estimate the transfer function H[f] a frequency-domain
division of R, [f]/S, [f] has to be carried out. By the inverse
Fourier transformation of H[f] we obtain h[t].

Usually the measurement of the transmitted and received
waveforms is affected by noise from photodiode and amplifier.
Then a straightforward direct division operation leads to a noisy
transfer function and as well to a noisy impulse response
(Figure 3a) without any significant information.

To avoid this, a sample of N single impulse responses is
averaged and we receive the averaged impulse response

At = >, ©

which describes the characteristic of the system. An averaged
impulse response (N=1000) is depicted in Figure 3b.
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@ ©
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Figure 3. Impulse response of the system:
a) Example of a single impulse response hi[t] ,

b) Averaged impulse response hl[t] .

4. ADAPTATION OF THE TRANSMITTED
WAVEFORM AND EVALUATION

If the impulse response is determined the transmitted waveform
sw[t] can be adapted to consider the characteristic of the
measurement system. Therefore the adaptation of the
transmitted waveform is given by

s;[t]=syu [tI*h[t] @)
where s.[t] describes the adapted transmitted waveform.

Assuming a perfectly flat surface the shape of the adapted
transmitted waveform should be closer to the shape of the
received waveform of the backscattered pulse than the
transmitted waveform of the emitted pulse. The similarity of the
adapted transmitted waveform and the received waveform
should be generally increased with this adaptation.

To proof the similarity of the adapted transmitted waveform
s-[t] and the received waveform r,[t] the correlation is the
favorite method. Therefore the maximum coefficient of the
normalized cross-correlation function has to be determined. The
normalized cross-correlation function is defined with
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M-1

D spltlnylt+7]
t=0

M-1 2 M-1 2
sl D ny ]
t=0 t=0

where M is the length of the correlation function k [z] and the
maximum correlation coefficient R" is derived by

R' = max(k'[7]). ©

k'[r]=Rg[t+7]= i (8)

To compare the transmitted waveform s, [t] and the received
waveform r, [t] the correlation coefficient is calculated in the
same manner as shown in Equation8 and 9, where the
maximum correlation coefficient is denoted with R . Generally
the correlation coefficient is close to 1 for high similarity of the
shape of the two waveforms. The result received for R' and R
can be compared with each other and evaluated.

5. EXPERIMENTS

To study the impulse response of laser scanning systems
experiments are carried out by using receivers with various
bandwidths. Figure 4 depicts a schematic description of the
processing chain for the experiments.

@ Estimation @ Measurement
sM

e Impulse t Transmitted Received [t
hitl [ Waveform Waveform ull]

l Convolution
*

L Adapted Transmitted
sqlt]
Waveform

®

Ry [t+7]

Detection Filter
(Local Maximum)

R (Correlation Coefficient

Figure 4. Processing chain.

First the transmitted and the received waveform are measured
with the laser scanning system (Figure 4-1) for a sample of
N=1000 emitted pulses, where the transmitted and the received
waveforms are recorded by separate receivers of the same type
and with the same bandwidth.

It has to be mentioned that the receiver TTI-TIA 950 operates at
bandwidths of 250 and 750 MHz depending on the pre-selected
gain factor, which can be set manually. Furthermore, for the
experiments there wasn’t an equal pair of receivers with the
supported 6 GHz bandwidth of the digital memory oscilloscope
available. Therefore we selected two different receivers with a
higher bandwidth, where the TTI-TIA 4000 (7 GHz) was used
to capture the transmitted waveform and the New Focus 1544
(12 GHz) to capture the received waveform of the laser pulse.

The illuminated target is a flat surface with an orientation
perpendicular to the laser beam propagation direction and high
material reflectance positioned at a range of approximately
80 m. The high material reflectance is necessary to capture the
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Receivers TTI-TIA TTI-TIA New Focus TTI-TIA 3000
950 950 1611 New Focus 15442

3dB bandwidth [MHz] 250 750 1000 @6000

® Average value R of the correlation coefficient 0.9734 0.9756 0.9737 0.9688

Average value R ' of the correlation coefficient 0.9782 0.9817 0.9776 0.9745

® standard deviation o of the correlation coefficient 0.0085 0.0585 0.0072 0.0321

Standard deviation op. of the correlation coefficient 0.0075 0.0588 0.0068 0.0320

Table 4. Evaluation of the experiments.

@ Bandwidth is limited by the digital oscilloscope to 6 GHz

waveform with receivers of low sensitivity. Especially the
receivers with bandwidths greater than 1 GHz have a very low
sensitivity.

To estimate the impulse response of the system (Figure 4-2) the
measured sample is processed as described in Section 3. The
average of the single impulse responses derived by the various
receiver pairs is depicted in Figure 5. Measurements are carried
out for the following bandwidths: 250 MHz, 750 MHz, 1 GHz,
and 6 GHz. With increasing bandwidth the width of the impulse
response decreases. Caused by the small number of the
measured samples (N=1000) the estimated impulse response
shows still some noise characteristics, especially the impulse
responses derived by the receivers with low bandwidths. For
further processing only the values greater than zero of the
impulse response itself are considered and the background noise
is set to zero. Beside this straightforward estimation of the
impulse response further investigations in frequency-domain for
noise reduction (e.g. low pass filtering) might be of interest for
performance optimization, but this was not further investigated
in this paper.

However the estimated impulse response is convolved with the
transmitted waveform for each emitted pulse to determine the
adapted transmitted waveform s:[t] (Figure 4-3).

To evaluate the transmitted waveforms sy [t] and s:[t] the
correlation coefficient of the transmitted and the received
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0 05 1 15 0 05 1 15
1] 1 1 1
© o
2 o 08 3 08 0.8
g o) 06 E 06 06
< <
§ 0.4 0.4 § 0.4 0.4
5 o2 02 § 02 0.2
2 e
s o o = o o
@ @
02| 02 02 0.2
[ 6 10 12 0 4 6 8 10 12
Time [ns] Time [ns]
a
Range [m] Range [m]
0 05 1 15 05 1 15
1 1 1 1
® 0
S os 08 S o8] 0.8
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£ 0§ 06 £ 06 06
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Figure 5. Impulse responses of the laser scanning system for
various receivers:
a) 250 MHz bandwidth,
b) 750 MHz bandwidth,
¢) 1 GHz bandwidth,
d) 6 GHz bandwidth.
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waveform is calculated for each single emitted laser pulse
(Figure 4-4). The correlation coefficient is extracted from the
correlation function by detecting the local maximum and
determines the maximum value. To compare the adapted
(Figure 4-A) and the corresponding measured transmitted
waveform (Figure 4-B, dashed line), the correlation coefficients
are determined and compared with each other. Then the average
values R (R ") and the standard deviation values oy (og')
of the correlation coefficient R (R"') for 1000 samples is
calculated for each measurement. The results are presented in
Table 4.

For all investigated bandwidths the average value R ' of the
correlation coefficient derived by the adapted transmitted
waveform s:[t] is higher than the average value R derived by
the transmitted waveform s, [t]. The standard deviation opg.
of the correlation coefficient derived by the adapted transmitted

waveform is lower for three of four measurements.

6. DISCUSSION

All experiments are carried out in the same manner, only
receivers with various bandwidths are wused for each
measurement. The similarity of the shape of the transmitted
waveform and the received waveform is generally very high,
but could be increased with the adapted transmitted waveform.
It has to be mentioned, that the significance is not as high as we
expected. In relation to the amplitude of the estimated impulse
response large noise influences could be observed at low
bandwidths. With increasing the bandwidth the width of the
impulse response decreases. This might depend on the
manufacturing accuracy of the used photodiodes. The width of
the adapted impulse responses h[t] is smaller than the width of
the transmitted waveform s, [t] of the emitted laser pulse
(compare Figure 3 and 5). The convolution of the impulse
response with the transmitted waveform has a low pass effect
on the transmitted waveform.

7. CONCLUSION

In this work it was shown that the waveform is affected by the
measurement unit. The influence of the measurement unit on
capturing the transmitted and received waveforms of the laser
pulse can be described by the impulse response which
characterizes the system. To study the measurement unit we
determined the impulse response of the laser scanning system
for different bandwidths, namely 250 MHz, 750 MHz, 1 GHz,
and 6 GHz. Considering the impulse response by calculating the
adapted transmitted waveform increases the similarity of the
shape of the transmitted and the received waveform. For precise
waveform analysis the similarity of both measured waveforms
is important to determine the influence of the surface in an
accurate way. This is helpful to extract surface features with
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high accuracy, e.g. range determination by cross-correlation.
The experiments we carried out are general investigations for a
laser scanning system which records the full-waveform of laser
pulses.
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ABSTRACT:

Current pulsed laser radar systems for topographic applications are based on time-of-flight ranging techniques to determine the range
of the illuminated object. The signal analysis to determine the time-of-flight typically operates with analogous threshold detection. In
this paper we describe investigations for digital recording of received laser pulses and a detailed analysis of the pulse waveform.
Recording the complete signal is advantageous because it allows processing depending on different tasks, respecting intermediate
results, and considering neighbourhood relations. Two different techniques for measurement of time resolved laser pulses are
presented. An experimental system for a fast recording of signals was constructed. For principal investigations a test board with
urban materials was measured by single photon detection technique and visualized by a data cube. Based on these spatio-temporal
data, different features are extracted and depicted by grey value images to describe macro, meso, and micro structures. Measurements
were carried out with partial occlusion of the test board by vegetation. Multiple reflections are counted by processing the data cube
using a spatio-temporal filter and peak detector. Initial results of object segmentation are shown.

1. INTRODUCTION

The automatic generation of 3-d models for a description of
man-made objects, like buildings, is of great interest. In
photogrammetry a spatial surface is classically determined by
triangulation of corresponding image points from two or more
pictures of the surface. The points are manually searched or
automatically detected by analyzing image structures (e.g.
stereo  correlation  techniques). Besides this indirect
measurement using object characteristics which depend on
natural illumination, active laser radar systems allow a direct
and illumination-independent measurement of the range. The
laser radar captures the range information of 3-d objects in a
fast, contactless and accurate way. In future applications the
reliability of measurements and the capability for object
recognition could be increased by analyzing object features.

Current pulsed laser radar systems for topographic applications
are based on time-of-flight ranging techniques to determine the
range of the illuminated object. Overviews are given in
Baltsavias (1999), Huising & Pereira (1998) and Wehr & Lohr
(1999). The time-of-flight is measured by the elapsed time
between the emitted and backscattered laser pulses. The signal
analysis to determine the elapsed time typically operates with
analogous threshold detection (e.g. peak detection, leading edge
detection, constant fraction detection). Currently first pulse as
well as last pulse exploitation are used for different applications
(urban planning, forestry surveying, power line monitoring) to
capture a three-dimensional scene (digital terrain model, digital
surface model, city model).

While first pulse registration is the optimum choice when
surveying the top of objects (e.g. canopy), last pulse registration
should be chosen if the final elevation model should describe
the ground surface. Figure la shows a section of an image taken

88

151

in first pulse mode in October. The foliage of the trees is
visible. Figure 1b was taken in last pulse mode in January. The
branches and foliage are not visible and the building areas are
smaller than in Figure la. Due to multiple pulse reflection at the
boundary of the buildings and the processing by first or last
pulse mode, building areas dilate or erode. Similar results can
be achieved by corresponding rank value filters. In some areas
no response could be received due to the weak reflectivity of
snow and ice at the operating wavelength of 1,55 um.

B
o

Figure 1.

a

Sections of elevation images of an urban scene (Test
area Karlsruhe, Germany). a) first pulse mode,

b) last pulse mode.

Beside the first or last pulse exploitation the complete signal
waveform in between might be of interest, because it includes
the backscattering characteristic of the illuminated field. This
enhanced information is helpful to explore the vegetation
concerning the bio mass, foliage or density (e.g. trees, bushes,
ground). Several groups are conducting research on natural
objects. NASA has developed a prototype of a Laser Vegetation
Imaging Sensor (LVIS) for recording the waveform to
determine the vertical density profiles in forests (Blair et al.,
1999). The spaceborne Geoscience Laser Altimeter System
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(GLAS) determines distance to the Earth’s surface, and a profile
of the vertical distribution of clouds and aerosols. In some
applications (e.g. observation of climate changes), clouds are
objects of interest. In other application clouds are considered as
obstacles, which limit the visibility of the illuminated object.

In addition to range, some systems deliver a reflectance value
derived from the intensity of the backscattered laser light. This
reflectance value can be used for separating segments of
artificial objects from vegetation (Hug & Wehr, 1997; Maas,
2001).

In this paper we describe investigations for a detailed analysis
of laser pulses. In Section 2 different techniques for
measurement of time resolved laser pulses are discussed. The
experimental system for a fast recording of signals is described
in Section 3. In Section 4 the performed experiments are
explained and the measured data are depicted. The determined
features of the data are presented in Section 5. First steps for a
segmentation of objects are shown in Section 6.

2. MEASUREMENT TECHNIQUES
2.1 Laser radar systems

Depending on the application, laser radar systems can be
designed in different ways (Kamermann, 1993). They may differ
in techniques concerning e.g. the modulation, detection, or
measurement.

Concerning the modulation techniques laser systems can be
split in continuous wave (cw) laser or pulsed laser. For
applications in remote sensing the pulsed laser with the higher
power density compared to cw laser is of advantage, because it
allows for operating at long ranges. In this work we focus on
pulsed laser systems.

Detection techniques can be divided in coherent detection and
direct detection (Jelalian, 1992). Coherent detection considers
the wave front of the received signal compared to a reference
signal emitted from a cw laser. In direct detection laser systems
the received optical energy is focused onto a photosensitive
element that generates a value that depends on the optical
power. The possibility to detect multiple or single photons is
described in the next section.

Measurement techniques for range determination can be
distinguished by the exploited signal properties such as phase,
amplitude, frequency, polarization, time, or any combination of
them. We are interested in measuring and analyzing the
received pulse waveform, i.e. the dependence of the intensity
over time.

2.2 Recording the signal waveform

Two detection techniques seem to be appropriate to record the
temporal characteristic of the backscattered signal: multi photon
detection (Figure 2) and single photon detection (Figure 3).

2.2.1  Multi photon detection: The classical measurement
technique for direct detection operates with a photodiode
(usually PIN- or avalanche photodiode). The photodiode
generates an electrical signal (voltage or current) that is directly
proportional to the optical power of the incident light (multi
photon). For a detailed analysis of the signal waveform a
digitizing receiver unit is essential. Analyzing the signal
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waveform of the emitted short duration laser pulse with only a
few nanoseconds pulse width requires a receiver unit processing
the data with a bandwidth of some GHz and an appropriate
sampling rate. Increasing bandwidth results in decreasing
sensitivity of the photodiode which can be compensated by
increasing power of the emitting laser source. Figure 4a shows a
pulse digitized by 5 GSample/s.

n n n

Analog signal  t A/D conversion t Digital signal t

Figure 2. Digital recording of the signal waveform with multi
photon detection

2.2.2  Single photon detection: The integration of the
incoming radiation by multi photon detection can be seen as
collecting a countable number of photons for a limited
observation time of one pulse. Let us assume a stationary scene
and a stationary sensor platform. In this case the statistical
properties of the laser radiation do not change with the time and
time-average quantities are equal to the ensemble quantities.
Under these assumptions the radiation ensembles are stationary
and ergodic (Papoulis, 1984; Troup, 1972). This means that
counting single photon events with their time-of-flight into time
bins of a histogram is closely related to integration of multi
photons over the time (Alexander, 1997; Gagliardi & Karp,
1976; Loudon, 2000). For receiving the temporal waveform of
the pulse, a histogram of the photon arrivals over time has to be
measured.

Emitter
1 1 1 1 1 >
>
Receiver t
n n
1
| Pulse / \\
Photon / s
L » »
Histogram T Digital signal T
Figure 3. Digital recording of the signal waveform with single

photon detection

Many pulses are necessary to obtain a signal waveform with
single photon detection. The quality of the sampled signal
waveform depends on the number of photon counts. Figure 4b
shows a pulse plotted from a histogram containing the time-of-
flight measurements from 6135 photons distributed in 25 bins
(bin width £ 40 ps).
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Figure 4. Examples for pulses backscattered from a diffuse
surface. a) multi photon detection (FWHM = 2,3 ns),

b) single photon detection (FWHM = 0,3 ns)
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The full-width-half-maximum (FWHM) of the pulse in
Figure 4a is about eight times of the pulse in Figure 4b. For
experimental investigations on the signal waveform a short
duration laser pulse is helpful. In contrast to previous work
(Jutzi et al, 2003), this paper focusses on single photon
detection.

3. EXPERIMENTAL SETUP

An experimental setup was constructed for exploring the
capabilities of recognizing urban objects using a laser system.
For principle investigations of the influence of different object
properties (e.g. geometry, material) on the signal waveform a
pulsed laser system with single photon detection is used. In
contrast to single photon approaches which exploit only a few
photons for a range measurement (Ho et al., 1999; Priedhorsky
et al., 1996), we are interested in receiving more photons to
obtain a detailed distribution for analyzing the signal waveform.

The measurements are carried out indoors by an experimental
setup which consists of a laser system and a target with different
urban materials.

3.1 Laser system

The laser system consists of three main components: (i) an
emitter unit, (ii) a receiver unit, and (iii) a motion control unit.

We use a short duration laser pulse system with a high
repetition rate. The pulsed diode laser operates at a wavelength
of 640 nm. The average power of the laser is up to 30 mW and
pulse duration with less than 70 ps FWHM. The user-selectable
repetition rate is from 2.5 MHz to 80 MHz and allows an
unambiguous range measurement up to 60 m. This maximum
unambiguous range is given by the slowest repetition rate and
the time-of-flight of the laser pulse. The receiver unit consists of
a photomultiplier tube which detects up to 3 million single
photon events per second and a device which exploits the
received data and computes a histogram. The receiver unit
limits the temporal resolution to a minimum pulse width of
300 ps (FWHM) and the minimum recording time is 1 ms per
measurement of the signal waveform. For the 2-d scan, a mirror,
two linear actuators, and a motion controller are used to redirect
the laser beam. The angle accuracy of the motion control unit is
approximately 20 prad. All units are synchronized and
controlled with a PC.

3.2 Targets

Depending on the application different properties of urban
surfaces can be sensed by a laser system. According to the size
of the focused surface geometry in relation to the beam
(footprint and wavelength) we divide surface structures into
macro, meso, and micro structures (Figure 5).

3.2.1 Macro Structure: We interpret macro structures as
structures which are much more extended than the beam
footprint d. Laser range measurements taken by a scan allow a
reconstruction of large object structures like different roof
shapes (e.g. flat roof, gabled roof, hip roof, etc.). The scan is
typically spaced greater than the spatial beam width for aerial
survey purposes.

3.2.2 Meso Structure: We interpret meso structures as

structures which are much less extended than the beam footprint
d and much greater than the wavelength A. Different elevated
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object surfaces within the beam corridor lead to a mixture of
different range values. This may be caused by small elevated
objects (e.g. a chimney), a slanted plane, or vegetation like
branches or leaves of a tree.

3.2.3 Micro Structure: We interpret micro structures as
structures which are less extended than the wavelength A.
Depending on the roughness the irradiance is more or less
reflected. A single measurement of the backscattered beam
intensity (amplitude) gives information about the roughness of
the surface and the material. Small roughness results in specular
reflectance and large roughness in diffuse reflectance.

A > Micro structure

Macro structure > d d > Meso structure >> 1

153

different elevated small
objects

different roof shapes roughness of the

surface and material

Figure 5. Different levels of details sensed by a laser system

4. EXPERIMENTS
4.1 Test board

According to the focused structure, class relevant signal features
have to be examined. For this purpose a test board was designed
which consist of different urban materials (Figure 6): corrugated
iron (left above), pebbles (background), slanted slate plate
(right above), and flat roof tile (right below). The materials have
different backscattering characteristics and are mounted in
different ranges.

Figure 6. Test board with different urban materials.
a) corrugated iron, b) pebbles, c) slanted slate plate,
d) flat roof tile

4.2 Scan

The test board was illuminated by a pulsed laser with a
wavelength of approximately 640 nm and a footprint of
approximately 5 mm (beam divergence 1 mrad). The time-of-
flight distribution of the received photon events (cf. Figure 4a)
was recorded with a temporal resolution of 40 ps and 4096 bins
which results in a range interval of approximately 25 m and a
range resolution of 6 mm. A section of the test board
(approximately 0.4 m x 0.3 m) was scanned by 128 columns
steps and 128 rows steps.
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4.3 Visualization

Displaying the time-of-flight as distance the data set can be seen
as a spatial distribution. Assuming Cartesian coordinates the
spatial distribution may be visualized by a cube (x,,f). Figure 7
shows a section of the cube (A=32 bins), where the grey values
correspond to the intensity of the signal (number of photons).
The corrugated iron is on the left side and the roof tile on the
right side of the cross range plane. The pebbles are inside the
selected cube. The temporal dependency of the uppermost row
and the right column on the signal is depicted on top plane and
right plane. For visualization purposes the dynamic level was
adjusted.

Cross range

Time

Cross range

Figure 7. Visualization of time-dependent intensity values of
the scanned test board

5. ANALYSIS
5.1 Pulse analysis for macro structures

For measuring macro structures with extended surfaces we
assume to receive single pulses, i.e. we neglect the boundaries
(discontinuities) within the footprint. Storing the data cube
opens the possibility of using different ranging techniques to
exploit the received pulses s(7), e.g. peak detection, leading edge
detection, constant fraction detection, average time value
detection (Figure 8).

5.1.1  Peak detection: The range value is determined by the
maximum pulse amplitude, where the highest reflectance is
expected (Figure 8a). Regional spikes on the pulse waveform
strongly effect the range detection. We processed the range
values without temporal filter. For noisy signals, a filter is
recommended to determine the global maxima.

5.1.2  Leading edge detection: The threshold crossing by the
exceeding pulse waveform determines the range (Figure 8b).
The threshold value can be a predefined fixed value, but then
the ranging detection strongly depends on the pulse waveform,
amplitude, and width of the pulse. We used half of the
maximum amplitude of the pulse for a threshold with linear
interpolation for range determination. This ranging detection
gives the shortest range values.

5.1.3 Constant fraction detection (CFD): The pulse
waveform s(#) is inverted and delayed by a fixed time r and
added to the original pulse (Figure 8c). The combined signal
c(t) give a constant fraction signal with a zero crossing point,

which is insensitive to the pulse amplitude, but depends on the
pulse waveform and width (Kamermann, 1993). We used
300 ps (FWHM) for delay time z.

ferp i c(1)=0

0 if c(t)#0 M

tep & c(t)=s(t)=s(t+7)= {

5.1.4  Average time value detection: The temporal centre of
gravity of the pulse waveform is determined (Figure 8d). It
delivers good results for small noise, various pulse amplitudes
and pulse widths. The asymmetric pulse shape results in range
detection, which is slightly behind the range value detected with
the peak detection.

Figure 8. Ranging techniques. a) peak detection, b) leading
edge detection, c) constant fraction detection,
d) average time value detection

The range images processed with the different ranging
techniques are depicted in Figure 9. The range is visualized by
grey values whereas the slanted slate plate (right above) shows
increasing values and the corrugated iron (left) shows wavy
grey values. For visualization purposes the temporal jitter of the
different techniques is eliminated by adjusting the average value
of the complete range images to each other. The range
resolution with peak detection in Figure 9a appears coarser than
in the other Figures. The smoothest range resolution is is
processed with average time value detection with Figure 9d.

c d

Figure 9. Range images. a) peak detection, b) leading edge
detection, c) constant fraction detection, d) average
time value detection

In Figure 10a range profiles taken from range images in
Figure 9 (see vertical line) are depicted. The leading edge and
the constant fraction detection show small systematic ranging
errors for different pulse widths. Peak detection appears noisy.
Discontinuities in the waveform are a general problem for all
ranging techniques. Depending on the signal quality, a spatio-
temporal filter might be helpful to increase the precision of
range detection.
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Figure 10. Range profiles

5.2 Pulse analysis for meso structures

Different elevated object surfaces within the beam corridor lead
to a mixture of different range values. A plane which is slanted
in viewing direction shows different range values within the
footprint. This range interval which is given by the size of the
footprint and the orientation of the plane leads to a temporal
spread of the pulse (Figure 11b). A deformation of the pulse
waveform can also be caused by perpendicularly oriented plane
surfaces shifted by a small step in viewing direction (Figure
11c). A large step leads to two separate pulses (Figure 11d).
Several surfaces with different range within the beam result in
multiple pulses. These examples are simplified and not
exhaustive.

The increased pulse width indicates an uneven, slanted or small
stepped surface. A peak detector is used to separate a single
pulse from multiple pulses in the data cube. The pulse width is
calculated as standard deviation from the time-of-flight values
of the photons. In Figure 12 the pulse widths of maximum
pulses are depicted by different grey values. The slanted slate
plate (top right) and the contours of the pebbles (centre) appear
brighter than the surroundings.

—_——
° t - t - U — t
a b c d

Figure 11. Surface and pulse waveform. a) flat surface,
b) slanted surface, c) small step, d) large step

Figure 12. Pulse width image (Angle of the slate plate: 33°).
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5.3 Pulse analysis for micro structures

Depending on the material and the surface roughness (micro
structure) objects show different reflectance properties. The
amount of backscattered photons varies with these properties.
The received maximal pulse amplitude and pulse power P

@)

can be used to discriminate different materials. Figure 13
depicts the pulse power visualized by different grey values. The
horizontally oriented areas of the corrugated iron (left) shine
bright caused by specular reflectance. The slate plate (top right)
appears black caused by the strong absorption.

Figure 13. Pulse power image (Gamma corrected)

6. MULTIPLE PULSES

Both first pulse and last pulse detection is used for
photogrammetric applications which allows to consider or
neglect the presence of vegetation (see Figure 1). In general,
from vegetation a various number of pulse reflections can be
expected depending on the density and structure. The captured
data cube opens the possibility to analyze the data concerning
multiple pulses. This might be of interest for discriminating
different types of vegetation. Multiple reflection can also be
observed for urban structures which are smaller than the
footprint (e.g. power lines).

A scene containing vegetation which partly occludes the test
board is shown in Figure 14a. Figure 14b depicts the temporal
signal waveform of a single measurement. The multiple pulses
were caused by branches in different ranges within the beam.
Multiple reflections are counted by a peak detector. Figure 14c
shows the number of counted pulses by different grey values.
The dark areas result from the test board which reflects
background as a single pulse. The branches of the foreground
cause additional pulses and appear brighter. More than two
pulses can be observed at the crossing of branches.

Due to the noise the measured signals were filtered in the data
cube by a spatio-temporal Gaussian implement by a 3x3x3
filter. The result of a peak detection is visualized by a 3-d view
in Figure 15. A simple segmentation was performed by a
threshold operation on the range to separate the branches
against the test board.

7. CONCLUSION

The recording of the signal waveform has different advantages
for the analysis:

e The recorded data cube of the received signals allows
exploiting different features without selecting a special
feature in advance.
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Figure 14. Multiple pulses. a) vegetation (branches) in front of the test board, b) signal waveform of a single measurement
(Number of pulses: 6), ¢) number of pulses visualized by different grey values

e For processing the data cube an adaptive threshold
operation is possible.

e Object recognition from laser data often requires further
image processing steps like filtering or segmentation.
Instead of exploiting neighbourhood relations within the
images, the data cube opens the possibility of a spatio-
temporal filtering or segmentation.

For single photon detection we assumed a stationary scene and
sensor platform. In our experiments the acquisition time for
recording a received pulse by single photon counting and by
using a low power laser was about 100 ms. Other authors, e.g.
(Pellegrini et al., 2000), carried out a range measurement in 10
ms. The experimental system we used is limited to an
acquisition time of 1 ms. Applications using an airborne system
require a shorter acquisition time.

The experiments we carried out are general investigations for a
laser system which operates with multi photon detection. Future
work focuses on a fast digitizing acquisition of single laser
pulses with multi photon detection and the analysis of the
received signal.

8 3

Cross range (row) [mm]
z

Range [mm]
Cross range (col) [mm]

Figure 15. 3-d visualization of segmented objects (branches
and test board)
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Abstract

Current pulsed laser scanning systems determine the range to an object surface by a time-of-flight measurement. Critical
measurement situations occur in discriminating the ranges of surfaces close to their edges or of small objects within the beam
footprint which are closely located in range. Capturing the complete waveform of the laser pulse allows discriminating differences
in a range smaller than the length of the laser pulse. The capabilities of this technique can be predicted by modeling the emitted
pulse, the surface, and the backscattered pulse. Due to the varying waveforms of the emitted pulses each individual emitted pulse is
recorded and considered for the determination of the surface features. A deconvolution is used to remove the characteristic of the
transmitted waveform from the received waveform to obtain a surface response. A Wiener Filter reduces the noise of the
determined surface response. For extraction of temporal position, length, and amplitude the corresponding surface features are
approximated by Gaussians using the Levenberg—Marquardt Method. Experiments have shown that a stepped surface within the
beam with a step smaller than ten times of the pulse length can be distinguished.
© 2006 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V. All rights

reserved.

Keywords: Laser scanning; Waveform analysis; Signal processing; Feature extraction

1. Introduction

The automatic generation of 3-d models describing
man-made objects like buildings is of great interest in
photogrammetric research (Stilla et al., 2005). In
photogrammetry the distance to a surface is classically
derived from a triangulation of corresponding image
points from two or more pictures of the surface. The
points are chosen manually or detected automatically by
analyzing image structures. Besides this indirect mea-

* Corresponding author. Tel.: +49 7243 992 337; fax: +49 7243 992
299.
E-mail address: boris.jutzi@fom.fgan.de (B. Jutzi).

surement using object characteristics, which depends on
natural illumination, active laser scanning systems allow a
direct and illumination-independent measurement of the
range. Laser scanners capture the range of 3-d objects in a
fast, contactless, and accurate way. An overview of
airborne laser scanning systems is given in Huising and
Gomes Pereira (1998), Wehr and Lohr (1999), Baltsavias
(1999).

Current pulsed laser scanning systems for topographic
mapping are based on time-of-flight ranging techniques to
determine the distance to the illuminated object. The time-
of-flight is derived by the elapsed time between the emitted
and backscattered laser pulses. The signal analysis to
determine this time typically operates with analog threshold

0924-2716/$ - see front matter © 2006 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V.
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detection (e.g. peak detection, leading edge detection,
constant fraction detection) (Jutzi and Stilla, 2003). A few
systems capture multiple reflections caused by objects at
different ranges with surfaces smaller than the footprint of
the beam. Most systems capture the first and the last
backscattered laser pulse. First pulse as well as last pulse
exploitation is used for different applications like urban
planning or forestry surveying. While first pulse registra-
tion is the optimal choice to measure the hull of partially
penetrable objects (e.g. canopy of trees), last pulse
registration should be chosen to measure non-penetrable
surfaces (e.g. ground surface). Fig. 1a shows a section of an
image taken in first pulse mode. The foliage of the trees is
visible. Fig. 1b was taken in last pulse mode. The branches
and foliage are not visible anymore.

Critical measurement situations can occur if a single
pulse is strongly deformed or more than one pulse is

Fig. 1. Section of an urban scene. a) Elevation images captured by
first pulse mode, b) elevation images captured by last pulse mode,
c¢) difference image of first and last pulse mode.

backscattered (Fig. 2). The following examples give a
selection of these situations:

i. A sloped surface covers a range interval within the
footprint of the beam and leads to a deformation
(widening) of the backscattered pulse depending
on the slope and the size of the footprint. Analog
detectors, which are for example measuring the
leading edge of the pulse, only find a single range
value which is typically shifted from the mean
distance of the surface towards the sensor.

ii. Two different elevated areas within the footprint of
the beam, as occurring at building walls (ground
and roof) lead to two pulses with a temporal offset.
In this case, analog detectors can measure two
different range values, but the coverage of the areas
within the footprint cannot be determined without
any further information (Vosselman, 2002).
Depending on the processing of first or last pulse
data, building areas dilate or erode. To visualize the
various sizes of the building footprints in first and
last pulse image, a difference image was calculated
(Fig. 1¢). The ambiguous pixels of the building are
visible as a bright stripe along the building
contours. A section of this ambiguous area was
enlarged and is depicted in Fig. 1¢ (bottom left).

iii. Two areas at slightly different elevations within the
footprint of the beam will lead to two superimposed
backscattered pulses (Wagner et al., 20006) if the
range difference of the areas is smaller than the
length of the laser pulse (Katzenbeisser, 2003). In
general an analog detector measures a single range
value.

iv. Small objects within the footprint distributed
randomly around a mean elevation value (e.g.
average height of crop plants on a field) lead to a
widening of the backscattered pulse depending on
this distribution. This results in a widened pulse
with a low intensity which is difficult to detect
with a fixed threshold of an analog system.

These examples suggest that the complete waveform
in between the first pulse and last pulse might be of
interest, because it includes the backscattering charac-
teristic of the illuminated field.

Prior work on analyzing the full waveform was
carried out by NASA to examine vegetation with respect
to bio mass, foliage, or density (e.g. trees, bushes, and
ground). The Laser Vegetation Imaging Sensor (LVIS)
was used to record the waveform and to determine the
vertical density profiles in forests (Blair et al., 1999). The
spaceborne Geoscience Laser Altimeter System (GLAS)
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Fig. 2. Surface characteristic and pulse form. a) Plane surface, b) sloped surface, c) two significantly different elevated areas, d) two slightly different

elevated areas, e) randomly distributed small objects.

determines the distance to the Earth’s surface, and a
profile of the vertical distribution of clouds and aerosols
(Brenner et al., 2003). In the work of both systems the
surface characteristics were determined by comparing a
parametric description of the transmitted and received
waveform. The shape of the surface response was not
determined.

Apart from the range measurement of laser scanning
systems, some systems additionally deliver a single
reflectance value derived from the amplitude or the
power of the backscattered laser light. The amplitude is
defined as the signal maximum and the power by signal
integration of the measured laser light. These values give
radiometric information about the surveyed area. This
amplitude value or power value can be used for separating
segments of artificial objects from vegetation (Hug and
Wehr, 1997; Maas, 2001), classify individual trees or
forest stands according to species (Moffiet et al., 2005) or
to perfectly texture 3-d scene models (Sequeira et al.,
1999). Vosselman (2002) suggested to use the intensity of
the laser beam response in order to estimate and improve
the position of the edge in between areas with different
reflectance properties. Examining the power of the
backscattered pulse allows increasing the position
accuracy of an object edge, too (Jutzi et al., 2005).

To enable an interpretation of the measured waveform
of a backscattered pulse, understanding the physical
background of pulse propagation and surface interaction
is necessary (Der et al., 1997; Jutzi et al., 2002; Steinvall
and Carlsson, 2001; Wagner et al., 2004, 2006).
Especially in the case of multiple backscatters, the
received waveform may be complex. For analysis of the
waveform and to separate fine structures, models for pulse
propagation and surface interaction have to be introduced.

In this paper, we propose a method for a detailed
analysis of the full waveform of laser pulses. The

96

presented approach improves the range resolution and
allows discriminating multiple surface responses. In
Section 2, the waveform of the emitted and back-
scattered pulse, the laser beam, and the illuminated
surface are modeled for capturing the measurement
situation. The algorithms for gaining and discriminating
surface responses are described in Section 3. In Section
4 outdoor experiments with different surface configura-
tions are presented. Finally in Section 5, the received
discrimination results of the surface responses are
discussed concerning accuracy and reliability.

2. Modeling

In this section, a model for the waveform of the
backscattered laser pulse is derived. This waveform
depends on the transmitted waveform of the emitted
laser pulse, the spatial energy distribution of the beam,
and the material and geometric reflectance properties of
the surface.

2.1. Modeling the transmitted waveform of the emitted
pulse

Depending on the laser system, the waveform of a
pulse may appear in different shapes. Different models
of the waveform are known from the literature. Brenner
et al. (2003) proposed a simple temporal symmetric
Gaussian distribution for modeling the waveform of the
spaceborne Geoscience Laser Altimeter System
(GLAS). A waveform with an exponential distribution
is applied by Steinvall (2000), while Wagner et al.
(2004) uses a rectangular distribution. The laser source’s
modulation effect was not captured in the mentioned
models. Some laser systems, like the used multi mode
Erbium fiber laser, typically show variations of the
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waveform, which cannot be neglected for a detailed
analysis. Fig. 3a—c gives examples of emitted pulses of
our laser system.

Generally, the basic waveform depends on the pulse
generation process of the laser source. A strong random
intensity fluctuation is caused by the mode-beating of
the multi mode laser light, which is generated by
interference of neighboring longitudinal modes within
the laser resonator. Furthermore, external disturbances,
fluctuations of relaxation oscillation, and inharmonic
oscillation (spiking) randomly modulate the waveform.

The basic waveform s(¢) of the used laser system can
be described by a time delayed Gaussian with the
amplitude a and the pulse length w:

s(1) :%“ -\/g.exp{—4~1nz-(’_f) ) (1)

w2

The length of a pulse is defined by one-half of the
pulse’s maximum amplitude, known as Full-width-at-
half-maximum (FWHM).

The random modulation of the basic waveform,
caused by intensity fluctuations, is modeled by noise
following a Gaussian distribution m(z). This multipli-
cative component is defined by the parameters u for
the modulation offset and o representing the modula-
tion standard deviation. Finally, the modulated wave-
form s,,(f) is

sm(t) = s(t) -m(t) with m(¢) ~N(u, 0?). (2)

Other laser systems may generate waveforms which
appear with different shapes, e.g. a Q-switched laser
with an exponential shape. The exponential waveform
can be described by s(f)=f> - exp{—¢/w}. If the shape of
the transmitted waveform differs from the presented the
model has to be adapted.

2.2. Modeling the spatial energy distribution of the
emitted pulse

The spatial energy distribution of a laser pulse (beam
profile) depends on the used pump source, the optical
resonator, and the laser medium. Often, these profiles
are modeled by a cylindrical distribution (top-hat form)
or by a 2d-symmetric Gaussian distribution (Kamer-
mann, 1993). Measurements of the beam profile in the
near field have shown that a cylindrical distribution fits
our data best (Fig. 4). For the treatment of monostatic
systems it is convenient to use a spherical coordinate
system with origin in the detector and emitter lens. We
take the optical axis as the polar axis of the coordinate
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Fig. 3. Examples of the transmitted waveform.

system and call the range r, the zenith angle ¢, and the
azimuth angle o. In this case the spatial irradiance
distribution K of the laser beam over the angle ¢ is
described by

_ [E=g&nm if 0<e<eg = beam radius,
K(e) = { 0 otherwise. (3)

2.3. Modeling of the surface

In this section, we describe the influence of the
surface on the laser beam by geometrical shape and
material properties. Capturing the interaction of the
emitted pulse with the illuminated surface is relevant to
analyze the received waveform. The effects on the
observed data of the surface structure are dependent on
their scale. Structures with scales below the laser
wavelength may result in interference effects (speckle).
If the receiver aperture is large compared to the
correlation size of the speckle pattern, the intensity
fluctuations due to speckle will be smoothed by aperture
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Fig. 4. Spatial energy distribution of the system: measured profile (left)
and modeled profile (right).

averaging. In this case only insignificant fluctuations of
the waveform with slightly lower amplitude are
measured. Because these conditions are often met,
speckle effects will be neglected in this paper.

2.3.1. Geometrical reflectance

For handling the imaging properties of extended
surfaces, we assume the following: (i) object and sensor
are stationary, (ii) the illuminated part of the object is
locally plane, (iii) the distance from the sensor is very
large compared to the beam footprint. In this case we
assume for the area of the footprint that the plane surface
differs from the corresponding sphere only marginally.
Let us denote the range of a unbounded surface 4 along
the optical axis by 7y, the angle between the surface
normal and the optical axis by ¢, the slope direction by
o4, and the beam radius by b. The observation geometry
is depicted in Fig. 5a and b. The range r4(¢,o) of an
illuminated surface point depends on zenith angle ¢ and
azimuth angle o and is given by

r(e,0) =1y, (1 +e&-tan(e) - cos(a—a,)). 4)

2.3.2. Material reflectance

Using a monostatic system, the angles of the incident
and reflected light coincides, but the beam attenuation is
still related to the angle of incidence ¢,,. A special case
is given for specular surfaces with material reflectance

pm=1:
1 if =0,
pspecwlar((p) = { 0 if ¢=#0. (5)

For many surfaces the reflectance is assumed to be
uniform and isotropic, also known as Lambertian
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diffuser. In this case the observed reflectance depends
on material reflectance p,, and the angle of incidence ¢:

pdiﬁ"use((p) = Pm 'COSz(QD). (6)

A discussion of reflectance measurements for dif-
ferent materials is shown in Jelalian (1992). There are
strong variations within the reflectance p,, for the same
material, caused by the measurement situation. These

Fig. 5. Schematic illustration of the surface geometry. a) Side view of a
single surface, b) oblique view of a single surface, c) oblique view of
two differently elevated surfaces.
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values should be treated with some caution if they are to
be used for material discrimination.

Combining the information presented in Sections
2.3.1 and 2.3.2 we finally get the general expression for
the reflectance density function p, of a diffuse or
specular surface with respect to the geometry and
material:

Pa(rye:%) = Paiguse(@) 0 (r(8,2),7)
= ppc0s’(9) - ( (&,2),r), or (7)

PA("', ¢ O() pspecular((p) 5(1" (‘o O() )

where 0 represents the delta function with 6(r,,r) =
1 l/{ r=ry,
{ 0 if rer The delta function d(r4,7) is used to

describe the surface in range 4.

2.3.3. Multiple surface reflections

We have assumed that just one plane object surface
occurs within the laser beam. If differently elevated
object surfaces are partly illuminated by the laser beam,
we will receive a mixture of reflections at different
ranges. Multiple reflections of the surfaces 4;, 4,, ...,
A,, within the beam corridor are calculated by:

= Z pAI_(I",b‘,O()

><(3(rA (&, 0), min({r, (

pmultiple (}”, &, DC)

)i = 1..n})).
(8)

The delta function ¢ is used to describe each single
surface 4; in range r,. Illuminated surface areas are
described by min({r4 (¢,2)[i=1... n}) which considers
the line of sight and disregards the occluded areas. The
complete reflection p,,,p. is given by the sum of all
partial surface reflections.

2.4. Atmospheric transmission

The one-way propagation path for the atmospheric
transmission #, with the atmospheric extinction coeffi-
cient g, (Kamermann, 1993) is given by

Ma(r) = exp{=aq-r}. ©)

This formula is seldom used, but might be of impor-
tance for measurements under bad weather conditions.

2.5. Receiver efficiency

The receiver attenuates the perceived radiant inten-
sity which is described by S and depends on the aperture

diameter D and object range r. Assuming D <r, the
receiver characteristic is given by

wD?
- (10)

with #, being the receiver efficiency.

S(D,r) =

2.6. Calculating the received waveform of the back-
scattered pulse

The received power P(f) depends on the modulated
waveform of the transmitted laser pulse (Eq. (2)), the
spatial energy distribution of the laser beam (Eq. (3)),
the atmospheric transmission on the way from the sensor
to the surface (Eq. (9)), the reflectance density function
(geometrical and material) (Eq. (7)), the atmospheric
transmission on the way from the surface to the sensor
(Eq. (9)), the receiver attenuation (Eq. (10)), and the
illuminated surface area over the infinitesimal volume
element r*sin(e)dadedr:

w/2 27
r=0 Je= =0

xK(z) "ia(r) Pa(r;&,0) 1,(r) S
x (D, r) - r*sin(e)dodedr, (11)

where c¢ is the speed of light. This can be written in the
form

P(1) = /roosm(t—¥)~

=0

H(r)dr, with

n/2 2n
)= [ [ K@ 0 palrion)

xn,(r)-S(D,r) - r’sin(e)dade. (12)

Under the assumption (iii) of Section 2.3.1, that the
general range o, of the system origin to the surface is
much greater than the geometrical reflectance properties
inside the range interval [ro,— Ar, ro4+ Ar] the formula
H(r) can be simplified

n/2
IUA/
&

with C,,, = n2(ro4) S(D, rOA)
D2

= exp{—0,2ros}" r2 n,.
04

e)py(r, e o) risin(e)dade, (13)

With this approximation, P(f) depends on the trans-
mitted waveform s,,(¢), the spatial energy distribution of
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the laser beam K(¢) and the reflectance density function
pa(r,e,0) integrated over the illuminated surface area,
only.

Assume the geometry according to Fig. 5c¢ the two
differently elevated specular plane plates 4; and A, are
partly illuminated by the laser beam. Now let the surface
A> be bounded by a straight line and x; =[ro4 €04, %0d]
be the point on the line with the lowest distance to the
optical axis we obtain

/2 r2n

H(F)ZCFOA K(S)
=0.Ja=0

X[0(r1, (2 2),7) 1, 2 2),min o, 7, 652) )
+6(ro4y,7) *0(roa,, min({roa,, 74, (¢,2) }))]
xr?sin(e)dade with

sin(g
704, if &>asin (200)
cos (o=, ) - cos(&oq)
(e, ) = e
cos(a—agq)’
o0 otherwise. (14)

3. Analyzing the waveform

Analyzing the waveform of the backscattered pulse
is useful to obtain information about the illuminated
surface. For this analysis, very short pulses compared
to the illuminated structures in range are advanta-
geous, e.g. for resolving fine structures of branches the
pulse length has to be shorter than some nanoseconds.
In general, short pulses have a lower pulse power and
are more difficult to detect. In the case of a bad
signal to noise ratio, a matched filter approach can be
used (Jutzi and Stilla, 2004). However, this results in
only a single estimate of the travel time of the pulse
without further features. In this paper we focus on
pulses wider than a nanosecond and a moderate pulse
power (10 kKW).

For analyzing the surface response it has to be
extracted from the measured signal. The following steps
have to be carried out: (i) detection of the backscattered
pulse, (ii) deconvolution of the transmitted with the
received waveform, and (iii) Wiener filtering to estimate
the surface function.

3.1. Detection of the backscattered pulses

First, in order to analyze the waveform, the back-
scattered pulse of interest has to be detected and extracted.
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For pulse detection, a noise dependent threshold is
estimated to discriminate a single pulse from the
background noise. A signal interval without pulses is
processed to estimate the noise and to characterize it by
its mean and its standard deviation. In practice, this can
also be done from a signal including pulses, as the
pulse duration is negligible compared to the signal
duration. If the signal is higher than three times of the
noise’s standard deviation for at least 5 ns, a pulse will
be assumed to have been found and a waveform in-
terval including the pulse will be accepted for further
processing.

3.2. Deconvolution

The received waveform p(#) corresponds to a
convolution of the transmitted waveform s,,(f) and the
surface response /(?):

p(t) = su(2)*h(t). (15)

By transforming p(f) into the Fourier domain and
solving the resulting equation for the spectral surface
function H( /) we obtain

(16)

For calculating H( f), the functions P( /) and S,,(f")
have to be known, which means that p(¢) and s,,(f) have
to be measured. Measurements of the waveform are
always associated with a receiver noise term 7(z), which
is added to the signal

Sma(t) = sm(t) + n(t) = s(t) - m(t) + n(z) (17)
and
Pa(t) = p(1) +n(2). (18)

Depending on the receiver noise, large numerical
errors may appear for H( ). Therefore, we need a filter
that reduces the noise, without smearing the surface
function.

3.3. Wiener Filter

For the estimation of the surface function, we use the
Wiener Filter (Wiener, 1949). This Optimal Filter mini-
mizes the mean squared error between the uncorrupted
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surface function H(f) and the estimated surface function

H(fY:
[ womiwpa= [ ap-a0FG o9)

is minimized.
A solution has to be found where the Wiener Filter
W(f) is a real function

. P(f)? o0
PP+ NP

N(f) can be easily estimated from the background
noise. P(f") depends on the received waveform and the
surface function. For designing a Wiener Filter, | P(f)*
has to be estimated.

Assuming that a plane surface is perpendicular to the
pulse propagation direction and the surface is illumi-
nated by an infinitesimal footprint, then /(¢)=4(¢) (Dirac
delta function) and P(f)=S,(f). Instead of s,,(?)
(Eq. (2)), we measure s,,(f)+n(f). For the estimation of
s(f), we low-pass-filter the received signal in time
domain using a linear binominal filter. In this case, we
receive for the Wiener Filter

_sr
TR T

(1)

The estimation of the surface function is then given by
2a(f)
~ Su(f)

and the estimated surface response h(?) is obtained by
transforming H( /) into time domain.

H(f)

W (f) (22)

3.4. Approximation of the surface response

By determining the temporal position, length, and
amplitude of the waveform, surface features like the
range, elevation variations, and reflectivity of the
surface can be derived from the extracted surface
response. These surface features are extracted by fitting
a Gaussian /() to the estimated surface response

0= (0 =3 (0)

(1), 23)

A

= ay, -exp{—4In2-

For the estimation of the three parameters (i) time
value 14, (i) temporal pulse length w,, and (iii)

maximum amplitude a4, of the Gaussian, the iterative
Levenberg—Marquardt Method is used (Marquardt,
1963). For n total number of responses, i presents the
current response to process. The generalized iteration
rule to estimate the parameters G, =[t4, Wa, a4] is
described by

{‘NIA,»,/(*F]A,»,/(H }
= Ty TSR R (D)}, (24)

where g4 j are the pulse parameters 4 s, Wy, and a,
of the current iteration step %, J is the Jacobian matrix of
the estimated Gaussian /(7), and X is the covariance
matrix of the estimated pulse parameters.

The iteration starts with ¢, ; as the temporal position
of the surface response maximum, w,; as the length of
the surface response, and a4, as the surface response
maximum. The iteration is repeated until the change in
hNA,, «(?) is below a specified tolerance. From the estimated
position 4 the range value 74 to the object is determined
by evaluating r,4 =t4c/2, where c is the speed of light.
From the estimated w,, the varying elevations of the
object can be derived by d,=w,c/2, where the
determined elevation variations due to vegetation and
slopes depend on the lasers footprint size. Skew
waveforms of the surface response are not considered
in this approach.

A measure describing the quality of the estimated
parameters ¢, w4, and a, is given by their variances
02{, O'%VA[, and 65/4[. These variances can be determined
directly from the main diagonal of the covariance
matrix. If the variances are all below a given threshold,
the surface response will be accepted. Then the
estimated Gaussian /(7) will 'be subtracted from the
estimated surface response /(f) and the remaining
waveform will be processed again in the same manner.
This kind of processing is repeated until all responses
with high quality (low values for the variances o7, R af%,
and o7 ) are detected.

If the temporal distance AT in between the single
responses 4 4(f) and 2 4 _ () is close to 0.85 w,, then the
estimated parameters for each single surface will have to
be revised, because of the overlapping single responses.
w,. is derived from the system and will be explained in
the next paragraph. Fig. 6 shows a simulation of two
overlapping single responses (dotted lines) for different
distances together with the received surface response
(solid line). In Fig. 6a the temporal distance A7 in
between the single responses is 2 w,. (w.=7.5 cm), then
the maxima position of the surface response and the
single responses are very close to each other. In Fig. 6b
the temporal distance AT of the single responses is w..
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Fig. 6. Overlapping responses (dotted lines) and received surface
response (solid line) with different temporal distances AT between
single responses. a) AT=2 w,, b) AT=w,, ¢) AT=0.85 w..

The surface response has two small peaks, whereas the
maxima positions of the peaks are closer to each other
than the maxima positions of the single responses. For a
temporal distance 0.85 w, the surface response shows
only a single maximum (Fig. 6¢). In the case of two
close located responses, the estimation is performed by
two Gaussians with 6 parameters (4, W4, @4, L4, Wa,
ay,); for three responses, 9 parameters (t4,, Wy, a4,, L4,
Wy, Ay, La, Wa,, A4,) have to be estimated; and so on.

3.5. Impulse response of the measurement unit

If data from a real system is used the impulse
response of the measurement unit has to be taken into
account in the parameter estimation, as the properties of
the measurement unit affect the detected signal. This
means that the measured waveform, which is originally
defined by a convolution of the transmitted waveform
and the surface response is additionally convolved with
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the impulse response. The length of the impulse
response is influenced by the bandwidth of the used
receiver unit. A given bandwidth for a Gaussian
frequency function with a cutoff frequency f. leads to
an impulse response length w,.:

w, is the impulse response length of the system and
defines the length of the signal measured by a given
system when the surface response is an ideal Dirac delta
function (7).

4. Experiments

An experimental setup with a pulsed Erbium fiber
laser (wavelength: 1.55 pm, beam divergence: 1 mrad,
pulse length: 5 ns at FWHM) was built up for exploring
the capabilities of waveform analysis for discriminating
objects close in range. For capturing the transmitted and
the received waveforms, two InGaAs detectors and two
amplifiers with an overall bandwidth f.=1 GHz were
used. Both analog signals were sampled with a rate of 20
GSample/s.

The used bandwidth results in an impulse response
length of w,.=0.3 ns (Eq. (25)). An example of an impulse
response derived by averaging 1000 samples of a signal
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Fig. 7. Impulse response. a) Averaged impulse response estimated by
1000 samples, b) single impulse response with noise.
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scattered by a specular surface (plane metal plate) is
shown in Fig. 7a.

For reducing the noise of a single impulse response
(Fig. 7b), a low pass filter is used. As the low pass filter
reduces the signal bandwidth, the length of the shown
impulse response increases from w,.=0.3 ns tow .=0.5 ns.
The length w . of the low pass filtered impulse response is
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Fig. 8. Example of the measurements and results for the response of a
single surface. a) Transmitted waveform of the emitted pulse, b) received
waveform of the backscattered pulse, c) estimated surface response,
d) approximated surface response.

the lower bound of the length of the surface response to
resolve a single surface. This length is relevant to
discriminate multiple surfaces which are located close to
each other.

The investigations explore the reliability of a range
measurement for a single surface (Section 4.1) and the
range discrimination of two surfaces (Section 4.2). For
both experiments, 500 samples of the transmitted and
received waveform from a plane plate with specular
scattering characteristic are captured. The range accu-
racy is measured by the standard deviation o, of the
range estimation. The ability of discriminating two
nearby surfaces is tested by using two plates arranged
behind each other in propagation direction of the laser
beam (Eq. (14)) with a distance below the pulse length.
Each surface was illuminated partly by half of the beam
footprint. The range of the plates to the laser was about
100 m and the distance in between them 0.15 m, which
corresponds to 2w .. of the example in Fig. 7a.

4.1. Single surface

For estimating the range accuracy to a plane surface
at the range of 100 m a single surface response is
estimated. Fig. 8a and b show an example of a single
measurement illustrating the emitted and the back-
scattered pulse. In this figure, the depicted area of
interest has a range interval of 2 m. Fig. 8b shows the
shape of the received waveform which is similar to the
transmitted waveform in Fig. 8a, but different in
amplitude. The estimated surface response obtained by
the Wiener Filter is depicted in Fig. 8c. It shows a single
strong peak with a maximum at the range of 100 m
surrounded by small signal ripples. The result of Fig. 8c
is further processed by the Levenberg—Marquardt
Method for gaining the parameters of the surface
response. From the estimated parameters, the waveform
of the surface response is calculated. An example of this
waveform is shown in Fig. 8d.

The distribution of the range values is depicted in
Fig. 10a by a histogram. All of the 500 emitted pulses
which were backscattered at the plane surface located
approximately at 100 m in range were detected and the
surface responses were calculated. The range distribu-
tion shows a standard deviation of o, =6.2 mm.

4.2. Two surfaces

Two plane plates are positioned at 100 m and
100.15 m, and the transmitted and the received waveform
are captured. In this case, the goal of processing the
waveform is to detect, discriminate and estimate the range
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of the two surface responses (i=1,2) as accurate as
possible.

Fig. 9a and b shows examples of a single measure-
ment with the emitted and the backscattered pulse. The
small range shift of the plates generates an overlap of the
returned waveforms. This mixed signal is slightly longer
than the transmitted one with a dissimilar shape. The
result of the Wiener Filter is depicted in Fig. 9c. It shows
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Fig. 9. Example of the measurements and results for the response of two
surfaces (distance 0.15 m). a) Transmitted waveform of the emitted pulse,
b) received waveform of the backscattered pulse, ¢) estimated surface
response, d) approximated surface responses.
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Fig. 10. Histograms of the estimated range values. a) Single surface, b) two
surfaces (distance 0.15 m).

two strong peaks at the range of 100 m and 100.15 m.
The two estimated surface responses are visualized in
Fig. 9d. The curves of the estimated surface responses get
in touch at the bottom, and the single responses overlap
slightly in between each other. The overlapping of the
single surface responses is a problem for accurate range
estimation. Because the overlap of the responses
generates an overlay of the surface responses, the original
maxima position of the single responses are shifted apart
from each other. Thus the maximum position which is
usually used for range estimation gives inaccurate range
values. By using an improved estimation (Section 3.4) of
the single surface responses, this inaccuracy can be
eliminated.

The amount of 500 pulses was measured from two
plane surfaces with a range distance of 0.15 m located at
100 m in range. The histogram of the range values shows a
bimodal distribution with two significant peaks (Fig. 10b).
The left range distribution shows a standard deviation of
oy, = 5.5 mm and the right range distribution shows a
standard deviation of ¢,, = 6.6 mm. The average
distance for 500 measurements is Ar =0.149 m with the
standard deviation of g 5,=5.9 mm.

5. Discussion

In general, analog techniques for range determination
by measuring the time-of-flight of laser pulses have a
strong limitation regarding their capability of discriminat-
ing surfaces which are very close located in range.
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Katzenbeisser (2003) has shown that the discrimination of
nearby pulses will only be possible if the distance of two
backscattering object surfaces is at least greater than half of
the pulse length. By recording the waveform with a high
bandwidth of the receiver unit, an adequate sampling rate of
the analog-to-digital converter, and the proposed algo-
rithms for discriminating multiple surface responses, the
range resolution can be significantly improved. Therefore,
the received as well as the transmitted waveform have to be
recorded. We have shown that surfaces with a distance
corresponding to a tenth of the emitted pulse length can be
resolved. The used laser system allows discriminating two
surface responses with a distance of 0.15 m. It has to be
mentioned that in the experiments specular sufaces were
used. Only a few natural surfaces are specular. But, for
investigating the limitations of the laser system, e.g.
discriminating stepped surfaces (objects with small
distances) specular surfaces seems to be the best choice
due to the proper signal-to-noise-ratio.

Furthermore, recording of the transmitted waveform
enables to isolate the surface response from the received
waveform. By applying the Levenberg—Marquardt
Method to the surface response, three properties of the
response can be estimated, namely time value, temporal
pulse length, and maximum amplitude. From these
properties we derive the corresponding surface features,
namely range, elevation variations, and reflectivity.

The spatial energy distribution was modeled and
measured in the near field. For the far field different
profiles for modeling are used (Section 2.2). The
transition from near-field to far-field is given by the
Rayleigh range zg,y ~+2, where the wavelength is 1 and
the beam waist is w, (Siegman, 1986). Assuming a
wavelength of 1=1.55 pm and a beam-waist diameter
of D=2wy,~60 mm we receive a Rayleigh range of
approximately 1800 m.

For investigating the limits in resolving small
distances in range within the beam we have chosen
plane metal plates with specular surfaces. These specific
surfaces with high reflectivity and minimum surface
slope were used for the experiments to capture a
waveform with high quality. Diffuse surfaces with high
material reflectance might deliver similar results but
were not investigated in this paper. For the range
measurements in 100 m, the results of the experiments
show a high reliability (¢, < 6.6 mm). The plates which
were shifted by 0.15 m were supposed to reflect half of
the pulse energy, each. The configuration was not
adjusted in an optimal way so that the maxima
amplitudes of the surface responses differ (Fig. 9c).
The measurement of the average distance Ar =0.149 m
was obtained with a high reliability (o 4,=5.9 mm).

The limits to resolve small distances in range generally
depend on the length of the impulse response w,. and the
corresponding bandwidth f. of the used measurement
unit. Discriminating two responses by peak detection will
be possible if the temporal distance in between single
responses is greater than 0.85 w,.. Otherwise, the shape of
the waveform of the overlapping responses resembles a
single widened peak. If the temporal distance in between
single responses is close to 0.85 w,, range estimation by
the maxima positions of the surface response will be
inaccurate, because of the overlapping single responses
(Section 3.4). The range estimation can be revised with
the Levenberg—Marquardt Method considering multiple
surfaces to increase the accuracy.

The temporal pulse length and amplitude of the
waveform were not investigated further in this paper.
The temporal pulse length seems to be of special interest
for distinguishing natural from man-made surfaces.
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7.1 Introduction

Aerial photogrammetry and airborne laser scanning (ALS) are the two most widely used
methods for generating digital elevation models (DEMs), including digital terrain models
(DTMs) that depict ground topography and digital surface models (DSMs) that depict the
height of the ground, structures, and vegetation cover. In photogrammetry, the distance to
a spatial surface is classically derived from a triangulation of corresponding image points
from two or more overlapping images of the surface. These points are chosen manually or
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detected automatically by analyzing image structures. In contrast to photogrammetry,
active laser scanner systems allow a direct and illumination-independent measurement of
the distance to a surface, otherwise known as the range.

The interrelationship between aerial photogrammetry and ALS has been intensely
discussed within the aerial surveying community in the last decade. Different comparison
factors concerning data acquisition (e.g., coverage, weather conditions, costs, etc.) and sur-
face reconstruction (e.g., accuracy, redundancy, post-processing time, etc.) have to be taken
into account to choose the optimal method for a certain mapping campaign. An example of a
study comparing photogrammetric image matching versus laser scanning for generation of
high-quality DEMs for glacier monitoring (Lenhart et al., 2006) is given in Wuerlaender
et al. (2004). In contrast to a decision to use one or the other technique, in some fields of
applications a combined processing of laser data and stereo images is advantageous as
shown in the generation of the extraterrestrial DTMs of Mars (Albertz et al., 2005; Spiegel
et al,, 2006) or DSMs for building characterization.

Conventional pulsed laser scanner systems for topographic mapping are based on time-of-
flight ranging techniques to determine the range to the illuminated object. The time-of-flight
is measured by the elapsed time between the emitted and backscattered laser pulses. The
signal analysis to determine this time typically operates with analog threshold detection.
For targets that have surfaces at different ranges illuminated by a single laser pulse, more
than one backscattered pulse may be detected per emitted pulse. Most ALS systems are
able to capture, at a minimum, the range for the first- and last-detected backscattered
pulses. Some systems acquire ranges up to as many as five per emitted pulse for multiple
backscattered pulses. First-pulse detection is the optimal choice to measure the hull of
partially penetrable objects or the so-called volume scattering targets (e.g., canopy of trees).
Last-pulse detection should be chosen to measure nonpenetrable surfaces (e.g., ground
surfaces).

Currently, some commercial ALS systems not only capture the range for multiple pulse
reflections but also digitize and record the received signal of the reflected laser energy,
which allows for the so-called full-waveform analysis. This offers the possibility of
analyzing the waveform off-line using digital signal processing methods in order to
extract different surface attributes from the received signal based on the shape of the
return pulses.

In the last decade, some waveform analysis investigations were carried out to explore the
structure of vegetation and estimate aboveground biomass. For example, NASA developed
the waveform-recording laser vegetation imaging sensor (LVIS) to measure vertical density
profiles in forests (Blair et al., 1999). This experimental airborne system operates at altitudes
up to 10km and acquires waveforms for large diameter laser footprints (nominally 20m)
acquired across a wide swath. Another NASA system operating with a large footprint is
the spaceborne geoscience laser altimeter system (GLAS) mounted on the ice, cloud, and
land elevation satellite (ICESat). GLAS measures height distributions of atmospheric clouds
and aerosols, and surface elevations of ice sheets, land topography, and vegetation (Brenner
et al,, 2003; Zwally et al., 2002). It is a profiling system that operates with a footprint diam-
eter of 70m and measures elevation changes with decimeter accuracy (Abshire et al., 2005;
Schutz et al,, 2005). In the analysis of data from both systems, surface characteristics are
determined by comparing a parametric description of the transmitted and received wave-
forms (Hofton et al., 2000; Harding and Carabajal, 2005). Because the laser footprint is
large and illuminates multiple surfaces, the resulting return waveform is an integrated,
spatially nonexplicit representation of the range to illuminated surfaces separated both
vertically and horizontally. The geometric organization of surfaces within a single foot-
print can therefore not be determined.
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In contrast to large-footprint systems, small-footprint ALS systems illuminate only one
or a few surfaces within the footprint, yielding waveforms with distinct return pulses
corresponding to specific surfaces. One of the first developed small-footprint waveform-
recording systems is the scanning hydrographic operational airborne lidar survey
(SHOALS) instrument used for monitoring nearshore bathymetric environments. SHOALS
has been in full operation since 1994 (Irish and Lillycrop, 1999; Irish et al., 2000). More
recently commercial full-waveform ALS systems for terrestrial mapping have been devel-
oped (Jutzi and Stilla, 2006b; Wagner et al., 2006), which operate with a transmitted pulse
width of 4-10ns and allow digitization and acquisition of the waveform with approximately
0.5-1 GSample/s. Reitberger et al. (2006, 2007) have recently reported results that show
clearly the potential of airborne, small-footprint, full-waveform data for the comprehen-
sive analysis of tree structure and species classification. A set of key attributes have been
defined and extracted based on the 3D distribution of the returns in combination with
their characteristics in the full-waveform signal, providing information about tree
microstructure such as the organization of the trunk and branches.

In this chapter, we focus not on a given application in the context of a data set from a
given sensor rather than on general principles. Specifically, we describe the different
approaches for designing a laser system, modeling the spatial and temporal properties of
the emitted lasers pulses, detecting return pulses, and deriving attributes from the waveform.
We emphasize aspects of the received waveform that are especially relevant for the newly
available small-footprint, full-waveform commercial systems that yield distinct return
pulses when multiple surfaces are illuminated by a laser pulse.

The design of a laser system impacts its measurement capabilities and the manner in
which the signal has to be modeled and analyzed. Section 7.2 gives a brief overview of the
features that characterize the design of laser ranging systems. Section 7.3 focuses on
modeling of the temporal waveform and the spatial beam distribution. Different strategies
for pulse detection are explained in Section 7.4. Section 7.5 describes the attributes that can
be extracted from a single laser shot and presents an analysis of an entire scene that was
recorded with an experimental small-footprint, full-waveform laser ranging system.
A summary and outlook is given in Section 7.6.

7.2 Characterization of a Laser System

Depending on the application, laser systems can be designed in different ways. They may
differ in techniques concerning the type of laser used, the modulation, type of measured
features, detection method, or design of beam paths (construction). Figure 7.1 sketches a
simplified overview of features characterizing a laser system. More detailed descriptions
can be found in Kamermann (1993).

7.2.1 Laser Type

A laser works as an oscillator and an amplifier for monochromatic radiation (infrared,
visible light, or ultraviolet). The operative wavelength of available lasers is located between
0.1 um und 3mm. For comparison, it should be mentioned that the visible domain is from
0.37 to 0.75 um. To achieve a good signal-to-noise ratio (SNR) over long ranges, conventional
scanning laser systems emit radiation with high energy. However, this could endanger
the health of humans due to the focusing of laser radiation on the retina, which is most
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| Characterization |
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FIGURE 7.1
Features characterizing a laser system (with shaded boxes indicating the characteristics that are the focus of
this chapter).

susceptible to damage at visible wavelengths. For this reason, most eye-safe laser systems
used for mapping purposes operate with a wavelength outside the visible spectrum. This
allows working with an emitted energy that is many times higher (up to 10°) compared to
the visible domain without the potential for retinal damage. Eye-safe lasers of greatest
interest for long-range laser scanning are erbium-fiber lasers, carbon dioxide (CO,) lasers,
and neodymium:YAG (Nd:YAG) lasers.

Erbium-fiber lasers are optically pumped by a semiconductor diode and the active
medium is an erbium-doped fiber. Their construction can be compact while still achieving
a high output power. CO, lasers use carbon dioxide in gas form as the active medium.
Although their construction is simple, their large size and mass are significant disad-
vantages. Solid-state Nd:YAG lasers can be pumped by various sources that define the
characteristics of the emitted laser radiation. In this contribution we focus on erbium-fiber
lasers (Figure 7.1).

7.2.2 Modulation Technique

Concerning modulation techniques, laser systems can be divided into two groups: continuous
wave (cw) and pulsed lasers. A cw laser continuously emits electromagnetic radiation.
The temporal energy distribution of the transmitted signal is influenced by amplitude modu-
lation (AM) or frequency modulation (FM). Depending on the applied modulation technique,
specific measurement techniques (Section 7.2.3) are required. A pulsed laser emits electro-
magnetic radiation in pulses of short duration. For laser ranging it is desirable to emit a
pulse as short as possible and with a pulse energy as high as possible in order to obtain a
precise range with a high probability of detection. However, design limitations on maxi-
mum peak power introduce a trade-off that requires a compromise between the length and
the energy of the pulse. The length of the pulse (full width at half maximum, FWHM) is
typically between 2 and 10ns. For applications in remote sensing with long ranges, pulsed
lasers with higher power density as compared to cw lasers are advantageous. In this contri-
bution we focus on pulsed laser systems (Figure 7.1).

7.2.3 Measurement Technique

Measurement techniques using laser systems can be distinguished by the exploited signal
properties such as phase, amplitude, frequency, polarization, time, or any combination
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of them. An amplitude modulated cw laser system is used to measure the range by
exploiting the phase of a sinusoidal modulated signal. A phase difference ®; can be
determined from a given phase of the transmitted signal and the measured phase of the
received signal. With wavelength 4, of the modulated signal, a corresponding range r can
be calculated by r = 1 - ®4/4n. If the measurement of the phase difference ®4 cannot be
distinguished from ®, + nn, the unambiguity interval of the range measurement will be
limited to a maximum range r,,., = 4,,/2. Assuming that the system is able to resolve an
angle difference A®,, the range resolution Ar corresponds according to Ar = A - AdD,/4m.
To increase the range resolution for a given A®,, the modulation wavelength A has to be
decreased. However, this results in a reduction of the unambiguity interval of the range
determination.

The problem of ambiguity can be solved by using multiple simultaneous offset
sinusoidal modulation frequencies (multiple-tone sinusoidal modulation). In this case the
maximum modulation wavelength defines the unambiguity and the minimum modulation
wavelength defines the range resolution. In addition to this, partially illuminated sur-
faces with different ranges within the beam corridor result in a superimposed signal
depending on the range and the reflectance of the surface. Because only a single phase
value canbe determined at the receiver, the ambiguities caused by the partially illuminated
surfaces cannot be resolved (Thiel and Wehr, 2004). An incorrect intermediate value is
measured.

The measurement of the amplitude value is feasible for cw lasers as well as for pulsed
lasers. The amplitude is influenced by background radiation, the range of the object to the
laser system, and the size, reflectance, slope, and roughness of the illuminated surface.
In this chapter, we are interested in measuring and analyzing the received pulse wave-
form, i.e., the dependence of the intensity over time (Figure 7.1).

7.2.4 Detection Technique

Detection techniques can be divided into coherent detection and direct detection (Jelalian,
1992). Coherent detection is based on signal amplification due to constructive interference
of the wave front of the received signal with that of the reference signal emitted from a cw
laser. In direct detection laser systems, the received optical energy is focused onto a pho-
tosensitive element that generates an output signal that depends on the received optical
power. Two direct detection techniques are appropriate for recording the temporal charac-
teristics of the backscattered signal: multiphoton detection and single-photon detection.

7.2.5 Multiphoton Detection

The classical measurement technique for direct detection operates with a photodiode. For
optical detectors, a positive intrinsic negative diode (PIN) or the more sensitive avalanche
photodiode (APD) is used. The photodiode generates an electrical signal (voltage or
current) that is directly proportional to the optical power of incident light composed of
multiple photons. Figure 7.2 sketches a pulse resulting from a varying number of photons n
over time ¢. For a detailed analysis of the analog signal a digitizing receiver unit is essential.
To analyze the signal of the emitted short duration laser pulse with only a few nanosec-
onds pulse width, a high bandwidth receiver that resolves the signal at gigahertz rates and
a correspondingly high digitizer sampling rate is required. Increasing bandwidth results
in decreasing sensitivity of the photodiode, which can be compensated by increasing the
power of the emitting laser source. An example of an Nd:YAG laser pulse sampled with
5 GSample/s is given in Figure 74a.
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FIGURE 7.2
Digital recording of the signal with multiphoton detection.

7.2.6 Single-Photon Detection

The principle of single-photon detection is depicted in Figure 7.3. A short duration pulse is
emitted by the laser source. A single photon of the backscattered pulse is detected by the
receiver after time interval 7,. This event blocks the receiver for a certain period of time
during which no further photons are able to trigger the receiver. The time-of-flight of this
single event is collected into a corresponding time bin of a histogram. After the period of
blocking, the receiver is open to detect a new single-photon event. Multiple measurements
are repeated and the time-of-flight of each single event (7,75, ...) is registered into the
corresponding time bin of the histogram.

Let us assume a stationary scene and a stationary sensor platform. In this case, the
statistical properties of the laser radiation do not change with the time and time-average
quantities are equal to the ensemble quantities. Under these assumptions, the radiation
ensembles are stationary and ergodic (Papoulis, 1984; Troup, 1972). The counting of single-
photon events with assignment of their time-of-flight into time bins of a histogram is
closely related to the integration of multiphotons over time (Alexander, 1997; Gagliardi and
Karp, 1976; Loudon, 1973). In other words, the temporal waveform of the pulse can be
reconstructed from a histogram of single-photon arrivals over time.

Many transmit pulses are necessary to obtain the waveform with single-photon
detection. The quality of the sampled waveform depends on the number of photon
counts. Various optical detectors can be used for this purpose, namely, PMT (photomul-
tiplier tubes), MCP (microchannel plate), or APD detectors. Figure 7.4b shows a pulse
plotted from a histogram containing the time-of-flight measurements from 16252 pho-
tons distributed in 50 bins, where the bin width is 40 ps. Note that the FWHM of the pulse
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Ty T3 T5Tg
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e
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FIGURE 7.3
Digital recording of the signal with single-photon detection.
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FIGURE 7.4
Examples for pulses backscattered from a diffuse surface. (a) Multiphoton detection (FWHM = 2.1ns) and
(b) single-photon detection (FWHM = 0.4ns).

in Figure 7.4a is about five times of the pulse in Figure 7.4b. In this chapter, we focus on
multiphoton detection (Figure 7.1).

7.2.7 Construction

Depending on the construction of the transmitter and receiver optics, monostatic and
bistatic laser systems can be distinguished.

Monostatic laser systems have transmitter and receiver optics collocated on the same
optical axis. A disadvantage of this construction is the higher number of components com-
pared to a bistatic laser system, increasing the effort needed to optimally align the
components. Advantages of this construction are the isogonal measurement of angles and
the exact measurement of ranges, because the illuminated surface area and the observed
field of view of the receiver are coincident for all ranges.

Bistatic laser systems have a transmitter and receiver optics that are spatially separated
and thus the illumination and view angles are divergent. In general, both optics are close
together and oriented in nearly the same direction. Objects are illuminated via a lens from
the transmitter optic and the backscattered radiation is transferred via a separate lens to
the receiver optic. An advantage of this measurement system is that the design can be
easily constructed. A disadvantage of this design is that depending on the range to the
illuminated surface the angle between the transmitter and the receiver optic varies.
Furthermore, depending on the range, only a partial overlap is obtained between the
illuminated surface and the observed field of view.

7.3 Modeling

The received waveform depends on the transmitted waveform of the emitted laser pulse,
the spatial energy distribution of the beam, and the geometric and reflectance properties
of the surface. In order to describe the temporal and spatial properties of a pulse, appropri-
ate models that parameterize the pulse attributes have to be introduced.

7.3.1 Waveform of the Laser Pulse

Mathematical functions can be used to approximate the shape of laser pulse waveforms.
Depending on the system, the shape may be best represented by a rectangular, exponential,
or Gaussian distribution. A simple model is given by a rectangular distribution s() with an
amplitude g, pulse width w, and time delay =
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(t—r)}z{a for —r<t<w-r1 -

t)=arect{—~——
) arec{ w 0 else.

Especially for short laser pulses a rectangular model often differs from the measured
shape. A waveform with an exponential distribution (e.g., for a Q-switched laser) is applied
by Steinvall (2000)

s(t) =t exp{—%} (7.2)

A temporally symmetric Gaussian distribution for modeling the waveform of the
spaceborne GLAS is proposed by Brenner et al. (2003). The basic waveform s(f) of the used
laser system can be described by

s(t):z—af /h‘”ﬁ exp{—41n(2)%} (73)

The width of a pulse w is commonly defined as one-half of the pulse’s maximum amplitude
known as FWHM.

7.3.2 Spatial Energy Distribution

The spatial energy distribution of a laser (also known as the beam profile) depends on the
pump source, the optical resonator, and the laser medium. In general, beam profiles are
modeled by a cylindrical distribution (top-hat form) or by a 2D-symmetric Gaussian
distribution (Kamermann, 1993). The measured cylindrical beam distribution of a pulsed
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FIGURE 7.5 (See color insert following page XXX.)

Measured cylindrical beam distribution (top-hat form). (a) 2D visualization, with the row (red) and column
(green) of the maximum intensity indicated, (b) profile of the indicated row, (c) profile of the indicated column,
and (d) 3D visualization.
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FIGURE 7.6 (See color insert following page XXX.)
Measured Gaussian beam distribution. (a) 2D visualization, with the row (red) and column (green) of the maximum
intensity indicated, (b) profile of the indicated row, (c) profile of the indicated column, and (d) 3D visualization.

erbium fiber laser that operates at a wavelength of 1550nm is depicted in Figure 7.5.
A Gaussian beam distribution of a Raman shifted Nd:YAG laser that operates at a wave-
length of 1543nm is depicted in Figure 7.6. Both measurements differ more or less from
these idealized distributions.

74 Analyzing the Waveform

Various detection methods are used to extract attributes of the reflecting surface from
the waveform. To obtain the surface attributes, each waveform s(t) is analyzed. The
surface within the beam corridor generates a return pulse. To detect and separate this
pulse from the noise, a signal-dependent threshold is estimated using the signal back-
ground noise. For example, in one particular implementation if the intensity of the
waveform is above three times the noise standard deviation (30,) for a duration of at
least the full-width-half-maximum of the pulse, a pulse is assumed to be found. The
section of the waveform including the detected pulse is passed onto the subsequent
processing steps.

Typical surface attributes to extract from a waveform are range, elevation variation, and
reflectance corresponding to the waveform attributes of time, width, and amplitude.

A rough surface, i.e., a surface of a certain vertical extent, will widen the laser pulse
upon reflection. Therefore, the width of the pulse is a measure of the elevation varia-
tion of the surface. In addition, the widening of the pulse causes the reflected photons
to be spread over a greater amount of time, thus reducing the peak amplitude. There-
fore, to estimate the elevation variation or reflectance attributes of a surface, the pulse
width and amplitude have to be known. Estimating just the amplitude of a pulse with-
out considering this dependency will lead to inaccurate and noisy reflectance values.
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Amplitude

FIGURE 7.7
Attribute extraction with peak detection.

Determination of the range to a surface can be accomplished with different schemes
that include peak detection, leading edge ranging, constant fraction detection, center
of gravity detection, and Gaussian decomposition and deconvolution. A discussion of
key elements of each approach follows.

7.4.1 Peak Detection

The values of range r, and amplitude are determined at the maximum pulse amplitude
ap, (Figure 7.7), and the width wp, is estimated at full-width-half-maximum of the pulse.
Local spikes on the pulse waveform strongly effect the attribute extraction. Therefore, for
noisy signals, a smoothing filter is recommended to determine the global maxima.

7.4.2 Leading Edge Detection

A threshold crossing of the pulse waveform leading edge determines the range value
(Figure 7.8). The threshold value can be a predefined fixed value, but then the ranging
detection strongly depends on the amplitude and width of the pulse waveform, intro-
ducing a ranging bias dependent on pulse shape referred to as range walk. The half
of the maximum amplitude a;5, of the pulse for a threshold is used for range deter-
mination.
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FIGURE 7.8
Attribute extraction with leading edge detection.
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Delay Inverter

FIGURE 7.9
Simplified schematic visualization of the processing steps for the constant fraction detection.

7.4.3 Constant Fraction Detection

A ranging implementation designed to be insensitive to amplitude-dependent biases
applies a constant fraction detection circuit in which the pulse waveform s(t) is inverted
and delayed by a fixed time T and added to the original pulse (Figure 7.9). The combined
signal scpp(t) gives a constant fraction signal with a zero crossing point at tqpp (see
Figure 7.10).

Scrp(ferp) =0 with s (£) = s(£) —s(t +7) (74)
The determined ¢y is insensitive to the pulse amplitude, but depends on the pulse waveform

and width (Kamermann, 1993). A suitable value for the delay time 7 is the FWHM of the
waveform.
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FIGURE 7.10
Attribute extraction with constant fraction detection.
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Attribute extraction with center of gravity detection.
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For symmetric waveforms, the traditional constant fraction algorithm delivers unbiased
ranging results. However, for an asymmetric noisy waveform the delayed signal should be
reversed in time as well, to avoid ambiguities of the zero crossing point.

7.4.4 Center of Gravity Detection

The temporal center of gravity of the pulse waveform is tc ¢, (Figure 711). The time value
(range) is determined by integrating the pulse waveform s()

tcoGy s tcoGy s
tCoG,s = J. t S(t)dt/ J. S(t)dt (75)

t=tcog s t=tcog, s

It delivers good results for returns with various pulse amplitudes and pulse widths that
have low noise. For returns with an asymmetric pulse shape skewed to longer ranges, this
method results in a detected range that is slightly longer than the range value obtained
with the peak detection.

The following methods to further process the pulse properties are not part of the center
of gravity algorithm, but are well suited to complement it. Generally, integration over a
section of the signal has the advantage of reducing the noise dependence compared to the
aforementioned methods relying on single samples. We call the integral of the waveform
s(t) shown in the denominator of Equation 7.4 as the pulse strength. From this, the value
ey can be calculated assuming a Gaussian and using the Inverse error function (erf!) and
the width w

tcogy
-1
e = 2erf (05) I s(Hdt

t=teog,

(7.6)

Furthermore, the width W, is approximated by the width of the central pulse area
contributing 0.76 of this pulse strength with

wy

teo ot toocs

J s(t)dt =erf(vVIn2) j (t)dt
=t Wo t=tc (77)
= G oGy

118



Waveform Analysis for Small-Footprint Pulsed Laser Systems 227

[
|

Elehi

[}

P

~

=
A 4

Amplitude

"\

1
:*WGD,S—P: \

FIGURE 7.12

1
GDs Attribute extraction with Gaussian decomposition algorithm.

___4._

7.4.5 Gaussian Decomposition

Assuming a Gaussian function for the waveform (Equation 7.3), the surface attributes can
be extracted by estimating the parameters of the adapted function:

_ (t - tCD,s )2
s(t)=agp, expy—4 In(2)———=- (7.8)
(Wep,)

For a parametric description of the pulse properties, a Gaussian decomposition on the
waveform can be used. Different methods are known, for example, Expectation Maximation
(EM) algorithm (Persson et al, 2005) and Gauss-Newton or Levenberg—Marquardt
algorithm (Hofton et al., 2000; Jutzi and Stilla, 2005; Reitberger et al., 2006). In Figure 7.12,
the estimated attributes of the received waveform are depicted.

7.4.6 Deconvolution

Analysis of a received waveform in order to extract the attributes of the illuminated
surface is a difficult task because different processes impact the shape of the waveform.
The received waveform s(t) of a laser pulse depends on the transmitted waveform r(t), the
impulse response of the receiver, the spatial beam distribution of the laser pulse, and
the geometric and reflectance properties of the illuminated surface. The impulse response
of the receiver is mainly affected by the photodiode and amplifier, and the spatial beam
distribution typically has a Gaussian distribution. Let us assume that a receiver consists
of an ideal photodiode and that the amplifier has an infinite bandwidth with a linear
response. In that case the received waveform depends mainly on the transmitted waveform
r(t) and the properties of the illuminated surface. The 3D characteristics of the surface can
be captured by a time-dependent surface representation, referred to as the surface
response h(f). In this case the received waveform s(f) can be expressed as

s(t) = h(t) = r(t) (79)

where (¥) denotes the convolution operation. By transforming s(f) into the Fourier domain
and solving the resulting equation for the spectral surface function H(f), we obtain

H(f)=S(f)/R(f) (710)

119



228 Topographic Laser Ranging and Scanning: Principles and Processing

The surface response h(t) is obtained by transforming H(f) into the time domain. By applying
a Gaussian decomposition method to the surface response, surface attributes can be
extracted. The deconvolution removes the characteristics of the transmitted waveform from
the received waveform and enables a description of the observed surface.

For a reliable deconvolution a high SNR for the received waveform is essential.
In addition to this, the waveform has to be captured with a high bandwidth receiver and
with an adequate sampling rate of the analog-to-digital converter. Furthermore, it has to
be mentioned that large numerical errors may appear depending on the receiver noise.
A Wiener filter used for deconvolution reduces the noise of the determined surface
response (Jutzi and Stilla, 2006a). This method allows discriminating differences in
range, e.g., given by a stepped surface within the beam, which are smaller than the
length of the laser pulse. Experiments have shown that a step smaller than 10 times of
the pulse length can be distinguished.

7.5 Attribute Extraction

An example of a signal profile applied to multiple pulses is depicted in Figure 7.13. The
waveform parameters for each detected pulse of this signal profile are estimated by a
Gaussian decomposition method using the Levenberg-Marquardt algorithm. The extracted
attributes are described in the table. The estimated waveform is shown below the original
waveform in Figure 7.13.

By comparing the range values in the table, we can observe that the distance between the
first and second pulse is about 10m and between the third and fourth pulse about 2.5m.
The third pulse shows the highest maximum amplitude and the pulse width of the first and

o () OO NO

Z 20
% 10 MJ
%)

0 !

80 85 90 95 100 105
Range (m)

N0 ONNOMION
E 20t ﬂ ] fi A
T | I / | ” 1
[ ||I ‘ | IK }I L l} \

0 AR / LY N

80 8|5 9l0 9[5 160 105
Range (m)

FIGURE 7.13
Signal profile with multiple reflections.
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second pulse is slightly lower than the third and fourth pulse. It is not possible to classify
the type of surfaces illuminated within the single-beam corridor using the amplitude, pulse
width, and range properties alone. For assigning each return pulse to a specific surface type
additional information is required, which can result from the 3D geometrical relationships
of the returns within a point cloud.

As an example of information retrieval achieved by combining return pulse properties
and the spatial relationship of the returns, a full-waveform data set of a test scene was
captured by scanning along the azimuth and elevation and recording the return intensity
sampled over time ¢. Neglecting angular variations of the scan, the measured intensities as
a function of time f sampled over the azimuth and elevation can be interpreted as a 3D data
set forming a cuboid with Cartesian coordinates x, y, and t. The sampling along the time
axis can be recalculated into corresponding range values z. These data cuboid can be ana-
lyzed in several different ways.

Figure 7.14 shows a set of image slices (y—t planes). The second slice from the left
(x = 4) shows vegetation in the center (near range) and building structures on the right
side (far range). The grey values correspond to the intensity of the signal. The intensity
values along the marked solid line are the intensity values of the waveform shown in
Figure 7.13.

Note that although this way of displaying the data suggests that a full 3D representation
of the scene has been obtained, this is in fact not the case. Just as with point clouds measured
by conventional laser scanners, the data cube represents only 2.5d information. This is
because of occlusion effects that are dependent on the target size in relation to the beam
footprint size. It is possible that the laser pulse is mostly intercepted by and backscattered
from the first illuminated surface along the propagation direction and that the following
surfaces along the laser vector are hidden, giving weak or no reflections. For instance, a
tree with dense foliage may return only a single reflection response per laser pulse even
though multiple surfaces are present after the first detected return along the path of the
laser vector.

In the following, we use the Wiener filter method to extract attributes from received wave-
forms. The extraction is carried out without considering spatial neighborhood relations. The
results of the extracted surface attributes from the data cuboid are shown in xy plane by

FIGURE 7.14
Vertical image slices with ground, vegetation, and building structures.
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FIGURE 7.15
Extracted attributes of pulses: (a) range, (b) pulse width, and (c) intensity.

images of 320 x 600 pixels (Figure 7.15). Figure 7.15a shows the range image, Figure 7.15b
shows the width of the pulse, and Figure 7.15c shows the intensity of the pulse. Larger
values for an attribute are displayed by brighter pixels. Due to the fact that only a single
value can be shown in the 2D images, only the first reflection is considered in cases where
multiple reflections are present for a laser pulse.

The attributes maximum amplitude and pulse width were extracted using the Wiener
filter and examined for their ability to discriminate different object classes. The entire scene
and three objects classes, namely, buildings, trees, and meadow, are shown in Figure 7.16.
Column A of the figure depicts range images of the entire scene (Figure 7.16a, column A)
and of the selected objects classes (Figure 7.16b through d (column A)). Column B depicts
scatter plots of maximum amplitude versus pulse width for the entire scene and the object
classes (Figure 7.16, column B).

In Figure 7.16a, it can be observed that for the entire scene small values of the maxi-
mum amplitude have a large spreading of the pulse width. By decomposing the scene
into the three object classes, it is apparent that the vegetation (trees and meadow) in
most cases produces the signal returns with small maximum amplitudes but high
values for the pulse width. The building in Figure 7.16b shows small values for the
pulse width with little variation and a large range in the maximum amplitude values.
Furthermore, the maximum amplitude of the building shows a cluster of higher
values than that from the trees and meadow. These high values may result from high
reflectance by the white fagade. The trees are depicted in Figure 7.16¢, where the pulse
width shows high variation with mostly small maximum amplitude values. The
meadow (Figure 7.16d) induces large variations of the pulse width and small maxi-
mum amplitude values. In general, the trees and the meadow produce larger pulse
widths than the building.

122



Waveform Analysis for Small-Footprint Pulsed Laser Systems 231

E
<
i<l
2
Q
i
>
a
0 1 L
0 0.02 0.04
Maximum amplitude (V)
1
E
<
e,
2
o 05
£
=}
a
0 . .
0 0.02 0.04
Maximum amplitude (V)
1t
E
£
5
H
o 0.57
@
>S5
a
0 . \
0 0.02 0.04
Maximum amplitude (V)
1-
E
<
e,
2 L
o 05
£
>
a
0 . :
0 0.02 0.04
Maximum amplitude (V)
(A) (B)

FIGURE 7.16

Comparison of maximum amplitude versus pulse width for selected objects of the measured scene. (a) Scene,
(b) building, () trees, and (d) meadow. Column (A) denotes range images, and column (B) denotes maximum
amplitude versus pulse width.
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7.6 Summary and Outlook

It has been shown that full-waveform analysis enables extraction of more information
compared to classical analogous pulse detection methods. First, recording of the received
waveform offers the possibility for the end-user to select different methods to extract range
information. The shape of the pulse and the entire signal can be considered for determin-
ing the range more accurately. Further improvements on reliability and accuracy can be
derived by signal-processing methods based on the transmitted and the received wave-
form, e.g., deconvolution. Additionally, attributes of the surface can be derived from a
parametric description of the waveform. The attributes maximum amplitude and pulse
width may support the discrimination between volume scatterer (vegetation) and hard
targets (man-made objects) (Kirchhof et al., 2007).

In the preceding description laser pulses were analyzed without considering the
information of neighboring measurements. For reconstructing man-made objects, the
introduction and test of hypotheses about the shape of the surface (e.g., plane, sphere) may
efficiently support the analysis of single waveforms. Two different strategies assuming a
planar shape in the local neighborhood of the surface and introducing this assumption
into the signal analysis should be addressed. Both strategies combine information from
top-down (surface primitives) and bottom-up (signal processing) for an extended analysis
of full waveform laser data.

The first strategy (Kirchhof et al, 2007) uses an iterative processing of waveforms
considering a predicted shape of the waveform from the local neighborhood. A preseg-
mentation based on surface attributes is carried out to distinguish between partly penetra-
ble objects (e.g., trees, bushes) and impenetrable surfaces (e.g., roof, wall). Derived range
values from presegmentation of the impenetrable surfaces are used to automatically
generate surface primitives (e.g., planes).

This allows a refinement of each range value, considering the surface geometry in a close
neighborhood. Furthermore, partly occluded surface areas are extended by prediction of
the expected range values. This prediction is further improved by considering the surface
slope for the estimated received waveform. Expected pulses are simulated and correlated
with the received waveforms. Accepted points that were missed in the first processing step
due to weak signal response are associated to the point cloud. The procedure is repeated
several times until all appropriate range values are considered to estimate the surface.

The second strategy (Stilla et al.,, 2007) uses a slope compensated stacking of wave-
forms. Weak pulses with a low SNR are discarded by classic threshold methods and get
lost. In signal and image processing, different stacking techniques are used to improve
the SNR.

For detection of weak laser pulses, hypotheses for planes of different slopes (e.g., angle
difference 5°) are generated. According to the slope of the hypothesis, the waveforms in
the local neighborhood are shifted in range. A superimposed signal is calculated from the
stack of shifted waveforms. The maxima of superimposed signals from all hypotheses are
compared to verify a hypothesis. Each signal is assessed by a likelihood value with respect
to its contribution to the accepted hypothesis. Finally, signals are classified according to
the likelihood values obtained using two thresholds and visualized by the traffic-light
paradigm. The results contain detected pulses reflected from objects, which cannot be
predicted by the previously detected point cloud.

Both strategies show promising results that encourage the continuity of work on the
analysis of full-waveform laser pulses.

124



Waveform Analysis for Small-Footprint Pulsed Laser Systems 233

.|
References

Abshire, ].B., Sun, X.L,, Riris, H., Sirota, .M., McGarry, ].E, Palm, S., Yi, D.H., and Liiva, P, 2005. Geo-
science Laser Altimeter System (GLAS) on the ICESat mission: On-orbit measurement perfor-
mance. Geophysical Research Letters, 32:L.21502, doi:10.1029/2005GL024028.

Albertz, J., Attwenger, M., Barrett, J., Casley, S., Dorninger, P, Dorrer, E., Ebner, H., Gehrke, S,,
Giese, B., Gwinner, K., Heipke, C., Howington-Kraus, E., Kirk, R.L., Lehmann, H.,, Mayer, H,,
Muller, J.-P,, Oberst, J., Ostrovskiy, A., Renter, J., Reznik, S., Schmidt, R., Scholten, F., Spiegel, M.,
Stilla, U., Waehlisch, M., and Neukum, G.,2005. HRSC on Mars Express—Photogrammetricand
Cartographic Research. Photogrammetric Engineering and Remote Sensing, 71(10):1153-1166.

Alexander, S.B., 1997. Optical communication receiver design. In: SPIE Tutorial Texts in Optical
Engineering, TT22, SPIE Press, Bellingham, WA.

Blair, J.B,, Rabine, D.L., and Hofton, M.A., 1999. The Laser Vegetation Imaging Sensor (LVIS):
A medium-altitude, digitization-only, Airborne Laser Altimeter for mapping vegetation and
topography. ISPRS Journal of Photogrammetry and Remote Sensing, 54(2-3):112-122.

Brenner, A.C., Zwally, HJ., Bentley, C.R., Csatho, B.M., Harding, DJ., Hofton, M.A., Minster, ].B,,
Roberts, L.A., Saba, J.L., Thomas, R.H., and Yi, D., 2003. Geoscience Laser Altimeter System
(GLAS)—Derivation of range and range distributions from Laser Pulse Waveform Analysis
for surface elevations, roughness, slope, and vegetation heights. Algorithm Theoretical Basis
Document—Version 4.1. Available at http://www.csr.utexas.edu/glas/pdf/Atbd_20031224.pdf
(accessed September 1, 2006).

Gagliardi, R M. and Karp, S., 1976. Noncoherent (Direct) Detection: Optical Communications. John Wiley
& Sons, New York.

Harding, DJ. and Carabajal, C.C., 2005. ICESat waveform measurements of within-footprint
topographic relief and vegetation vertical structure. Geophysical Research Letters, 32:L21510,
doi:10.1029/2005GL023471.

Hofton, M.A., Minster, ].B., and Blair, ].B., 2000. Decomposition of laser altimeter waveforms. I[EEE
Transactions on Geoscience and Remote Sensing, 38(4):1989-1996.

Irish, J.L. and Lillycrop, WJ., 1999. Scanning laser mapping of the coastal zone: The SHOALS System.
ISPRS Journal of Photogrammetry and Remote Sensing, 54(2-3):123-129.

Jelalian, A.W., 1992. Laser Radar Systems. Artech House, Boston, MA.

Jutzi, B. and Stilla, U., 2005. Measuring and processing the waveform of laser pulses. In: Gruen, A.,
Kahmen, H., Eds., Optical 3-D Measurement Techniques VII, Vol. 1, pp. 194-203. Vienna University
of Technology.

Jutzi, B. and Stilla, U., 2006a. Range determination with waveform recording laser systems using
a Wiener filter. ISPRS Journal of Photogrammetry and Remote Sensing, 61(2):95-107 [doi:10.1016/
j-isprsjprs.2006.09.001].

Jutzi, B. and Stilla, U., 2006b. Characteristics of the measurement unit of a full-waveform laser sys-
tem. Symposium of ISPRS Commission I: From Sensors to Imagery. International Archives of
Photogrammetry, Remote Sensing and Spatial Information Sciences, 36(Part 1/A).

Kamermann, GW., 1993. Laser radar. In: Fox, C. S., Ed., Active Electro-Optical Systems, The Infrared and
Electro-Optical Systems Handbook. SPIE Optical Engineering Press, Ann Arbor, ML

Kirchhof, M., Jutzi, B., and Stilla, U., 2008. Iterative processing of laser scanning data by full wave-
form analysis in close neighbourhood, ISPRS Journal of Photogrammetry and Remote Sensing,
63(1), pp. 99-114 [d0i:10.1016/j.isprsjprs.2007.08.006].

Lenhart, D., Kager, H., Eder, K., Hinz, S., and Stilla, U., 2006. Hochgenaue Generierung des DGM
vom vergletscherten Hochgebirge—Potential von Airborne Laserscanning. Arbeitsgruppe
Automation in der Kartographie: Tagung 2005, Mitteilungen des Bundesamtes fiir Kartogra-
phie und Geodaesie, Band 36:65-78 (in German).

Loudon, R., 1973. The Quantum Theory of Light. Clarendon Press, Oxford.

Papoulis, A., 1984. Probability, Random Variables, and Stochastic Processes. McGraw-Hill, Tokyo.

125



234 Topographic Laser Ranging and Scanning: Principles and Processing

Persson, A., Séderman, U., Topel,]., and Ahlberg, S.,2005. Visualization and analysis of full-waveform
airborne laser scanner data. In: Vosselman, G., Brenner, C., Eds., Laserscanning 2005. International
Archives of Photogrammetry, Remote Sensing and Spatial Information Sciences, Enschede, 36(Part 3/
W19):109-114.

Reitberger, J., Krzystek, P, and Stilla, U., 2006. Analysis of full waveform lidar data for tree species
classification. In: Forstner, W., Steffen, R., Eds., Symposium of ISPRS Commission III: Photo-
grammetric Computer Vision PCV06. International Archives of Photogrammetry, Remote Sensing
and Spatial Information Sciences, Bonn, 36(Part 3):228-233.

Reitberger, J., Krzystek, P, and Stilla, U., 2007. Analysis of full waveform LIDAR data for the classifica-
tion of deciduous and coniferous trees. International Journal of Remote Sensing, 29(5):1407-1431.

Schutz, B.E., Zwally, HJ., Shuman, C.A., Hancock, D., and DiMarzio, J.P., 2005. Overview of the
ICESat Mission. Geophysical Research Letters, 32, 1.21S01, [doi:10.1029/2005GL024009].

Spiegel, M., Stilla, U., and Neukum, G., 2006. Improving the exterior orientation of Mars Express
regarding different imaging cases. International Archives of Photogrammetry and Remote Sensing
and Spatial Information Sciences, 36(4) (on CD).

Stilla, U., Yao, W., and Jutzi, B., 2007. Detection of weak laser pulses by full waveform stacking.
In: Stilla, U. et al,, Eds., PIA07: Photogrammetric Image Anlysis 2007. International Archives of
Photogrammetry, Remote Sensing and Spatial Information Sciences, Munich, 36(3/ W49A):25-30.

Steinvall, O., 2000. Effects of target shape and reflection on laser radar cross sections. Applied Optics,
39(24):4381-4391.

Thiel, KH. and Wehr, A., 2004. Performance capabilities of laser-scanners—An overview and mea-
surement principle analysis. International Archives of Photogrammetry, Remote Sensing and Spatial
Information Sciences, 36(Part 8/ W2):14-18.

Troup, GJ., 1972. Photon Counting and Photon Statistics. In: Sanders, ].H., Stenholm, S., Eds., Progress
in Quantum Electronics, Vol. 2 (Part 1), Oxford, Pergamon.

Wagner, W., Ullrich, A., Ducic, V., Melzer, T,, and Studnicka, N., 2006. Gaussian decomposition and
calibration of a novel small-footprint full-waveform digitising airborne laser scanner. ISPRS
Journal of Photogrammetry and Remote Sensing, 60(2):100-112.

Wauerlaender, R., Eder, K, and Geist, T., 2004. High quality DEMs for glacier monitoring: Image
matching versus laser scanning. In: Altan, M.O,, Ed., International Archives of Photogrammetry
and Remote Sensing, 35(Part B7):753-758.

Zwally, H.J., Schutz, B., Abdalati, W., Abshire, J., Bentley, C., Brenner, A., Bufton, J., Dezio, J., Hancock,
D, Harding, D., Herring, T., Minster, B., Quinn, K., Palm, S., Spinhirne, J., and Thomas, R., 2002.
ICESat’s Laser Measurements of polar ice, atmosphere, ocean, and land. Journal of Geodynamics,
34(3-4):405-445.

126



B. Publikationen zu 2.2 Koregistrierung mit 2D- bzw.
3D-Sensoren

[B1]

[B2]

[B6]

[B7]

(B8]

Bradley PE, Jutzi B (2011) Improved feature detection in fused intensity-
range images with Complex SIFT (CSIFT). Remote Sensing - Open Access
Journal 2011, 3 (9): 2076-2088 doi:10.3390/rs3092076

Hinz S, Weinmann M, Runge P, Jutzi B (2011) Potentials of image ba-
sed active ranging to capture dynamic scenes. In: Heipke C, Jacobsen K,
Rottensteiner F, Miiller S, Sorgel U (Eds) High-resolution earth imaging for
geospatial information. International Archives of Photogrammetry, Remote
Sensing and Spatial Information Sciences 38 (Part 4 / W19) (on CD)

Hoegner L, Hanel A, Weinmann M, Jutzi B, Hinz S, Stilla U (2014) To-
wards People Detection from Fused Time-Of-Flight and Thermal Infrared
Images. In: Schindler K, Paparoditis N (Eds) ISPRS Technical Commission
IIT Symposium. ISPRS Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences XL-3, 2014: 121-126

Hoegner L, Roth L, Weinmann M, Jutzi B, Hinz S, Stilla U (2013) Fusi-
on von Time-of-Flight-Entfernungsdaten und thermalen IR-Bildern. AVN -
Allgemeine Vermessungs-Nachrichten, Ausgabe 5/2014: 192-197

Hoegner L, Weinmann M, Jutzi B, Hinz S, Stilla U (2013) Co-registration of
Time-of-Flight (TOF) camera generated 3d point clouds and thermal infrared
images (IR). In: Seyfert E (Ed) 33. Wissenschaftlich-Technische Jahrestagung
der DGPF, 2013 (22): 481-488

Hoegner L, Weinmann M, Jutzi B, Hinz S, Stilla U (2012) Synchrone
Koregistrierung von 3d Punktwolken und thermischen Infrarotbildern. In:
Luhmann T (Hrsg) Optische 3D-Messtechnik - Photogrammmetrie - Laser-
Scanning. Beitrage der 12. Oldenburger 3D-Tage 2013. Herbert Wichmann
Verlag, Heidelberg

Jutzi B, Weinmann M, Meidow J (2013) Improved UAV-borne 3D mapping
by fusing optical and laserscanner data. In: Grenzdorffer G, Bill R (Eds)
UAV-g2013. The International Archives of the Photogrammetry, Remote Sen-
sing and Spatial Information Sciences XL-1/W2, 2013: 223-228

Jutzi B, Weinmann M, Meidow J (2013) Weighted Data Fusi-
on for UAV-borne 3D Mapping with Camera and Line Laserscan-

ner. International Journal of Image and Data Fusion 5 (3): 226-243
doi:10.1080/19479832.2014.889228

127


http://dx.doi.org/10.3390/rs3092076
http://dx.doi.org/10.1080/19479832.2014.889228

[BY]

[B10]

[B11]

B12]

[B13]

[B14]

[B15]

128

Weinmann M, Dittrich A, Hinz S, Jutzi B (2013) Automatic feature-based
point cloud registration for a moving sensor platform. In: Heipke C, Jacobsen
K, Rottensteiner F, Sérgel U (Eds) High-resolution earth imaging for geospa-
tial information. International Archives of Photogrammetry, Remote Sensing
and Spatial Information Sciences XL-1/W1, 2013: 373-378

Weinmann M, Hoegner L, Leitloff J, Stilla U, Hinz S, Jutzi B (2012) Fusing
passive and active sensed images to gain infrared-textured 3D models. In:
Shortis M, El-Sheimy N (Eds) XXII ISPRS Congress: Imaging a sustainable
future. International Archives of Photogrammetry, Remote Sensing and Spa-
tial Information Sciences 39 (B1): 71-76 doi:10.5194 /isprsarchives-XXXIX-
B1-71-2012

Weinmann M, Jutzi B (2013) Fast and Accurate Point Cloud Registration
by Exploiting Inverse Cumulative Histograms (ICHs). Joint Urban Remote
Sensing Event, JURSE 2013. IEEE CFP13RSD (on USB) [ISBN 978-1-4799-
0212-5]: 218-221

Weinmann M, Jutzi B (2011) Fully automatic image-based registration of
unorganized TLS data. In: Lichti DD, Habib AF (Eds) Laserscanning 2011.
International Archives of Photogrammetry, Remote Sensing and Spatial In-
formation Sciences 38 (Part 5 / W12) (on CD)

Weinmann M, Leitloff J, Hoegner L, Jutzi B, Stilla U, Hinz S (2014) Ther-
mal 3D Mapping for Object Detection in Dynamic Scenes. In: Toth CK,
Jutzi, B (Eds) ISPRS Technical Commission I Symposium. ISPRS Annals of

the Photogrammetry, Remote Sensing and Spatial Information Sciences I1-1,
2014: 53-60

Weinmann M(artin), Weinmann M(ichael), Hinz S, Jutzi B (2011) Fast and
automatic image-based registration of TLS data. In: Bretar F, Wagner W,
Paparoditis N (Eds) ISPRS Journal of Photogrammetry & Remote Sensing
66 (6): 62-70 doi:10.1016/j.isprsjprs.2011.09.010

Weinmann M, Wursthorn S, Jutzi B (2011) Semi-automatic image-based
co-registration of range imaging data with different characteristics. In: Stilla
U, Rottensteiner F, Mayer H, Jutzi B, Butenuth M (Eds) Photogrammetric
Image Analysis PIA11. International Archives of Photogrammetry, Remote
Sensing and Spatial Information Sciences 36 (Part 3/W22): 119-124


http://dx.doi.org/10.5194/isprsarchives-XXXIX-B1-71-2012
http://dx.doi.org/10.5194/isprsarchives-XXXIX-B1-71-2012
http://dx.doi.org/10.1016/j.isprsjprs.2011.09.010

Remote Sens. 2011, 3, 2076-2088; doi:10.3390/rs3092076

Remote Sensing

ISSN 2072-4292
www.mdpi.com/journal/remotesensing

Article

Improved Feature Detection in Fused Intensity-Range Images
with Complex SIFT (CSIFT)

Patrick Erik Bradley * and Boris Jutzi

Institute of Photogrammetry and Remote Sensing, Karlsruhe Institute of Technology, Kaiserstr. 12,
D-76128 Karlsruhe, Germany; E-Mail: boris.jutzi @kit.edu

* Author to whom correspondence should be addressed; E-Mail: bradley @kit.edu;
Tel.: +49-721-608-47301; Fax: +49-721-608-48450.

Received: 1 July 2011; in revised form: 28 July 2011 / Accepted: 23 August 2011/
Published: 16 September 2011

Abstract: The real and imaginary parts are proposed as an alternative to the usual Polar
representation of complex-valued images. It is proven that the transformation from Polar to
Cartesian representation contributes to decreased mutual information, and hence to greater
distinctiveness. The Complex Scale-Invariant Feature Transform (CSIFT) detects distinctive
features in complex-valued images. An evaluation method for estimating the uniformity
of feature distributions in complex-valued images derived from intensity-range images is
proposed. In order to experimentally evaluate the proposed methodology on intensity-range
images, three different kinds of active sensing systems were used: Range Imaging, Laser
Scanning, and Structured Light Projection devices (PMD CamCube 2.0, Z+F IMAGER
5003, Microsoft Kinect).

Keywords: image-based registration; SIFT; complex-valued image; mutual information;
active sensor; range imaging; laser scanning; structured light projection

1. Introduction

The detection of local features in data is of general interest in several disciplines, e.g., Photogrammetry,
Remote Sensing, and Computer Vision. According to [1], good features should have the following
properties: repeatability, distinctiveness/informativeness, locality, quantity, accuracy, and efficiency. A
general overview of the performance of some important algorithms and resulting descriptors at points of
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interest is given by [2]. If points of interest are detected they can be utilised to locate correspondences
between images. Various applications are known that are based on such points of interest,
e.g., image-based registration, object recognition and segmentation, image stitching, self localisation,
egomotion and trajectory estimation, as well as 3D reconstruction.

Typically, image-based registration methods focus on intensity images, which gives rise to the question
of how to treat combined intensity-range data that can be obtained from particular sensors. For instance,
existing registration methods for such data use either the intensity information or the range information,
which is treated either as a point cloud, e.g., by applying the costly Iterative Closest Point (ICP)
algorithm [3], or as an image, e.g., by applying the Scale-Invariant Feature Transform (SIFT) [4,5].

One might suggest that a separate treatment of the intensity and range data might be a sufficiently
combined method. Indeed, some authors use the classical SIFT on range and intensity images
separately [6—10]. This combined concept can in fact be viewed as representing the data with complex
numbers which are close to the nature of the data itself: range measurements are often in fact phase
measurements and intensity is obtained by measuring the amplitude. A possible dependence between range
and intensity due to significant mutual information cannot be excluded. Depending on the application,
greater mutual information can be desirable [11]. However, in feature detection low mutual information
is important, and also fulfills the requirement “Distinctiveness/informativeness: The intensity patterns
underlying the detected features should show a lot of variation, such that features can be distinguished
and matched.”, as outlined by [1]. Therefore, considering the other traditional representation of complex
numbers by the real and imaginary parts becomes important for fused intensity-range images. The
fusion of intensity-range data asks for their holistic treatment. In the case of the Polar or Cartesian
representation of such images, the Complex Scale-Invariant Feature Transform (CSIFT) is a natural
generalisation of SIFT. Any particular interest detector, e.g., SURF, MSER, Harris, can be generalised
to complex-valued images, SIFT has been chosen for reasons of example only.

Traditionally, the data consist of radiometric images captured with a passive sensor, e.g., a digital
camera. Most active sensors, e.g., range imaging, laser scanning, or structured light projection devices
provide additional intensity information beside the range. The measured intensity of active sensors
can generally be separated in an active and passive intensity. The active intensity is often described
as an amplitude and depends just on the measured scattering received by the active illumination with
the sensor, e.g., a laser or diode. The passive intensity measured with an active sensor is often called
background illumination, and depends on the illumination given by available extraneous light, e.g., sun
light. The passive illumination captured with an active sensor might usually have low spectral information,
due to the spectral bandpass filters which are in general used. Further, the range is measured which is
for most users of main interest. Sometimes only a phase measurement is utilised to determine the range,
where a limited uniqueness range is given by the lowest modulation frequency. These data can be
described in a unified manner using complex numbers. This has the advantage of providing a general
framework for passive and active sensors, without restrictions.

The aim of this article is to provide a method for obtaining in complex-valued images more independent
real-valued representations by transformations which decrease mutual information. At the same time the
method is aimed at increasing the number of features as well as the uniformity of their distribution.
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2. Methodology

The complex-valued image description is introduced. Different representations of complex-valued
images are compared with respect to mutual information. An evaluation method for estimating the

uniformity of feature distributions is proposed.
2.1. Complex-Valued Image Description

The data provided by active sensors consists of the active and passive intensities together with the
range information. In this article, it is assumed that the latter is given by a phase measurement. In
this wide-spread method, the phase is usually interpreted as actual distance. However, this approach
causes problems if the observed object is at a distance beyond the uniqueness range. For this reason, we
will always interpret that information as what it is: namely a phase value (Note: The measured phase
difference (a physical quantity) can be represented by a phase value (a mathematical quantity).). Hence,
a description of an active-passive image using complex numbers becomes quite natural.

Throughout this article, x, y are image coordinates, r = r(x,y) is the range image, I,(z,y,r) the
active intensity image, and ,(z, y) the passive intensity image. The latter does not depend on the range
r. The complex-valued image function is now defined as:

F@,.7) = 1) + L.y, r)eonren) m
where the phase ¢ = ¢(x,y,r) € [0, 27) is defined via the range
r=mn-2nl+ ¢l )

with n € IN. Notice that passive intensity is treated here as an offset. In this setting, 27 ¢ is the uniqueness
range of the camera with ¢ € IN. The natural number ¢ is a multiple of some unit of length, and n is the
“wrapping number”.

The two standard ways of representing complex numbers yield two different image representations:
the Polar representation

f=flerED 3

where
|f\:\/1'3+2[placos¢+lg )
arg(f) = arctan % Q)

and the Cartesian representation

[ =Re(f) +im(f) (6)

where
Re(f) = I, + Lo cos ¢ )
Im(f) = 1I,sin¢ (8)
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Throughout the article, it is assumed that
max|f| =1 ©))

for all complex images. This normalisation can be achieved through division by the maximal value of
|f|- The remainder of this article will discuss these two different representations of complex images
coming from different types of sensors from the entropy perspective.

2.2.  Mutual Information in Complex-Valued Images

If a representation of complex-valued images f with real values is given, the image-value dimension
is at least two. However, the information content of data is known to depend on their representation. For
complex-valued images, this means that some real-valued representations could be more preferred than
others from the viewpoint of information theory. For this purpose, the differential entropy is defined as

E, = —/p(q) log p(q) dgq (10)
R

where R is the range of quantity ¢, dq is a probability measure and p(q) is the distribution function of ¢.

If g = (A,w), then £, = E 4, becomes the joint entropy of amplitude A = | f| and phase w = arg(f).
Likewise, FEx y is the joint entropy of the real and imaginary parts X = Re(f), Y = Im(f) of the
complex-valued image:

f=Acosw+iAsinw (11)

It is a fact that the entropy of a system depends on the choice of coordinates, the change in entropy
being dependent on the Jacobian of the transformation (cf. e.g., [12]). In the case of complex-valued
images, this general result specialises to a preference of Cartesian over Polar coordinates:

Theorem 2.1. The transformation from the Polar to the Cartesian image representation increases the
entropy. More precisely, it holds true that

Eiw=FExy + (logA) (12)
where
(log A) = /p(X7 Y)log A(X,Y)dXdY <0 (13)
and p(X,Y) is the joint distribution function of X = Re(f) and Y = Im(f).
Proof. The statement follows from the well-known transformation rule of the distribution function:
p(X,Y) = p(A,w)- |J] (14)

where J is the Jacobian of (A4,w) — (X,Y), the transformation from the Polar to the Cartesian image
representation. In this case, J = A(X,Y) = vX2+Y? < 1, since A is normalised amplitude by
Equation (9). It follows that the mean (log A) is negative. O
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As a consequence, Theorem 2.1 allows to compute the difference in mutual information
MI(a,b) = Eo + Ep — Eup (15)
for the pairs (X,Y") and (A, w) from the individual entropies:
w=MI(X,Y) — MI(4,w)
=(Ex + Ey)— (Es+ E,) + (log A) (16)

and the quantity ;o becomes a measure for the gain of independence by transforming from Polar to
Cartesian image representation. Namely, MI(a, b) = 0if and only if the quantities a and b are independent,
and MI(a, b) can be interpreted as the degree of dependence between a and b. This allows to formulate:

Conjecture 2.2. For almost all complex-valued images, there is a gain of independence by transforming
from the Polar to the Cartesian image representation. In other words: p < 0 for almost all complex-valued

images.
In fact, the experiments of Section 3 indicate that
Ex+LEy < Es+ E, a7

which means that < (log A) < 0.
2.3.  Naive Approach

For range measurements within the uniqueness range, the well-known inverse-square law of active
intensity implies the approximation:

I,~-2L (18)

where the phase ¢ is identified with the range r (w.l.o.g. £ = 1 in Equation (2)). This means that it does
make sense to consider , and I, as correlated and detect features only in the pair (/,, ¢). This is called
the naive approach. Hence, there are two successive transformations leading to our complex image in
Polar representation:

L — |f]e' ™) = Re(f) + ilm(f) (19)
where

|fIP =12 (¢" + 2¢° cos ¢ + 1) (20)
arg(f) = arctan % (21)
Re(f) = I.(¢" + cos ¢) (22)
Im(f) =1I,sin¢ (23)

with Jacobian of the composite map being
J" =1, (¢" cos ¢ — 2¢sin ¢ + 1) (24)
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We wish to exclude the possibility that the benefit from (log | f|) < 0 of the second transformation (Polar
to Cartesian image representation with Jacobian J = | f]) is jeopardised by the first transformation with
Jacobian J'.

The relation between J, J" and J” for general composed transformations (a,b) — (a’,V') — (a”, ")
is known to be

J'=J-J (25)
Hence,
Eop = Eqr g + (log|J]) + (log|J']) (26)
and it follows that
(log |J"]) = {log | J]) + (log|.J']) 27

where the means are each taken over the corresponding probability distribution. Hence, we would like
to exclude large positive values of (log |J'|). From Equations (20), (24) and (25), it follows that

9 _ .
7 ¢°cosp — 2¢sing + 1 (28)

a Vot +2¢2 cos ¢ + 1

which depends only on ¢. Notice that the denominator is strictly positive, and a closer look reveals that

(log|J|) < 01if ¢ is not concentrated in some specific small neighbourhood of 7.
Notice, that the inverse-square law in Equation (18) can be used to estimate missing values of I, or I,

in order to obtain our complex image representation. Use of this will be made in the following section.
2.4.  Feature Distribution in Complex-Valued Images

Scale-space feature detection usually involves finding extrema in real-valued functions, and these
are obtained from the image through filtering. In the case of complex-valued images f, it makes
sense to detect features individually in the components of a representation over the real numbers. This
means, for the Polar representation, the detection of features in | f| and in arg(f), and for the Cartesian
representation in Re(f) and Im( f). The classical SIFT can be applied to any kind of real-valued images.
In particular, applying SIFT to the pairs (| f|, arg(f)) or (Re(f),Im(f)) componentwise defines CSIFT.
If the complex-valued image is represented by the pair (u,v) of real values, a feature for CSIFT is
defined as a point which is a classical SIFT-feature for u or v.

The preferred representation usually has the desired property that it contains more features, and these
are also more uniformly distributed over the image grid than in other representations. More texture
in an image can be obtained by increasing the entropy. Hence, a transformation whose Jacobian has
absolute value less than one yields more texture by Equation (14), and Theorem 2.1 then says that the
Cartesian representation yields more structure than the Polar representation. On the other hand, using
the scale-space equation % f = Af aims at finding texture which is sufficiently persistent through the
filtering cascade. Hence, increasing entropy of the image derivative leads to more persistent texture. And
also from this persistence point of view, the Cartesian representation turns out more advantageous than
the Polar representation:
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Theorem 2.3. Transforming from Polar to Cartesian image representation increases the entropy of the

scale-space derivatives:

E; .y 1+ (A |coswsinw — sinw cos wl) (29)

with
(A-|coswsinw — sinw coswl|) < 0 (30)
where the expectation value is taken over the joint probability distribution of XandY.

Proof. In the light of Theorem 2.1, the statement follows from the Jacobian
J=A-(coswsinw — sinw cosw) 31

of the transformation of derivatives. ]

A Cartesian feature in a complex-valued image is defined to be a scale-space feature for Re(f) or
Im(f), and, similarly, a Polar feature of f is a scale-space feature for | f| or arg(f). Consequently, one

can formulate:

Conjecture 2.4. The expected number of Cartesian features is larger than the expected number of Polar

features for almost all complex-valued images f.

It is natural that a mere increase in the number of features is not sufficient for many applications,
e.g., the more the points of interest are concentrated in one small portion of the image, the less relevant
their number becomes for estimating the relative camera pose. Hence, an important issue is the distribution
of features on the image grid. In fact, it is often desired to know that they are sampled from a uniform
distribution.

For n independent, identically distributed random variables X;, the empirical distribution function
F,(x) is defined as

1 n
Fo(@) = =D (o) (X)) (32)
i=1

where 0(_ ;) is the indicator function

1, Y<z
O] (Y) = (33)

0 otherwise
Then, by the Glivenko-Cantelli Theorem [13,14], the F}, converge uniformly to their common cumulative
distribution function F:

|Fn — Fl|, =sup|Fu(z) — F(z)] — 0 a.s. (34)
zeR
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withincreasing number n of observations. For arbitrary cumulative distribution functions F', the expression
| F, — F||, is known as the Kolmogorov-Smirnov statistic. It has the general properties of a distance
between cumulative distribution functions. Therefore, it will be called here the KS-distance.

In the case of a snapshot taken from a scene, one can assume that the observed n features are produced
by the scene independently from another. By viewing the scene as the single source of features, one can
further assume that the features are identically distributed. In other words, they can be assumed taken
from a common cumulative distribution function F'.

However, there seems to be no straightforward generalisation of the KS-distance to the multivariate
case, as indicated by [15], in particular the proposed generalisations seem to lack robustness. Therefore,

we simply propose the Euclidean norm of the two coordinate-wise KS-distances:

d(5,2) = Iz = AlP + 1Y = 212 (35)

where S is a sample of n points in the plane, F! is the empirical distribution function, \; and \ are
the cumulative density functions of the uniform distribution on the i-coordinate axis and on the plane,
respectively. This will be called the Euclidean KS-distance to uniformity. Conjecturally, there will be
more uniformity in the detected scale-space features for the Cartesian representation than in those for the
Polar representation. Let Scaptesian D€ the sample of Cartesian features, and Spy,, the sample of Polar
features of a given complex-valued image f. Then:

Conjecture 2.5. For almost all complex images f, the transformation from Cartesian to Polar image

decreases the Euclidean KS-distance to uniformity:
d(SCartesian-, )\) < d(SPOIar> )\) (36)
where ) is the uniform distribution on the image plane.

Conjecture 2.2 says that the pair Sge(), Stm(sy Will be more independent than Sif|, Sarg(s)-
Conjecture 2.4 says that there will be more Cartesian than Polar features. Intuitively, these conjectures
together support Conjecture 2.5.

3. Experiments

In order to experimentally evaluate the proposed methodology, three different kinds of active sensing
systems were used to capture data from three different scenes: Range Imaging (RIM), Terrestrial Laser
Scanning (TLS), and Structured Light Projection (SLP) devices.

3.1. Range Imaging (RIM)

The PMD [Vision] CamCube 2.0 captures range and intensity simultaneously. The former is obtained
through phase measurements, and the latter is differentiated between active and passive intensity. The
measured active intensity depends on the illumination by the sensor, whereas the passive intensity
depends on the background illumination (e.g., the sun or other light sources). The uniqueness range
of 7.5 m is defined by the utilized modulation frequency of 20 MHz.

The data meet exactly the requirements of the methodology. The image size for all data is 204 x 204
pixels. Figure 1 shows the values of I,,, I,, and ¢, respectively.
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Figure 1. RIM. I,,, I,, ¢ (from left to right).

3.2.  Terrestrial Laser Scanning (TLS)

The Z+F IMAGER 5003 is a standard phase-based laser scanner with survey-grade accuracy within
the mm range. While scanning the scene a phase is measured and by using the modulation frequency
the range between scanner and object surface is calculated. Again the uniqueness range of 79 m is given
by the lowest utilized modulation frequency. Also measured is the intensity /;,, which is a mixture of
active and passive intensity, because the different intensities are not distinguished.

To adapt the measured data to the methodology, the range image is converted to a phase image ¢, and
the intensity is separated to active and passive intensity using the inverse-square law in Equation (18).
The indoor scene in Figure 2 guarantees that all range values lie within the uniqueness range. The
selected image area has 532 x 468 pixels. The I, and ¢ are shown.

Figure 2. TLS. Left: I.,y, Right: ¢.

3.3.  Structured Light Projection (SLP)

In Microsoft’s Kinect for the Xbox 360, active range measurement is based on continuously-projected
infrared structured light. Additionally an RGB image is synchronously captured. Due to the multi-static
sensor design where the sensors are at different locations, the data are captured with a slight parallax.
Through a calibration, the images are properly aligned.

Finally, in order to adapt the measured data to the methodology, the measured range image is interpreted
as a phase image with uniqueness range given by the measured maximal range value. The RGB image,
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after conversion to gray values, is interpreted as the passive intensity image I,,. In the same way as with
the TLS data, Equation (18) is used to estimate I,. The images have 480 x 640 pixels. Figure 3 shows
I, and ¢.

Figure 3. SLP. Left: I, right: ¢.

4. Results

Table 1 shows the entropy results for the various images. A first observation is that the real parts
Re(f) have similar entropies as the absolute values | f| and are relatively high, whereas the entropies of
the imaginary parts Im( f) are relatively low and similar to those of the angle values arg(f). The last two
columns show firstly that the main contribution to the gain of independence 1 comes from the Jacobian
of the transformation. Secondly, there is an extra gain due to the observed validity of inequality (17). In
all examples, the Cartesian images are more independent than the Polar images.

Table 1. Entropy, mean log-Jacobian, and mutual information.

Polar Cartesian
B | Bl Bag(y) | Ere(p) Emgp) | —(og|f) — —p
RIM 7.4184 | 6.6761 1.0976 | 7.0763 1.2991 0.9494 1.2929
TLS 7.2282 | 7.213 49165 | 6.6763 4.6484 1.2193 1.4772
SLP 7.8106 | 7.1925 1.0543 | 7.2595 0.9879 | 0.8303 0.8309

For the feature detection with CSIFT, Vedaldi’s Matlab implementation of SIFT [16] was used.
CSIFT was applied on two snapshots of the same scene. A pair of homologous matched feature points
is given by a successful CSIFT matching of candidate keypoints at most one pixel apart. Table 2 reveals
that complex images contain more homologous matched feature points than the sole intensity image, and
the Cartesian representation contains more than the Polar representation.
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Table 2. Number of homologous matched feature points.

La.w |f| arg(f) Polar Re(f) Im(f) Cartesian

RIM 159 159 59 218 156 119 275
TLS 1335 1335 222 1557 567 1133 1700
SLP 1004 1004 81 1085 967 1084 2051

Table 3 indicates that the complex feature points are more uniformly distributed than those in the
corresponding intensity image. In all examples, the Cartesian representation has the smallest Euclidean
KS-distance to uniformity. Figure 4 depicts the locations of the homologous matched feature points in the
SLP case. It can be observed that the raw intensity has no valid detections in the left sector consisting of
a homogeneous surface. Both complex image representations have more texture in that sector, therefore
valid features are detected. The Polar image contains a cluster in the left border between the left and the
bottom sector which is likely responsible for the relatively large horizontal KS-distance to uniformity.
The right sector has a large amount of texture in all cases. However, in contrast to the others, the
Cartesian image contains valid features very near the right boundary of that sector.

Table 3. KS-distances to uniformity of homologous matched feature points.

horizontal vertical Euclidean

Staw SPolar  SCartesian ~ Sraw SPolar ~ SCartesian ~ Sraw SPolar  SCartesian
RIM 0.18294 0.17035 0.16402 0.12487 0.11194 0.12745 0.22149  0.2039 0.20754
TLS 0.1699 0.18024 0.1815 0.17369 0.16188  0.15585 0.24297 0.24264 0.23921
SLP 0.04855 0.064263 0.059843 0.051329 0.033411 0.036508 0.070652 0.072429  0.0701

Figure 4. Homologous matched feature points in SLP image: S;aw, SPolar» SCartesian (from
left to right).

5. Conclusions

High mutual information of variables a, b means that they are redundant. Therefore, it is of interest
to compare the two standard representations of complex-valued images: the Polar and the Cartesian
representation. We have deduced through theoretical considerations the general conjecture that the
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mutual information of the real and imaginary parts of an information is lower than the amplitude and
phase parts. We have verified this experimentally by applying CSIFT, and have found that not only
does the number of valid detected features increase through transforming from the Polar to the Cartesian
image representation, but also the uniformity of their distribution.

The implication is that in feature detection within fused intensity-range images, as e.g., obtained by
Range Imaging, Laser Scanning or Structured Light Projection devices, the Cartesian representation is to
be preferred over the Polar representation in order to achieve more distinctiveness and informativeness,
one of the requirements for local features from [1].
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ABSTRACT:

Obtaining a 3D description of man-made and natemaironments is a basic task in Computer Vision Rethote Sensing. To this
end, laser scanning is currently one of the dormgatechniques to gather reliable 3D informatioheTscanning principle
inherently needs a certain time interval to acqthee3D point cloud. On the other hand, new actimesors provide the possibility
of capturing range information by images withsiagle measurement. With this new technique image-bastidearanging is
possible which allows capturing dynamic scenes, likg walking pedestrians in a yard or moving wés. Unfortunately most of
these range imaging sensors have strong techimugtions and are not yet sufficient for airbomteta acquisition. It can be seen
from the recent development of highly specializéat-Jrange imaging sensors — so called flash-ligsers — that most of the
limitations could be alleviated soon, so that fatsystems will be equipped with improved image simd potentially expanded
operating range. The presented work is a first ste@rds the development of methods capable folicgtipn of range images in
outdoor environments. To this end, an experimesglp was set up for investigating these proposessilpilities. With the
experimental setup a measurement campaign wasdaut and first results will be presented withiis tpaper.

1. INTRODUCTION AND MOTIVATION

Currently the 3D geometrical capturing and des@iptf the
environment is based on (multi-view) image or radgé. By
utilizing passive imaging sensors the 3D infornmati® gained
indirectly from several images with stereo- or rnpldt image
analysis. These procedures are widely used but,céotain
kinds of applications, they have indispensabletétions due to
the constrained camera set-up, the scene contamdslast but
not least because of the inherently ill-posed mwblof 3D
reconstruction from 2D images. For instance thenilhation
conditions should be adequate, the observed misteréed to
be textured and opaque, and the distance betweentaind
camera as well as between the camera observatiits pof
stereo images should be sufficiently large enowgtgéining a
reliable 3D reconstruction.

The photogrammetric methods are complemented bgctdir
measurement procedures like laser scanning. Thetee a
sensors capture a sequence of single range valide w
conducting a time dependent spatial
environment. In general space-borne, airborne (AsSjvell as
terrestrial laser scanners (TLS) provide a direcid a
illumination-independent measurement of 3D obj¢8isan &
Toth, 2008; Vosselman & Maas, 2009). For continuease
(CW) modulated laser scanning devices the measuastegis

currently between 150000 and 700000 measurements p

second and the operating distance is up to 100m.pEise
modulated laser scanning devices the measuringsraterently
between 10000 and 300000 measurements per secdnithe&n
operating distance is up to 3000m. However, it mhst
considered that the time-dependent acquisitiorhef3D laser
points can cause significant artefacts in the poliotid in case
the captured scene contains moving objects.

2. STATE OF THE ART AND CHALLENGES
For deriving accurate 3D world coordinates from gen

measurements, scene as well as the sensor platfarsh be
static or their relative motions must be known [mely.
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scanning of th

Otherwise deformation artefacts of the environnwilitappear
and have to be considered before transferring #eesored data
in a 3D model. In general with an increasing dyrawof the
scene contents, respectively sensor platform, dnepexity of
the analysis increases and the exploitation oftidimensional
information is more and more challenging, especifdt laser
scanning systems (Toth & Grejner-Brzezinska, 200 ¥t al.,
2010).

Very recently, enhanced types of active imagingssen are
available, namely Swiss Ranger (www.mesa-imaginganit
PMD Vision (www.pmdtec.com). These close-range sens
allow to capturing a range image and a co-regigtargensity
image simultaneously with a high frame rate up @ frames
per second, so that not just one (or few) poinéscaptured at
the same time but a whole frame. The use of botiveaand
passive illumination provides furthermore inforroatiof the
ambient light, yet allows also to controlling andjusting the
measurement signal — most prominently regardinméraate,
integration time and modulation frequency — to accmdate
or the current acquisition conditions in the besanner
possible. Another technical advantage is the matiossensor
configuration, which allows for observing the am@fainterest
from a single point of view, in contrast to thesdal stereo
observation technigues with passive sensors, wigeld at least
two different observation points. Henceforth, tlilwantages of
gctive 3D measurement sensors over images and
simultaneous acquisition of areal data have bedfedn This
concept thus contains much potential for the autmnaaalysis
dynamic scenes in fully 3D. Especially the 3D morniitg with

terrestrial or even airborne platforms in challemggiveather and

illumination conditions is promising with this ndwechnology.

The major drawbacks are the limited absolute raugeracy of
a few centimeters and the limited unambiguous range
Especially the relatively large noise influence dhe
measurement — which stems from to the large amadnt
ambient radiation in comparison to the emitted aadn —

causes significant inaccuracies of the range mesamnt.

Regarding this aspect, the performance of rangeinmga&IM)
is usually less reliable than airborne or terraektaser scanners.



The unique range of the most commercial systenesiiently
less than 10m and depends on the user-specifiedilatimmh
frequency. This range measurement restriction camelier be
significantly relaxed by image- or hardware-basewnapping
procedures, which operate also in far range (JRE09; Jutzi,
2011). It could be shown that a range maximum ofentban
four times of the manufacturers non-ambiguity
specification could be reached without modifying #ensor or
improving the illumination unit, e.g. by additionélimination

modules. An outdoor example is given by Figurehk tange
images are captured with different modulation fesggies (18
& 21 MHz) and the unwrapped range image is depibtdw.

The maximum distance within the scene is about 30m.

Range image captured with 18MHz

T R g L

ke i

1 41 Ky
igs  E)
3 qE

Range image captured with 21MHz

TR
T

Unwrapped range image

Figure 1. Range images captured with different metit
frequencies (top: 18MHz; center: 21 MHz) and cqroesling
unwrapped range image (bottom).

It can be seen from Figure 1 that, although therapped range
image is quite noisy concerning the absolute range
measurement, the artificial gray value edges ofk{ialcled
range measurements have disappeared. With the nturre
technical progress, it can be assumed that the ionect
limitations will be alleviated soon and future gmss might be

rangefeatured by expanded operating range and impravede size.

Beside this the registration procedure is challeqgldsually
additional sensor components, e.g. like INS (laéftiavigation
System) and GPS (Global Positioning System), ton gai
orientation and position of the sensor. Direct roeament of
position and attitude of the sensor might still team systematic
errors as it is for instance well-known from stagjustment of
ALS data. Hence, image-based registration techsigiile
shown in our previous work (Weinmann et al., 2011;
Weinmann & Jutzi, 2011), possibly combined with andle
approach, should be included to improve accuracy.

In following, some conceptional perspectives regaydthe
acquisition of dynamic scenes with RIM sensors @&scdbed
(Section 3). In Section 4, the constructed mukiwirange
imaging device is introduced, while a “toy scen@t fthe
investigations is shown in Section 5. First resuls the
measurement campaign and recommendations are given
Section 6. The paper closes with a brief conclusiot outlook.

3. CONCEPTIONAL PERSPECTIVES

While active range scanning devices are more ande mo
established in close-range photogrammetry and ctempu
vision, first — still experimental — developmentgls as flash-
light lasers already show the potential that rammeging
devices can be applied to capture larger scenebennear
future. Hence, also the basis for monitoring ofhlygdynamic
scenes can be envisioned. In contrast to the 3Dnegep
derived by passive sensing techniques (e.g. phatagetry)
the range information is available directly withquibcessing
delays. Yet it should be noticed that the rangermftion
captured with a single static device is not fullp,3as only
range information corresponding to the well-knowmdle of
viewing rays can be measured. Still, when usingudtimiew
camera set-up the observed object or monitoredescan be
captured from different directions so that also | r&D
descriptions can be derived, even with fewer retsns than in
photogrammetry. In general the multi-view activenga
imaging can strongly support navigation, (co-)regison, and
observing temporal scene changes if a reliable hmaic
procedure is available.

To simulate a future operation of RIM sensors ib@ine scene
monitoring fairly realistically, a scaled test sagip has been set
up. Instead of mounting RIM sensors at unmannedalaeri
vehicles (UAVs), which involves much efforts andperses
due to the large payload of several kilograms fathithe RIM
sensors and the data recording system, a sortbbé-car has
been constructed (see Figures 3 and 4), on which RW/
sensors and the recording unit have been mounted.allows
(quasi-)airborne monitoring in low altitudes, asytlalso appear
in UAV videos, for capturing dynamic 3D observasolike
walking pedestrians in a yard or ohter moving ofsjec

The RIM sensors can be turned into different pomtin
directions. For the current tests mainly the ovea¢hoption was
of used, whereby two general constellations weremain
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interest: the convergent (a) and the parallel (&jussition
geometries (see Figure 2):

a) The convergent acquisition geometry (in overdhpainting
direction) provides a wider range of viewing difens due to
the oblique optical axes, which can be very helgar 3D
object reconstruction and characterization. On dtieer side,
this concept is very challenging for image-basegisteation
due to the different perspectives and the differebfect
appearance in the two images.

b) The parallel acquisition geometry adapts thealted normal

case of photogrammetry and eases many tasks suao-as
registration and mosaiking. Especially for imagesdsh

registration, this constellation is more coopegtiue to the

similar viewing geometry and similar object appeamin both

images. The point density in scenes with steegfreiduces

however.

Figure 2.
parallel.

Image acquisition geometry: a) convergdnt

4. MULTI-VIEW ACTIVE RANGE IMAGING SYSTEM

To investigate the potentials of multi-view rangmaging
systems, an experimental setup based on the abentemed
cable car concept was developed. The system ingludegous
components of the main sensor rack (Figures 3 &nd 4

- two RIM sensors (PMD Vision CamCube 2.0)
for

- unit variable multi-view options (viewing

possibilities are approximately + 90° wrt. nadir

direction)

- data recording unit for both sensors (notebook with

solid state hard disk)
- independent power supply (12V battery with 6.5Ah),
- cable car wheels,
- ropes (100m length).

The measurement staying power is at least 60 nsrand can
easily be extended to several hours by utilizingatdery with a
larger capacity. For instance, the power consumpifca single
PMD Vision CamCube 2.0 is typically between 17W (@5
integration time) and 35W (@10ms integration time).

navigation system to record the absolute positiot dewing

direction is not on board, as image-based navigasoof our
main interest for further investigation. Therefar®ere focus
was put on accurately synchronized image acquisitibo

measure the position of the cameras externallyjnamouse
laser-tracker system could be optionally used.
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Figure 3. Visualized CAD model of the experimentalide:
sensor rack carrying two RIM sensors, capturing,uaitd
power supply.

The RIM sensors are two PMD Vision CamCube 2.0. The
sensors have a 204 x 204 pixel array with a piizel and pitch
(spacing) of about 45 pm. The field of view is 40%4The
maximum frame rate is about 25 frames per secontthe
sensor measures three features per pixel: rantjee attensity
and passive intensity. Therefore, above three aonilli
measurement values per second can be captured.

Figure 4. Experimental device ready for measurement

5. EXPERIMENTS

To obtain first tests and assessments, an outdopstene” has
been set up. It contains bare soil, concrete, dl smavable

model vehicle and a plant (see Figure 6), wherectise-car
with the experimental device could pass by. Thesdes been
captured with an integration time of 10ms to gaireasonable
signal-to-noise ratio, which is important espegidtir outdoor

measurements. Furthermore various acquisition gemsdave
been tested. Therefore the rope for the cable-aarmounted at



two points of approximately 3 to 5m height for rediag the

scene (Figure 5). Please note, that in case ofjstonvergent
viewing geometry as shown in Figure 2a, this heiglhdws

already to exceeding the ambiguity range of the P3dbsors.

All tests proved the functionality of the multi-vie

measurement system.

Figure 6. Experimental device while recording wistene
content.

6. CAPTURED DATA

The captured data can be interpreted in differeaysw The
measured intensity of active sensors can be géneeparated

in an active and passive intensity. The activenisity is often
described as amplitude and depends just on the umeshs
scattering received by the active illumination witte sensor,
e.g. a laser or diode. The passive intensity medsuith an
active sensor is often called background illumiomti and
depends on the illumination given by available &xéous light,
e.g. sun light. The passive illumination capturathwan active
sensor might usually have low spectral informatidue to the
spectral bandpass filters which are in general .usedher, the
range is measured which is for most users of maierest.
Sometimes only a phase measurement is utilizecetermine
the range, where a limited uniqueness range isngbe the
lowest modulation frequency.

However the captured data for the two acquisitieargetries is
shown in Section 6.1 (convergent) and Section pata(lel).
For each acquisition geometry, two nearly aligneehe images
are depicted. A reliable synchronization of theadatcurrently
an open task which has to be investigated in thedu

6.1 Convergent acquisition geometry

The front sensor is backward looking and the bamkser is
forward looking. Obviously with this acquisition@@etry more
data from the objects side is captured. Activensity, passive
intensity, and phase are depicted in Figure 7his tase the
intensity images look similar except of the differeselected
dynamic range.

Passive intensity (front sensor)
L4

Passive interfbiigk sensor)

Range (front sensor) Range (back sensor)

Figure 7. Image results of the convergent acqaisijeometry.
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With the captured images a point cloud can be ge¢eérand
visualized (Figure 8). Obviously the point cloudaifected by
some noise so that — although visible in principléne vehicle
type is hard to recognize in the range data onlg, @ the low
spatial resolution. As can be seen from Figure Zpmbined
image and range data analysis seems very promising.

o

Range (front sensor) Range (back sensor)

Figure 8. Single shot point cloud results of thenargent
acquisition geometry.

6.2 Parallel acquisition geometry

Both sensors are nadir looking with a stereo base &éw
decimetres. As expected the images look very simAative
intensity, passive intensity, and phase are depict&igure 9.

Active intensity (front sensor)

X

Active intensityaék sensor)

L2

L | )

Passive intensity (front sensor) Passive interfbiigk sensor)

Range (front sensor) Range (back sensor)
Figure 9. Image results of the parallel acquisii@ometry.

Again the captured images are converted to a mbintd and
visualized now in Figure 10. Similar to the convargcase, the
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point cloud shows considerable noise and the vehigbe is

hard to recognize due to the low image resolutidowever,

again, as can be seen from Figure 9, a combinedeinaad

range data analysis is very promising and, of auessier as
for the convergent case.

Range (front sensor) Range (back sensor)

Figure 10. Single shot point cloud results of tharafiel
acquisition geometry.

7. CONCLUSION AND OUTLOOK

In this paper the first results for a multi-viewngee imaging
device are presented. The captured data looks preryising.
However the data has to be further investigatediiahas to be
shown that range imaging is superior to range sograevices,
especially for dynamic environments. Therefore tadbtasks
like, e.g., co-registration, have to tackled in filgire.
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Unmanned aerial vehicles (UAVs) equipped with adequate sensors have nowadays
become a powerful tool for capturing spatial information. In this article, we introduce a
concept for weighted data fusion in order to enable an improved UAV-borne 3D
mapping with a camera and a lightweight line laser scanner. For this purpose, we
carry out geometric camera calibration as well as lever-arm and bore-sight calibration
and subsequently present a new methodology for incorporating camera images and
laser scanner data into an adjustment process. This adjustment is based on the concept
of variance components in order to obtain a reasonable weight ratio for data fusion and
accurately estimate the poses of the sensors. We demonstrate the feasibility of the
proposed approach and show that the consideration of range measurements clearly
improves the pose estimation.

Keywords: camera; laser scanner; UAV; sensor calibration; self-localisation; 3D
mapping

1. Introduction

In recent years, unmanned aerial vehicles (UAVs) equipped with adequate sensors have
become a powerful tool for capturing spatial information. They represent mobile and
automatically operating low-cost solutions, are easy to handle and easy to transport to the
surveying field. Typically, these devices are equipped with optical sensors in order to
provide images for the operator, to support the localisation of the platform, or to facilitate
3D mapping of the environment. For mapping with optical sensors, a successful and
precise localisation of the UAV and a simultaneous 3D mapping of the environment,
referred to as simultaneous localisation and mapping (SLAM), can be gained by sensing
distinctive elements of the environment. These elements are commonly known as 3D
landmarks. Unfortunately, for 3D landmarks usually no prior knowledge about their
location is given and therefore the 3D positions of the landmarks have to be estimated
by utilising descriptive 2D image features from various observations as accurate as
possible. Instead of estimating the 3D positions of the landmarks with passive sensors,
an accurate measurement with active sensors could be practicable (Weinmann ez al. 2011).
For this purpose, laser range measurements are typically the first choice, but laser
scanners are generally bulky and heavy.

Due to the rapid and substantial progress in miniaturising technology, the latest
developments allow to mount suitable laser scanners on UAVs. For instance, Nagai

*Corresponding author. Email: boris.jutzi@kit.edu
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et al. (2009) presented a UAV-borne 3D mapping system equipped with inertial measure-
ment unit (IMU) and global positioning system (GPS) receiver, two digital cameras, two
IR cameras and a laser scanner. Together, the components have a weight of more than
7 kg, and for this reason a helicopter-like UAV has been utilised. The system is able not
only to simultaneously capture geometric 3D information and radiometric information, i.e.
textures, but also to derive a vegetation index due to the use of IR cameras as well as to
operate for a duration of about 1 h. However, the total weight of the platform is 330 kg.
Hence, the system is neither low-cost nor easy to bring to the surveying field. A smaller
UAV for rapid close-range monitoring which integrates different types of sensors and
supporting modules has been proposed by Choi and Lee (2011). Among these compo-
nents, there are GPS receiver and IMU as well as two digital cameras and a laser scanner.
The whole system for data acquisition has a weight of above 10 kg. As a result, a high-
quality digital elevation model and orthophotos can be obtained, but the use of a relatively
large UAV is required due to the heavy payload. A further platform equipped with IMU,
GPS receiver, camera and laser scanner has been presented by Wallace et al. (2012) and
specially designed with respect to low costs and maximum flying time. However, the
system only allows short flights of several minutes for a relatively heavy payload of up to
2.8 kg. Hence, the system is only suitable for acquiring point cloud data for a relatively
small area. Recently, Conte et al. (2013) presented a system consisting of a high-precision
GPS receiver, an IMU, a compass and a multi-echo lidar sensor for airborne terrain
mapping. The components have a total weight of more than 4 kg, and they are carried
by an industrial unmanned helicopter with a maximum take-off weight of 95 kg.

In contrast to all the aforementioned systems, lightweight systems are desirable for
capturing larger 3D environments with low costs. Such systems can be established by
reducing the number of components and, for being able to use mini UAVs, by selecting
lightweight devices for the relevant components. In this context, the applied laser scanner
has been a critical component for a long time. Since only a few months, the new
lightweight single-line laser scanner Hokuyo UTM-30LX-EW is available (210 g without
cable), which allows to capture multiple reflections and their corresponding intensity
values for each transmitted laser pulse. Whereas line laser scanners are often used for
navigation of mobile ground vehicles, particularly in indoor environments with flat
ground, their use for UAVs has rarely been addressed in recent years. Devices providing
2D scans have, for instance, been used within indoor environments for obtaining 3D
measurements in a plane around the UAV (Bachrach et al. 2009, Grzonka et al. 2009). For
more complex environments, full 3D scans are required, or additional data has to be taken
into account. In order to obtain 3D scans with a line laser scanner, a system exploiting an
actuator for continuously rotating a Hokuyo UTM-30LX-EW laser range finder has
recently been proposed for omnidirectional obstacle perception and flight trajectory
estimation (Droeschel et al. 2013, Holz et al. 2013). Involving further devices, Kuhnert
and Kuhnert (2013) focused on a system for mapping or monitoring purposes in outdoor
environments, particularly for monitoring high-voltage power lines. Their system includes
IMU, GPS receiver, digital camera and laser scanner. As the total weight of all compo-
nents is relatively small, a mini UAV is used which is able to carry a payload of 1.5 kg.
For laser scanning, the authors tested a Hokuyo UTM-30LX-EW with range measure-
ments up to 30 m and a more expensive SICK LD-MRS-400001 with range measure-
ments up to 200 m, both with an angular resolution of 0.25°.

In this article, an extension of the method presented by Jutzi et al. (2013) is proposed
for fusing optical and laser scanner data. The main contribution is the introduction of a
concept for weighted data fusion in order to enable an improved UAV-borne 3D mapping
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with an appropriate camera and a lightweight line laser scanner. For this purpose, different
kinds of data in the form of images and laser scanner measurements are fused by

e geometrically calibrating the camera for determining its intrinsic parameters,

e estimating the relative orientation between camera and laser scanner, i.e. lever-arm
and bore-sight calibration,

e applying the Lucas-Kanade tracker for tracking distinctive image points across
consecutive image frames, where a significant advantage is achieved by utilising
laser range measurements for determining the scale of the observations, and

e bundle adjustment providing variance components for camera and laser scanner
data in order to accurately estimate the pose of the UAV sensor platform.

The latter is essential for weighting measurements of different types appropriately.
Already Helmert (1924) provided methods to check and improve the assumptions on
the precision of the observations. Later various estimators for variance components based
on statistical criteria have been devised, e.g. Koch (1986) or Rao (1973). The minimum
norm quadratic unbiased estimation (MINQUE), for example, has successfully been
applied for the analysis of GPS signals (Satirapod et al. 2002).

The article is organised as follows. In Section 2, we first describe the proposed
methodology for weighted data fusion in order to enable UAV-borne 3D mapping with
camera and line laser scanner. The weighting is achieved by introducing variance com-
ponents and supports reliable pose estimation. Subsequently, in Section 3, we describe the
automatic procedure for calibrating the sensor platform. This involves geometric camera
calibration as well as lever-arm and bore-sight calibration. In Section 4, the indoor and
outdoor experiments are described and the derived results, e.g. 3D laser points projected
onto images, are presented. After discussing the results in Section 5, the concluding
remarks and suggestions for future work are finally provided in Section 6.

2. Methodology

For weighted data fusion, we propose the incorporation of camera images and laser
scanner data into an adjustment process which takes into account different types of
observations by using the concept of variance components. Our methodology exploits

e range measurements,

e tracking of salient image points, and

e tracking of image points obtained by the projection of laser points onto the image
plane.

In the following, we describe the workflow of our methodology in detail.

2.1. Adjustment model

For the proper fusion of measured image and range information, we utilise a standard
bundle adjustment, augmented by the observational equations for the measured ranges.
Since we have metric information at hand, we have to fix six degrees of freedom for the
resulting scene model because of the gauge freedom. For the solution of the optimisation
problem by exploiting the sparse structure of the involved matrices, we refer to Triggs
et al. (2000). To account for the different kinds of measurements stemming from
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heterogeneous sensors, we refine the stochastic model by introducing the so-called
variance components which allow a proper weighting of the two groups of measurements
(McGlone et al. 2004).

2.1.1. Functional model: observational equations

Image coordinates. For each extracted or tracked image point, the corresponding
unknown 3D point X; in the object coordinate system S, is mapped into the image
plane by the collinearity equations, in homogeneous representation

xi = PX\% (1)

for each pose ¢ with the 3 x 4 projection matrix P, and the resulting image point x;; = [u;,,
Vi Wi]' in homogeneous coordinates, too. The projection matrix P, = KR,[I5.3, *C,(”)]
contains the exterior orientation of the camera, i.e. the pose represented by the position of
the projection centre C* in the world coordinate system S, and the rotation matrix R,
from the world to the camera coordinate system. The intrinsic camera parameters are
compiled in the homogeneous calibration matrix K, including a model for lens distortion.

Given a measured range s;” and the corresponding direction, the 3D point X, is
obtained by polar point determination in the coordinate system S, of the laser scanner. The
projection of such a 3D laser point into the image plane is then

x, = KX\9 = KR[I3,5, -T)X" Q)

with the six parameters of the laser-to-camera transformation, expressed by the rotation
matrix R and the lever-arm 7, with the laser point X9 in the camera coordinate system S,
as an intermediate result. In Section 3.2.2, we explicate the determination of the lever-arm
and bore-sight parameters.

The Euclidean image points x = [x, y]" are obtained by x = u/w and y = v/w for each
3D point, determined either by laser scanning or by spatial forward intersection.

Laser ranges. For convenience, we do not use the original measurements s, provided
in the laser coordinate system but the slightly different ranges from the 3D laser points to
the camera projection centres. These are identical in S, and S, and can easily be
computed by

s =[x ()

_ S;u) _ HXEO) _ C;a)

with the laser-to-camera transformation X l(c) = R(X 51) -T ) used in Equation (2), too.

2.1.2. Stochastic model: variance components

The assembled sensor system provides heterogeneous observations: image coordinates
and measured laser ranges (Section 2.1.1). For the variances of these observations,
initially only a rough guess exists: the assumed uncertainty of the image coordinates is
given by the precision of feature extraction and tracking, respectively; the uncertainty of
the laser ranges is taken from the technical specifications. This implies that the ratio of the
variances for both observation groups is unknown. To obtain reasonable variances and
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weights, respectively, we apply the concept of variance components (Forstner 1987,
McGlone et al. 2004).

The stochastic model is obtained by categorising the observations into image coordi-
nates /; and laser ranges /,. The corresponding covariance matrix

l 2
lzm, zﬂz{%‘oz“ 0 ] )

0'02222

implies statistical independence between both groups, and the matrices X;; and X,,
contain the initially assumed covariances for the observations. Without loss of generality,
we assume X, = 0,°1 and X,, = 0,°I with an assumed identical standard deviation o, for
all image coordinates and o, for all laser ranges, respectively.

During the iterative estimation process, these covariance matrices become corrected
by the so-called estimated variance components which converge to 1. For the estimation
of these factors, the covariance matrix

S =3y — AZA" Q)

of the residuals $ = Al — AAx is needed, provided by the linear model Al 4§ = —AAx
with the Jacobian A4 and the update Ax for the unknown parameters x. The estimates for
the two variance factors are then

) T3,
6o =—F—" ©)

within each iteration step with the residuals »; for both groups. The denominators in
Equation (6) are the so-called redundancy numbers which sum up to the total redundancy
of the problem, i.e. the model’s degrees of freedom, see Forstner (1987) for details. With
Equation (6) we get improved covariance matrices %; = 63, %;; for the observation groups.

2.1.3. Parameterisation, approximate values and gauge freedom

The ratio of baseline length and depth of scene points is usually critical for mobile
applications such as UAV scenarios with rather short tracks of image points. Therefore,
we apply a bundle adjustment which allows for 3D points far away as proposed in
Schneider et al. (2012).

Approximate values for the landmark positions can be obtained by spatial forward
sectioning and for the 3D laser points by polar point determination. For the calculation of
approximate poses, a simple motion model and the corresponding extrapolation are
sufficient in most cases.

Using image observations only, the obtained photogrammetric model is determined up
to a spatial similarity transformation with seven parameters. This gauge freedom can be
fixed by applying the centroid constraints for the approximate parameters, i.e. scale,
position and orientation of the approximate values are preserved (McGlone et al. 2004).
But with the available range measurements, the scale of the reconstruction becomes fixed
and we have only position and orientation at our disposal.
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2.2. Feature extraction and tracking

The extraction of salient features in each image is the starting point for the determination
of unknown 3D points, sometimes called landmarks, too. We utilise the Forstner operator
(Forstner and Giilch 1987) to accomplish this task; however, derivatives and alternatives —
especially scale invariant feature operators (Lowe 2004) — are conceivable, too. Since we
are dealing with a video stream, the application of the pyramidal Lucas-Kanade tracker
(Lucas and Kanade 1981) appears to be adequate to retrieve these points in the subsequent
images.

The 3D laser points can be projected into each corresponding image with subpixel
precision due to the known camera-to-laser scanner transformation (Equation (2)). Beside
the extracted salient image points, this yields an additional set of image points, which
have to be tracked. We cannot expect these points to appear in textured image regions,
yielding points, which can easily be tracked. Therefore, an assessment of the ‘trackability’
of these image points is mandatory. This can be accomplished by considering the
precision of the point coordinates. We truncate a track if an image point with a positional
uncertainty above a threshold appears.

Of course, depending on the computational resources, the tracking can be made more
robust and reliable by enforcing the epipolar constraints, potentially with a subsequent
guided matching. This can be achieved by applying the random sample consensus
(RANSAC) algorithm to account for outliers (Fischler and Bolles 1981). In general, the
RANSAC algorithm iteratively estimates the parameters of a mathematical model from a
given data set including outliers which do not fit to this model. Therefore, instead of using
all data, a minimal subset of the data is randomly chosen to estimate the model parameters
and the remaining data is checked for consistency. Data supporting the given model
results in inliers, whereas data not supporting the model results in outliers which are
discarded. Finally, the choice yielding the maximum number of inliers is selected (Hartley
and Zisserman 2008). Furthermore, specific reliability measures have been proposed for
handling multiple outliers (Knight ez a/. 2010).

2.3. Simultaneous localisation and mapping

The solution provided by the bundle adjustment yields the poses (exterior orientations)
and the new 3D points (landmarks) in a batch process with a fixed set of observations and
unknown parameters. But with an exploration task in mind, we have to cope with a
continuous — virtual endless — data stream of images and laser ranges. Thus the task is to
enable online processing for a dynamic system of observations and unknown parameters,
a task which is commonly known as SLAM in robotics (Durrant-Whyte and Bailey 2006).

With the assumption of a static scene, we adopt a sliding window bundle adjustment
(e.g. Beder and Steffen 2008) for the solution of the SLAM problem. An alternative is the
incremental bundle adjustment for sparse nonlinear incremental optimisation proposed by
Kaess et al. (2012). These approaches offer the possibility of re-linearisation within
windows consisting of several consecutive frames with images and laser range
measurements.

The ongoing incorporation of the range measurements into adjustment introduces
scale information permanently and avoids a drift in the scale of the reconstruction.
Furthermore, the result is expected to be more accurate due to the improved geometry
and determinability of parameters. The measured laser ranges are considered simply by
additional observational equations.
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3. Sensor platform and calibration

In this section, the sensor platform (Section 3.1) with the utilised sensors and their
calibration (Section 3.2) is described. For further processing, an adequate calibration is
essential in order to fuse camera and laser scanner data.

3.1. Sensor platform

For the experiments, we select the involved sensors with respect to the application of UAV-
borne 3D mapping where lightweight components are required. We propose to equip the
UAV with a small sensor platform (Figure 1) carrying two sensors: a digital camera of type
GoPro 1080p HD HERO?2 and a laser scanner device of type Hokuyo UTM-30LX-EW.

3.1.1. Digital camera — GoPro 1080p HD HERO?2

For obtaining optical data, a low-cost digital camera of type GoPro 1080p HD HERO?2 is used.
The device has a size of 42 mm x 60 mm x 30 mm, and a weight of 94 g including battery. Due
to its low weight, it is often mounted on UAVs in order to capture a sequence of images during
the flight. The GoPro 1080p HD HERO2 contains a 1/2.3” HD CMOS chip with rolling shutter
exposure. Various photo capturing modes can be selected. For the experiments, we chose a
moderate field-of-view with 127° and captured images with a size of 3200 x 2400 pixels.

3.1.2. Laser scanner device — Hokuyo UTM-30LX-EW

For obtaining accurate 3D measurements, a Hokuyo UTM-30LX-EW laser range finder is
used. With a size of 62 mm x 62 mm x 87.5 mm and a weight of 210 g (without cable),
the Hokuyo UTM-30LX-EW is well suited for UAV-borne scene monitoring and 3D
mapping. According to the specifications, this device emits laser pulses with a wavelength
of 1 =905 nm, and the laser safety is class 1. It provides 2D scans covering a scan angle
of 270° with an angular resolution of 0.25°. The range measurement resolution is 1 mm,

Figure 1.  Sensor platform with two sensors: laser scanner (left: Hokuyo UTM-30LX-EW) and
digital camera (right: GoPro 1080p HD HERO2).
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and the accuracy is specified with +£30 mm within a range of 0.1-10 m and £50 mm
within a range of 10-30 m (with an accuracy of ¢ < 30 mm for indoor environments with
less than 1000 Ix). The specified pulse repetition rate is 43 kHz. For each reflected laser
pulse, the range and the corresponding intensity value are measured. Furthermore, the
Hokuyo UTM-30LX-EW provides the capability to measure up to three echoes of a
single-emitted laser pulse, where the number of echoes depends on the surface properties
of the respective objects, i.e. shape and reflectivity. In particular, transparent materials,
edges of objects or vegetation typically cause more than one echo. In these cases, the
second echo can be assumed to result from a structure in the original pulse direction
which is located behind a partially occluding object, i.e. the second echo can be treated as
an additional range measurement (Droeschel et al. 2013).

3.2. Calibration

The calibration includes the estimation of the intrinsic behaviour, i.e. the interior orienta-
tion, of the camera as well as the estimation of the position and orientation offset between
camera and laser scanner. In photogrammetry, this position and orientation offset is known
as exterior orientation, whereas the synonyms lever-arm (position) and bore-sight (orien-
tation) are commonly used for active vision systems such as laser scanners. Hence, we
separate the calibration process into geometric camera calibration (Section 3.2.1) for
estimating the intrinsic camera parameters, and lever-arm and bore-sight calibration
(Section 3.2.2) for estimating the relative orientation between the two sensors.

3.2.1. Geometric camera calibration

For automatically estimating the intrinsic behaviour of the camera with respect to the
geometric mapping of a scene onto the image plane, we assume a standard camera model
considering both radial and tangential distortion (Brown 1971, Heikkild and Silvén 1997).
Accordingly, this geometric mapping is parameterised with the focal lengths in x- and y-
direction, the image coordinates of the principal point, a skew coefficient, and the image
distortion coefficients describing radial and tangential distortion.

3.2.2. Lever-arm and bore-sight calibration

As mentioned above, the laser of the laser scanner device operates in the near-infrared
domain with a wavelength of 1 = 905 nm, which is above the visibility of the utilised
camera. Therefore, radiometric aspects might not be appropriate for calibration and conse-
quently only geometric aspects are considered for lever-arm and bore-sight calibration.
The lever-arm and bore-sight calibration is based on augmenting an algorithm for
automatic extraction of straight line segments in the line scans (Kassir and Peynot 2010)
to a method for extrinsic calibration of a camera and laser scanner (Zhang and Pless
2004). Accordingly, the first step consists of automatically extracting straight lines from
the line scans. For this purpose, a robust method is desirable which is able to reliably
extract the longest lines. Hence, we follow the strategy proposed by Kassir and Peynot
(2010) which is based on recursively testing every combination of two points in the scan
with respect to a straightness criterion, and then recursively taking out the longest line.
The selected straightness criterion involves all points between the two selected points.
Since some of the extracted lines arise from walls, tables or other objects present in the
structured environment, the next step focuses on the classification of the extracted lines
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into (1) lines resulting from the calibration plane (i.e. from the checkerboard) and (2) lines
resulting from background objects. Kassir and Peynot (2010) proposed to exploit an
iterative scheme involving different metrics for successfully selecting the respective line
from each scan which results from the calibration board. These metrics also deliver an
estimate for the size of the checkerboard. From the board lines, an estimation of the
exterior orientation is derived with the algorithm proposed by Zhang and Pless (2004) and
iteratively refined until convergence.

Since the applied algorithm for estimating the relative orientation between the sensors
is crucial for obtaining an adequate data fusion, we briefly summarise the basic principle
according to Zhang and Pless (2004). Assuming a rigid transformation between points
X' in the camera coordinate frame and points X f-l) in the laser coordinate frame, the

1

respective transformation can formally be described with

x — x4 4 )

i i

where @ represents a rotation matrix and 4 is a translation vector. Since the measured points
X l(/) are located on the calibration plane, we first transform them to camera coordinates with

X =o' (x" - 4) = 0" (x" - 4) @®)
and then substitute X f?) in the equation

n' X\ =N )
describing the calibration plane in camera coordinates, where n denotes the normal vector
of the calibration plane and N describes the distance of the calibration plane from the
origin of the respective camera coordinate frame:

nao! (Xﬁ” - A) - N (10)

The normal vector n and the distance N are already known as they result from
geometric camera calibration. Further assuming that the points X[(l) are located on the
plane Y¥) =0 in the laser coordinate system and representing laser points with

i [ Rt B

o T 0 17 . . .
X = |X",Z",1| , we can transform this equation according to

1 A/l (l) AX
n'o 0| —|4y| | =N (11)
Z: Az
1 0 —4y] [x®
ntd |0 0 —4y z0 | =N (12)
0 1 —4y 1
H
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nHX =N (13)

where H is a 3%3 matrix describing the transformation from the laser coordinate system to
the camera coordinate system. Concatenating the respective equations for all the scans, a
linear equation system can be derived which is solved for H with a standard least squares
estimation. From the resulting matrix H, the rotation matrix @ and the translation vector 4
are derived according to

@ = [h), —h, X hy, hy]" (14)

A= —[hy, —hy x hy, hy]"hs (15)

where h; represents the ith column of H. Since @ may not meet the properties of a
rotation matrix, an approximated rotation matrix @ can be derived by minimising the
Frobenius norm of & — & subject to dPT =1, Although other methods for extrinsic
calibration have recently been proposed which provide more robustness in case of a lower
number of scans, it has been demonstrated that the stability of the used method tends to
become similar for n > 8 involved scans (Vasconcelos et al. 2012).

4. Experiments

By performing an indoor experiment (Section 4.1) and an outdoor experiment (Section
4.2), the proposed concept is proved.

4.1. Calibration

To calculate the image coordinates of the projected 3D laser points, a calibration has to be
carried out. Therefore, the intrinsic parameters of the camera have to be estimated by
geometric camera calibration (Section 4.1.1), and the position and orientation offset
between the camera and the laser scanner is estimated by lever-arm and bore-sight
calibration (Section 4.1.2). For this purpose, a synchronised pairwise capturing of a
calibration plane (checkerboard) with the camera and the laser scanner has to be guaran-
teed (Figure 2). This can be achieved with a software or hardware trigger (Weinmann and
Jutzi 2012).

4.1.1. Geometric camera calibration

For estimating the intrinsic camera parameters, we apply the camera calibration toolbox
for Matlab (Bouguet 2010). The estimated parameters are used to derive undistorted
images.

4.1.2. Lever-arm and bore-sight calibration

For calibrating the platform, 15 synchronised pairwise recordings of the calibration plane
have been carried out with the camera and the laser scanner. It has to be mentioned that
the sensors on the platform have been arranged with a minimum lateral shift and
maximum alignment (Figure 1) to each other. Unfortunately, neither the laser scanner
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Figure 2.  Example of a distorted image with a calibration plane (checkerboard).

Table 1.  Estimates of the lever-arm and bore-sight calibration.

Estimated values RMS error
Lever-arm (m) —0.000625 +0.009
0.067100 +0.047
—0.006450 +0.012
Bore-sight (°) 1.08 +0.838
1.69 +0.373
-89.3 +0.140

origin nor the camera’s image sensor location relative to the housing is provided by the
manufacturer. Therefore, only a coarse evaluation of the estimated results can be provided.
As expected, the results (Table 1) reflect the same trend.

4.2. Data fusion

For a proof of the concept and for convenience, we performed an experiment with our
calibrated sensor platform. We used the sensor platform depicted in Figure 1 and captured
a sequence of four images and corresponding laser scans in front of the Karlsruhe Palace
located in the city of Karlsruhe, Germany. After each acquisition (pose), the system was
moved 2 m along a straight line (Figure 3).

Figure 4 shows the first image of the sequence of images with the projected laser
points. The red dots denote the extracted salient image points, the projected laser points
are depicted in blue. Additionally, a scaled representation of range measurements is
illustrated in green. Obviously, the range measurements fit well with the geometry of
the building facade. The salient points and the laser points have been tracked through the
sequence. Figures 5 and 6 show exemplary results.
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Figure 3.  Data acquisition.

The observations are summarised in Table 2, with the number of observations, the
redundancy parts summing up to the total redundancy of 2275, the assumed standard
deviations, and the estimated standard deviations for observed image coordinates and laser
ranges.

Table 3 summarises the pairwise distances between the four estimated projection
centres. The distances are slightly shorter than expected (preset 2 m shifts) pointing to
the possible need of a scale factor larger than one for the range measurements. Apart from
this, the distances indicate that the system had been moved along a straight line which is
in accordance with the ground truth provided by the design of the experiment.

Histograms of the residuals for the image observations and for the laser ranges are
provided in Figure 7. The histogram of the laser ranges reveals at least two outliers,
possibly stemming from reflections at window glass.
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Figure 4.  First image of the sequence captured in front of the Karlsruhe Palace (red: extracted
salient image points; blue: laser points projected onto the image; green: scaled representation of
range measurements).

Figure 5. The result for the tracking from the second to the third image using the features
extracted at the first pose (red: tracked salient image points; blue: tracked laser points).

5. Discussion

The experiments revealed that additional aspects may be considered to further improve the

proposed concept. In the following, we briefly discuss the main findings in this study.
Usually, a proper calibration of the sensor platform has to be done only once before

using the platform for monitoring purposes. Due to external influences (e.g. mechanical
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Table 2.  Observations and their quality.

Observations
Image Laser
coordinates ranges
Number of observations 3544 78
Redundancy parts 2199.1 75.9
A priori assumed standard deviations 0.50 pixel 0.10 m
Estimated standard deviations 0.44 pixel 0.12 m

Table 3.  Estimated pairwise distances of the camera projection centres.

Pose 2 3 4

1 1.9561 m 3.9067 m 5.8622 m
2 0m 1.9506 m 3.9061 m
3 - 0m 1.9556 m

Note: The three pairwise distances 1-2, 2-3 and 3-4 sum up to 5.8623 m, which coincides with
the estimated distance 5.8622 m for 1-4.

X [m] 10

Figure 6.  The results of the bundle adjustment for four poses, i.e. the estimated 3D points and the
estimated camera poses. Furthermore, the rays of the laser scan are depicted (green lines).

stress or atmospheric variations), the relative orientation between the two sensors might
significantly change during the recordings. Therefore, we recommend to apply multiple
calibrations before and after the recordings, in particular for lever-arm and bore-sight
estimation.

Furthermore, the results in Table 2 reveal that the assumed standard deviations of the
image coordinates (a priori assumed: 0.5 pixels) had been slightly too pessimistic
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Figure 7.  Histograms of the residuals for the image observations (left, with superimposed
estimated normal distribution) and for the laser ranges (right).

(estimated: 0.44 pixels) while the assumed standard deviations of the laser range mea-
surements (a priori assumed: 0.1 m) had been too optimistic (estimated: 0.12 m). It is
noteworthy that these results only hold for valid models and error free observations.
Actually, outliers and model violations affect the estimation of the variance components
considerably so that a robust estimation is advisable.

It also has to be considered that the manufacturer of the lightweight laser scanner only
provides information with respect to the range measurement, i.e. values for range accu-
racy, measurement resolution and repeated accuracy, but unfortunately not for the scan
angles. Although the accuracies for the range measurements are specified in the sensor
specifications, inconsistencies can be observed. In our experiments, obviously a systema-
tic distance shift occurred (Table 3), which might be indirectly caused by range shifts.
Therefore, further investigations on the range measurement accuracy of the utilised laser
scanner might be worth to consider. Beside this, the scan angle accuracies should
generally be deeply investigated, e.g. by also applying variance components.

6. Conclusions and outlook

Due to the availability of small and lightweight laser scanners for mobile applications,
new innovative concepts are needed to fuse image and range measurements properly.
Necessary prerequisites are an accurate camera calibration as well as lever-arm and bore-
sight determination, respectively, for the sensor platform. In this contribution, we pro-
posed a straightforward approach to integrate different kinds of measurements within a
bundle adjustment. This framework is known to provide optimal results in terms of
statistics since in principle different variances and correlations for the observations can
be considered. To account for the different groups of measurements, we introduced a
variance components estimation in order to obtain a reasonable weight ratio between both
groups of observations.

The conducted experiments prove the feasibility and applicability of the proposed
approach; the results are in accordance with the reference data provided by the design of
the experiment with controlled conditions. The consideration of range measurements
introduces and preserves scale information, eases initialisation procedures, and clearly
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improves the adjustment result. Furthermore, the additional 3D laser points densify the
scene information, and the points’ distribution on the surfaces becomes more uniform.
Conceptually, the approach can be extended to cope with a continuous data stream.
This leads to an incremental bundle adjustment within a sliding window of data frames.
Furthermore, the approach can be made more robust in order to treat outliers properly.
With the proposed method, the main contribution for an improved UAV-borne map-
ping is given. Based on the accurate data fusion, this approach can be extended by
considering dense matching techniques, e.g. given by the semi-global matching approach
(Hirschmiiller 2008) to gain a precise 3D model of the environment or by the use of
different types of cameras such as the combination of RGB, multispectral and thermal
infrared cameras (Lucieer ef al. 2012) for mapping different environmental characteristics.
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ABSTRACT:

The automatic and accurate alignment of multiple point clouds is a basic requirement for an adequate digitization, reconstruction and
interpretation of large 3D environments. Due to the recent technological advancements, modern devices are available which allow for
simultaneously capturing intensity and range images with high update rates. Hence, such devices can even be used for dynamic scene
analysis and for rapid mapping which is particularly required for environmental applications and disaster management, but unfortu-
nately, they also reveal severe restrictions. Facing challenges with respect to noisy range measurements, a limited non-ambiguous range,
a limited field of view and the occurrence of scene dynamics, the adequate alignment of captured point clouds has to satisfy additional
constraints compared to the classical registration of terrestrial laser scanning (TLS) point clouds for describing static scenes. In this
paper, we propose a new methodology for point cloud registration which considers such constraints while maintaining the fundamental
properties of high accuracy and low computational effort without relying on a good initial alignment or human interaction. Exploiting
2D image features and 2D/2D correspondences, sparse point clouds of physically almost identical 3D points are derived. Subsequently,
these point clouds are aligned with a fast procedure directly taking into account the reliability of the detected correspondences with
respect to geometric and radiometric information. The proposed methodology is evaluated and its performance is demonstrated for data
captured with a moving sensor platform which has been designed for monitoring from low altitudes. Due to the provided reliability and
a fast processing scheme, the proposed methodology offers a high potential for dynamic scene capture and analysis.

1 INTRODUCTION laser light, whereas color information is usually obtained from
co-registered camera images. Such intensity or color images pro-
An adequate description of a 3D scene is typically derived in the vide a higher level of distinctiveness and allow for detecting reli-
form of point clouds consisting of a large number of measured able correspondences between visual features.
3D points and, optionally, different attributes for each point such
as intensity or color. The sampling of observed object surfaces ~ Nowadays, many approaches for point cloud registration exploit
should be as dense and complete as possible. Due to occlusions visual features derived from intensity or color images in order

resulting from objects in the scene or areas with low point density, to obtain sparse point clouds. Detected feature correspondences
typically multiple point clouds have to be captured from different between the respective images indicate corresponding 3D points.
locations in order to obtain complete objects and full scene cov-  Hence, the registration of such sparse point clouds may for in-

erage. However, as the spatial coordinates of each point cloud ~ stance be based on a standard rigid transformation (Eggert et
are only determined with respect to a local coordinate frame of ~ al., 1997) which is typically combined with the RANSAC algo-
the sensor, all captured point cloud data has to be transferred into rithm for increased robustness in case of existing outlier corre-
a common coordinate frame which is commonly referred to as spondences (Seo et al., 2005; Boehm and Becker, 2007; Barnea
point cloud registration or 3D scan matching. and Filin, 2007). As a powerful alternative, the transfer to solving
the Perspective-n-Point (PnP) problem has been proposed (Wein-
The approaches for point cloud registration can be categorized mann et al., 2011; Weinmann and Jutzi, 2011).
by considering the data they exploit. Standard approaches such

as the Iterative Closest Point (ICP) algorithm (Besl and McKay, Recently, an experimental setup for surveillance applications in
1992) or Least Squares 3D Surface Matching (LS3D) (Gruen and indoor and outdoor environments has been presented which is
Akca, 2005) only exploit spatial 3D information and minimize ei- suited for simulating airborne scene monitoring from low alti-

ther the difference between point clouds or the distance between tudes fairly realistically (Hinz et al., 2011). The first results pre-
matched surfaces. The use of point distributions or geometric sented in (Weinmann and Jutzi, 2012) indicate a high potential for
primitives such as planes has also been proposed in literature (e.g. dynamic scene capture and analysis, but they also reveal that ad-
(Magnusson et al., 2007; Brenner et al., 2008)) and belongs to this ditional effort is required to obtain satisfying results. For dynamic
category. Considering that the captured scans typically represent scene capture, highly accurate 3D measurements as provided by a
data measured on a regular scan grid, the spatial 3D information terrestrial laser scanner cannot be assumed, but the modern scan-

can also be represented as range image. Exploiting visual fea- ning devices offer a simultaneous image-based acquisition of in-
tures in this range image significantly alleviates the registration tensity and range information with high update rates. Hence, the
process. As most of the modern active 3D sensors provide inten- registration process has to provide high-quality estimates of the
sity or color information in addition to the spatial 3D informa- transformation parameters, low computational effort and robust-
tion, respective intensity or color images may also be available. ness with respect to noisy range measurements. Furthermore, the
The intensity images are typically derived from reflectance in- limited field of view and the limited non-ambiguous range have to

formation representing the respective energy of the backscattered be taken into account. An important and meanwhile commonly
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used first step is the reduction of captured point cloud data to
sparse point clouds by using visual features in 2D imagery. A
reliable feature matching yields 2D/2D correspondences and the
respective 3D/3D correspondences. In contrast to previous work
(Weinmann and Jutzi, 2011; Weinmann and Jutzi, 2012), the pro-
posed methodology involves an improved scheme for outlier re-
jection and estimation of inlier reliability. This scheme exploits
information derived from the reliability of range measurements as
well as the reliability of feature correspondences which is based
on intensity measurements. With the further consideration of
the plausibility of corresponding 3D points, a straightforward ap-
proach for aligning point clouds can be applied which would not
be suitable without a reliable outlier removal. The contribution of
this paper is a new methodology for fast and accurate point cloud
registration which

e exploits sparse point clouds with additional point attributes
in form of quality measures based on geometric and radio-
metric information,

e introduces an improved weighting scheme considering the
derived quality measures, and

e involves a plausibility check taking into account the detected
3D/3D correspondences.

After presenting the methodology for successive pairwise regis-
tration in Section 2, the configuration of the sensor platform is
described in Section 3. Subsequently, in Section 4, an evaluation
is carried out which demonstrates the performance of the new
approach for a realistic test scenario. In Section 5, the derived
results are discussed with respect to basic requirements and other
approaches. Finally, the content of the entire paper is concluded
in Section 6 and suggestions for future work are outlined.

2 METHODOLOGY

The proposed methodology focuses on airborne scene monitor-
ing with a moving sensor platform. After data acquisition (Sec-
tion 2.1), a preprocessing is carried out in order to get normalized
intensity images and the respective 3D point cloud (Section 2.2).
As the captured point clouds are corrupted with noise, a quality
measure is derived for each 3D point (Section 2.3). Subsequently,
distinctive features are extracted from 2D intensity images (Sec-
tion 2.4). A comparison of these features yields reliable 2D/2D
correspondences between different frames as well as a quality
measure taking into account the distinctiveness of matched fea-
tures. Additionally, the projection of the respective 2D points
into 3D space yields 3D/3D correspondences. As the influence
of each 3D/3D correspondence on the registration process should
rely on a respective quality measure, a weighting scheme consid-
ering geometric and radiometric information is introduced (Sec-
tion 2.5). Finally, the point cloud registration is carried out by es-
timating the rigid transformation between two sparse point clouds
with a weighted least squares alignment (Section 2.6).

2.1 Data Acquisition

The proposed concept focuses on the use of range imaging de-
vices which are also referred to as range cameras, i.e. devices
which provide 2D image representations of captured range and
intensity/color. These devices should additionally provide a high
update rate for capturing dynamic scenes or for rapid mapping.

2.2 Preprocessing
The first step consists of adapting the recorded data according to

(Weinmann and Jutzi, 2012), where a histogram normalization is
carried out which maps the captured intensity information to the
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interval [0, 255]. For color images, a conversion to gray-valued
images could be applied in order to obtain intensity images. Fur-
thermore, the lens distortion has to be taken into account which
involves an initial camera calibration and the respective correc-
tion of the captured 3D information.

2.3 Point Quality Assessment

As the range measurements might be corrupted with noise, it
is suitable to add a quality measure as attribute for each mea-
sured 3D point. Considering the 2D representation of the mea-
sured range information, the variation of the range values within
small and local image neighborhoods has a strong influence on
the reliability of measured 3D points (Weinmann and Jutzi, 2011;
Weinmann and Jutzi, 2012). Hence, for each point on the regu-
lar 2D grid, the reliability of the respective range information is
described with the standard deviation o € R of all range values
within a 3 x 3 neighborhood. Low values ¢ indicate a 3D point
on a smooth surface and are assumed to be reliable, whereas high
values indicate noisy and unreliable range measurements. Result-
ing from this, a confidence map M is available. In addition to
this, the quality measure could further exploit the active intensity
measurements representing the energy of the backscattered laser
light if these are available, e.g. for range imaging devices such as
PMD|vision] CamCube 2.0 or MESA Imaging SR4000.

2.4 2D Feature Extraction and Projection to 3D

Once the measured information has been assigned additional at-
tributes, the registration process can rely on both range and inten-
sity information, and a confidence map providing the respective
quality measure. For detecting corresponding information, the
Scale Invariant Feature Transform (SIFT) (Lowe, 2004) is ap-
plied on the intensity images. This yields distinctive keypoints at
2D image locations x; € R? as well as the respective local de-
scriptors which are invariant to image scaling and image rotation,
and robust with respect to image noise, changes in illumination
and small changes in viewpoint. These properties of the descrip-
tors allow a reliable feature matching relying on the ratio p € R
with
_ V1)
d(N2)

where d(IV;) with ¢ = 1,2 denotes the Euclidean distance of a
descriptor belonging to a keypoint in one image to the i-th near-
est neighbor in the other image. A low value of p indicates a high
similarity to only one of the derived descriptors belonging to the
other image. Thus, the ratio p € [0, 1] describes the distinc-
tiveness of the occurring features. Meaningful feature correspon-
dences arise from a greater difference between d(N1) and d(N2)
and hence, the ratio p has to satisfy the constraint p < ¢4.5, where
tdes 18 a certain threshold typically chosen within the interval
[0.6,0.8]. As the SIFT features are localized with subpixel ac-
curacy, the assigned information has to be interpolated from the
information available for the regular and discrete 2D grid, e.g. by
applying a bilinear interpolation. Subsequently, the 2D/2D corre-
spondences x; < X between these visual features are used to re-
duce the captured point cloud data to sparse point clouds of phys-
ically almost identical 3D points X; «— X} with X;, X} € R®.
Including the assigned attributes, each correspondence can be de-
scribed with two samples of corresponding information accord-
ing to

(1

si=(x,Xi,00,p) < si=(x;,X},00,0) ()
where o; and o indicate the quality of the derived 3D points with
respect to measured range information, and p} = p; = p} are the
assigned quality measures with respect to the distinctiveness of

the used intensity information.
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2.5 Weight Calculation

For weighting the influence of each 3D/3D correspondences on
the estimated transformation, a weight parameter has to be de-
rived for each 3D/3D correspondence. Given the calculated val-
ues 0,07 € [0,00) and p; € [0,tqes], which are considered
as quality measures for the respective 3D points X; and X}, the
influence of the i-th 3D/3D correspondence X; « X, on the
registration process can be weighted by applying a histogram-
based approach (Weinmann and Jutzi, 2012). First, the interval
[0m, 1m] is divided into np 100 bins of equal size, and the
values o; and o are mapped to the respective bin. Those val-
ues above the upper boundary of 1m are mapped to the last bin.
The occurrence of mappings to the different bins is stored in his-
tograms h = [h;];_, o and ' = [nj]._, .. From
these, the cumulative histograms h, and h., are subsequently de-
rived, where the entries reach from 0 to the number n of detected
3D/3D correspondences. For assigning those 3D points with a
lower o a higher weight, as these are more reliable according to
the definition, the inverse cumulative histograms (ICHs)

he iy = |:’n - Zhj} 3
J=1 i=1,...,100
and )
hy i = {n -> h;} “
J=1 i=1,...,100

are established. The quality measure p; encapsulating the relia-
bility of the matching process is also used for such a weighting
scheme based on n, = 100 bins of equal size covering the inter-
val [0, 1]. Resulting from this, a histogram h* = [h;]jzl
and a cumulative histogram h are available as well as an inverse
cumulative histogram hy, ;,,,, with

hz,inv = [n - i h;:|
=1

from which additional weight parameters are derived. Thus, the
new weighting scheme yields three weight parameters hc ;... (05),
h{ ;. (o) and b ,,, (p}) for each 3D/3D correspondence. From
these, the respective weight w; is finally determined with

(5

i=1,...,100

w; = min {hc,znv(gi)v h;,znv(gz{)v h:,znv(p:)} ©)

as the minimum of these values.
2.6 Point Cloud Registration

Introducing a rotation matrix R = [rpe] € R3*3 and a transla-
tion vector t = [t,] € R, the spatial relation between two points
X;, X} € R? representing a 3D/3D correspondence X; « X
can formally be described as

X;=RX;+t ™
or more detailed as
X = mXi+rYit+risZ +t ®)
Y/ = raXi+r0Yit+raZ +ta 9
Zi = r51Xi+r3Y; +71337; +t3 (10)

where a perfect mapping is achieved in the ideal case. How-
ever, the 3D/3D correspondences typically do not fit perfectly
and therefore, a fully automatic estimation of the transformation
parameters can be derived by minimizing the error between the
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point clouds in the least squares sense. For this purpose, the three
equations resulting from each of the n 3D/3D correspondences
are concatenated. Subsequently introducing vector-matrix nota-
tion and separating the vector u € R'? containing the unknown
parameters according to

T
u = [r11, 712,713,721, 22, 723, 731, T'32, 733, t1, t2, t3]  (11)
yields a linear equation system of the form

l=Au (12)
with 1 € R®*" and A € R3"*12, For solving this linear equation
system, the least squares estimate can be derived as
-1

a=(A"PA) ATPI (13
where the matrix P € R®**3" is used for weighting the im-
portance of the respective observations. As the observations are
assumed to be independent, the weight matrix P is considered
as diagonal matrix. Exploiting the weights w; defined in Section
2.5, which are stored in the vector w € R", an initialization of
the weight matrix P according to

wr \?
P =Py = diag @

( d
is introduced, where w* € R®™ contains the weights for each co-
ordinate. The parameters d; describe the difference between the
respective change of a coordinate value and the mean change of
the coordinate over all correspondences. The introduction of the
parameters d; is only possible for very small rotations of the sen-
sor platform, but they ensure a weighting according to the plausi-
bility of the respective 3D/3D correspondences which is derived
from considering the major trend of all correspondences. Ad-
ditionally, those correspondences whose 3D coordinates do not
even fit to the confidence interval within at least two standard de-
viations of the mean coordinates, i.e. a confidence level of 95%,
are removed. By considering the estimated improvement v ac-
cording to v = At — 1 with ¥ € R®", an iterative update

14

P =P, = diag (15)

1

By 2

(m) i=1,...,3n
is applied until the estimated transformation converges to changes
below a certain threshold or until a maximum number of kp,qx
iterations is reached.

3 ACTIVE MULTI-VIEW RANGE IMAGING SYSTEM

For demonstrating the performance of the proposed methodology,
a sensor platform is used which allows for monitoring from low
altitudes (Hinz et al., 2011). This platform is shown in Figure 1,
and it is equipped with

e two range imaging devices (PMD[vision] CamCube 2.0) for

data acquisition,

e anotebook with a solid state drive for efficient data storage,
and

e a 12V battery with 6.5Ah for independent power supply.
power supply

As the relative orientation of the two range imaging devices can
easily be changed, the system allows for different multi-view op-
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Figure 1: Sensor platform.

tions with respect to parallel, convergent or divergent data ac-
quisition geometries. Due to the large payload of several kilo-
grams, mounting the components for data acquisition and data
storage on an unmanned aerial vehicle (UAV) is still impractica-
ble. Hence, for scene capture, the sensor platform is moved along
a rope. Considering typical surveillance applications, the combi-
nation of the sensor platform with a scaled test scenario allows a
fairly realistic simulation of a future operational system.

A closer consideration of the devices used for data acquisition
reveals the potential as well as the challenges of the proposed
system. A PMD[vision] CamCube 2.0 simultaneously captures
geometric and radiometric information in form of images with
a single shot, and hence, the captured information can be orga-
nized in frames. Each frame consists of a range image Ir, an
active intensity image I, and a passive intensity image I,. The
active intensity depends on the illumination emitted by the sen-
sor, whereas the passive intensity depends on the background il-
lumination arising from the sun or other external light sources.
As the captured images have a size of 204 x 204 pixels which
corresponds to a field of view of 40° x 40°, measurements with
an angular resolution of approximately 0.2° are provided. The
frame can be updated with high frame rates of more than 25 re-
leases per second. Hence, the device is well-suited for capturing
dynamic scenes. A great advantage of the chosen range imaging
device is that it can also be used within outdoor environments,
but due to the relatively large influence of noise effects arising
from multipath scattering as well as the large amount of ambient
radiation in comparison to the amount of emitted radiation, a lim-
ited absolute range accuracy of a few centimeters and thus noisy
point clouds can be expected. A visualization of captured data is
shown in Figure 2.

Figure 2: Visualization of captured data: normalized passive in-
tensity image (left), range image (center) and textured 3D point
cloud (right).

As the whole system involves multiple range imaging devices for
extending the field of view, it has to be considered that these may
influence each other and that interferences are likely to occur.
This is overcome by choosing different modulation frequencies.
Furthermore, a synchronization of both range imaging devices is
required in order to obtain corresponding frames with respect to
a temporal reference. For this purpose, a software-based trigger
is introduced. Optionally, the range measurement restriction can
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also be resolved with a hardware-based unwrapping procedure
(Jutzi, 2012), which requires the use of different modulation fre-
quencies for each of the two range imaging devices.

4 EXPERIMENTAL RESULTS

The experiments refer to the scene depicted in Figure 3. First, a
local coordinate frame is defined in the center between both range
imaging devices with fixed orientation with respect to the sensor
platform. This coordinate frame is referred to as body frame (su-
perscript b). The X -direction is oriented to the forward direc-
tion tangential to the rope, the Y °-direction to the right and the
Z°-direction downwards. Subsequently, a global reference frame
(superscript g) is defined which coincides with the initial position
and orientation of the sensor platform. As the relative orientation
between the devices and the platform is already known from a
priori measurements, the projected 3D points X§ which are re-
lated to the respective local coordinate frame of a range imaging
device (superscript ¢) can directly be transformed into the body
frame (superscript b) of the sensor platform according to

X! = ROXS +th (16)
where RZ and tf; describe the rotation and translation between
the respective coordinate frames.

Figure 3: Illustration of the observed scene.

During the whole movement of the sensor platform, a total num-
ber of 116 frames is captured. Each frame contains simultaneous
measurements of the two range imaging devices. Although there
are no measured reference values for each single position in or-
der to check the deviation of the position estimates from the real
positions, a validation of the proposed methodology is still possi-
ble. As the sensor platform moves along a rope, the projection of
the real trajectory onto the X 9Y 9-plane represents a straight line.
Furthermore, a loop closure constraint may be considered, where
start position and end position of the sensor platform are identi-
cal. This is reached by repeating the first frame at the end of the
movement. Additional criteria may involve a visual impression
of several registered point clouds which yields insights about the
scene and the quality of captured data. Hence, the evaluation of
the proposed methodology involves

o the deviation oy from the straight line in the XY 9-plane
with X9 = Om,
o the absolute error e;,,p Occurring when assuming an identi-
cal start and end position of the sensor platform, and
e a visual inspection of the registered point clouds.
For feature matching, a threshold of ¢4es = 0.8 is selected. The

estimated trajectory obtained via successive pairwise registration
is shown in Figure 4 in nadir view. The standard deviation oy
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of the position estimates projected into the XY 9-plane from the
straight line with X9 = Om is oy = 0.0378m, and the absolute
error when considering a closed 1oop is €jo0p = 0.0967m. A
visualization of registered point clouds in a common coordinate
frame is illustrated in Figure 5. The figure also shows that the raw
point clouds contain many noisy 3D measurements which have to
be removed for a subsequent scene analysis.

0 1 2 3 5 6 7 8

4
X[m]
Figure 4: Projection of the estimated trajectory onto the X 9Y -
plane (red) and visualization of the distribution of measured 3D
scene points (green).

Figure 5: Visualization of registered point clouds: raw point
cloud data (top) and those 3D points X; satisfying o; < 0.03m
(bottom).

For data captured at two successive time steps during the move-
ment of the sensor platform, the general appearance of the calcu-
lated histograms, cumulative histograms and inverse cumulative
histograms is visualized in Figure 6, Figure 7 and Figure 8. The
example is based on n; = 480 detected SIFT correspondences
between the normalized active intensity images and no = 508
detected SIFT correspondences between the normalized passive
intensity images, i.e. a total number of n = 928 SIFT corre-
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Figure 6: Histograms depicting the occurrence of range reliabil-
ities o; and o (left and center), and the occurrence of SIFT cor-
respondences with a SIFT ratio p; (right).
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Figure 7: The respective cumulative histograms for the his-
tograms depicted in Figure 6.
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Figure 8: The respective inverse cumulative histograms (ICHs)

for the histograms depicted in Figure 6.

spondences resulting in the same number of 3D/3D correspon-
dences after the respective projection into 3D space. Finally,
the required time effort for processing each frame and the rela-
tions between two frames has to be considered. The methodology
has been implemented in Matlab and tested on a standard note-
book (2.3GHz, 4GB RAM). For each frame, the average time
required for preprocessing, point quality assessment, feature ex-
traction and point projection is 1.6408s (Table 1). For obtaining
the relations between two frames, the average time required for
feature matching, calculation of weights and point cloud regis-
tration is 0.4821s (Table 2). The separate consideration of the
average time required for the single tasks reveals that feature ex-
traction and feature matching contribute to more than 90% of the
whole time effort. This can significantly be reduced by applying
a GPU-based implementation of SIFT or more efficient feature
detectors and descriptors.
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Task Time
Preprocessing 0.0766s
Point Quality Assessment | 0.0250s
Feature Extraction 1.5295s
Point Projection 0.0097s
> 1.6408s

Table 1: Average time effort for the processing of a single frame.

Task Time
Feature Matching 0.4706s
Weighting Scheme 0.0022s
Registration Process | 0.0092s
> 0.4821s

Table 2: Average time effort for aligning two point clouds.

5 DISCUSSION

In contrast to standard approaches such as the ICP algorithm, the
presented approach does not require a good a priori alignment
of the scans. Furthermore, it can be applied for very general
scenes without assuming the presence of regular surfaces such
as planes and can even cope with noisy measurements arising
from monitoring within outdoor environments. The experimen-
tal results show that the proposed methodology is suited to re-
cover the transformation parameters fast and accurately by ex-
ploiting synergies arising from the combined use of geometric
and radiometric information. The proposed methodology directly
takes into account the reliability of the 3D information captured
with the two range cameras. Thus, it is even possible to stronger
rely on the measurements of one range imaging device if the
second range imaging device captures spatial information with
more noise. Additionally considering how good the correspond-
ing 3D/3D points fit together with respect to the gradient infor-
mation of the local neighborhood in the 2D intensity representa-
tions strengthens the reliability with a further and complementary
quality measure assigned to each 3D/3D correspondence. Sub-
sequently, in the registration process, the plausibility of the re-
spective 3D/3D correspondences and the iterative improvement
of the geometric alignment of each coordinate are involved. If
the estimated improvement 9 is relatively large for a coordinate,
the coordinate is considered as rather unreliable and the respec-
tive influence on the estimated transformation is assigned a lower
weight. Due to all these considerations, a high reliability of the
estimated flight trajectory can be expected. The only assumption
of the registration process is the existence of structured 2D inten-
sity representations in order to derive corresponding points via
local image features. This, however, is a common assumption for
all image-based approaches exploiting distinctive points or lines
for point cloud registration.

6 CONCLUSIONS AND FUTURE WORK

In this paper, a new concept for data acquisition with a moving
active multi-view range imaging system and a successive regis-
tration of the captured point clouds has been presented. Thus,
the system is able to face the challenges arising from noisy range
measurements, a limited non-ambiguous range and a limited field
of view in dynamic environments. The proposed methodology
focuses on the use of sparse point clouds and additional attributes
from which a common quality measure considering geometric
and radiometric information is derived via inverse cumulative his-
tograms. This quality measure allows for weighting the influence
of each 3D/3D correspondence on the estimated transformation
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according to its reliability. Further applying a plausibility check
for the detected 3D/3D correspondences, the registration process
can be carried out with a weighted least squares adjustment. For
future work, it would be desirable to detect relevant objects in
the scene and describe their behavior by estimating the respective
motion trajectories. This can also be achieved by exploiting the
combined use of geometric and radiometric information as well
as the respective consideration of 3D point cloud data and 2D
image representations. Promising results can be expected.
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Abstract— The automatic and accurate alignment of captured
point clouds is an important task for digitization, reconstruction
and interpretation of 3D scenes. Standard approaches such as
the ICP algorithm and Least Squares 3D Surface Matching
require a good a priori alignment of the scans for obtaining
satisfactory results. In this paper, we propose a new and fast
methodology for automatic point cloud registration which does
not require a good a priori alignment and is still able to recover
the transformation parameters between two point clouds very
accurately. The registration process is divided into coarse reg-
istration based on 3D/2D correspondences and fine registration
exploiting 3D/3D correspondences. As the reliability of single
3D/2D correspondences is directly taken into account by applying
Inverse Cumulative Histograms (ICHs), this approach is also
capable to detect reliable tie points, even when using noisy raw
point cloud data. The performance of the proposed methodology
is demonstrated on a benchmark dataset and therefore allows
for direct comparison with other already existing or future
approaches.

I. INTRODUCTION

Terrestrial laser scanners (TLSs) are well-suited for dense
and high-quality 3D reconstruction of static scenes and hence,
for applications such as the digitization of urban environments
or cultural heritage. A captured scan is typically represented as
point cloud representing object surfaces in the local environ-
ment. Due to limitations with respect to range measurement
and occlusions resulting from objects in the scene, however, a
single scan is not sufficient for adequately describing complete
objects. These circumstances demand for capturing multiple
point clouds from different locations. As a consequence, these
point clouds have to be aligned correctly in a common coor-
dinate frame which is referred to as point cloud registration.

Standard approaches such as the Iterative Closest Point
(ICP) algorithm [1] or Least Squares 3D Surface Matching
(LS3D) [3] only exploit spatial 3D information. Whereas the
ICP algorithm iteratively minimizes the difference between
two point clouds, which can be very time-consuming for
large point clouds, the LS3D approach minimizes the distance
between matched surfaces. Both methods focus on a local
optimization and require a good initial alignment in order
to converge to the correct transformation. Other approaches
are based on the distribution of 3D points (e.g. [5]) or on
geometric primitives such as planes, spheres, cylinders or tori
(e.g. [7D).

978-1-4799-0211-8/13/$31.00 ©2013 IEEE

Whereas some techniques for point cloud registration only
exploit 3D geometry, other techniques rely on either 3D geom-
etry combined with its 2D representation as range image or 3D
geometry combined with the respective 2D representation of
intensity information. Involving additional information, which
in fact is already available, is valuable and therefore signifi-
cantly alleviates the registration process. The representations
of the captured range and intensity information on the regular
2D scan grid, for instance, allow for applying image-based
techniques. In general, features in the intensity image provide
a higher level of distinctiveness than features in the respective
range image [8] and, probably, information not represented in
the range measurements. For both types of images, the image-
based techniques are able to recover reliable correspondences
between different images, and point correspondences are par-
ticularly useful for scenes without regular object surfaces.
Projecting the information of distinctive 2D points to 3D space
according to the respective range information yields sparse
point clouds describing physically almost identical 3D points.
Such reliable 3D/3D correspondences allow for applying the
estimation of a rigid transformation which represents the least
squares method in 3D and is typically combined with the
RANSAC algorithm [2] for obtaining more robust results if
there are still some outlier correspondences left [8]. Instead
of using 3D/3D correspondences, the techniques presented
in [9] and [10] introduce virtual planes and establish 3D/2D
correspondences which allow for efficiently registering point
clouds by applying a RANSAC-based scheme involving the
EPnP algorithm [6].

In this paper, we propose a methodology which is based
on a combined range and intensity representation. Similar to
many techniques, the whole registration process is divided into
coarse and fine registration. The coarse registration is compa-
rable to the approach presented in [10] and uses 3D/2D cor-
respondences, but it includes an additional measure indicating
the quality of each point correspondence. This measure is used
for weighting the influence of single point correspondences
on the estimated transformation and already removing unre-
liable point correspondences. The resulting coarse estimate
provides a high accuracy, so that a second outlier removal
based on 3D distances between corresponding and coarsely
aligned 3D points is sufficient to obtain the most promising
3D/3D correspondences. Hence, at this stage, a simple rigid
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transformation is applicable for fine registration based on the
remaining inlier correspondences and thus, the standard 3D
Least Squares method which minimizes the difference between
the respective point correspondences.

The contribution of this paper is a new methodology for
point cloud registration which directly involves a quality
measure for weighting the influence of corresponding infor-
mation on the estimated transformation parameters in coarse
registration, and replaces typical iterative schemes for fine
registration by combining very reliable correspondences with
a straight-forward approach.

II. METHODOLOGY
A. Feature Extraction and Matching

In a first step, the measured intensity information of each
scan is adapted to the interval [0, 255] by applying a histogram
normalization. Image representations of this intensity infor-
mation allow for efficiently comparing the scans via visual
2D features and, consequently, for preparing an unorganized
set of TLS point clouds for a successive pairwise registration
scheme. In order to ensure a reliable detection of correspond-
ing information, the Scale Invariant Feature Transform (SIFT)
[4] is used. This algorithm yields distinctive keypoints at blob-
like structures of an image as well as the respective local fea-
ture descriptors which are invariant to image scaling and image
rotation, and robust with respect to image noise, changes
in illumination and small changes in viewpoint. The vector
representation of the descriptors allows a consideration of the
Euclidean distance between two descriptors for deriving their
similarity. In order to obtain only the distinctive descriptors,
the ratio of the Euclidean distances of a descriptor belonging to
a keypoint in one image to the nearest neighbor and the second
nearest neighbor in the other image is considered. This ratio
can vary between 0 and 1. If it is below a certain threshold
ties = 0.6...0.8, there is only one similar descriptor in the
other image and hence, the respective feature correspondence
is considered to be distinctive.

Comparing any pair of intensity image representations
belonging to different scans ¢ and j, the confusion matrix
C = |[cj] can be derived where the entry c;; represents
the total number of detected feature correspondences. Once
the confusion matrix is available, the graph-based algorithm
presented in [10] is used to derive the minimum spanning
tree and sort the scans according to their similarity for the
successive pairwise registration process.

B. Point Quality Assessment and Interpolation

The raw data of a typical scan is partially corrupted with
noise, i.e. only points which arise from objects in the scene
will probably provide a smooth surface whereas points corre-
sponding to the sky or points along edges of the objects might
be very noisy. In order to detect such noisy measurements,
the standard deviation o of all range values within a 3 X 3
neighborhood is calculated for each point on the regular 2D
grid and used as a measure describing the reliability of the
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respective range information [10]. This yields a confidence
map Mc.

In feature extraction, the image locations of SIFT features
are determined with subpixel accuracy. The spatial 3D in-
formation, the intensity information and the measure for the
point quality however are only available for discrete points
on a regular scan grid. For this reason, the respective 3D
points belonging to the SIFT feature correspondences x; < X,
and the assigned quality measures o; and o} have to be
interpolated from the existing data, e.g. by applying a bilinear
transformation. Thus, by exploiting meaningful 2D points x;
and x/, the large and dense point cloud data is reduced
to sparse point clouds where 3D/3D point correspondences
X,; «» X! indicate physically almost identical 3D points X;
and X/. Besides, the reliability of each of the remaining 3D
points X; and X is specified with the quality measure o; and

/

;.

C. Weight Calculation with Inverse Cumulative Histograms

Given a set of derived 2D points x;, the respective 3D points
X; and a measure o; describing the respective reliability, the
importance of each of these points can be weighted. A measure
suited for such a weighting can be derived by applying Inverse
Cumulative Histograms (ICHs) [11]. The creation of an ICH is
initialized by dividing the interval [Om, 1m] into n;, = 100 bins
of equal size. For all points, the respective quality measure
o; is mapped to the respective bin b;. Due to the upper
limitation, points with o; > 1m are mapped to the last bin.
The occurrence of mappings to the different bins is stored in
a histogram h = [h;]._, .. The cumulative histograms

=[S n (1)

then reach from O to the number n of detected correspon-
dences. However, points with a low standard deviation o; are
more reliable and should therefore be assigned a higher weight
than those points with a higher standard deviation. For this
reason, the ICH

hc,in'u = [n— Z hj (2)
j=1

i=1,...,100

is derived which satisfies this constraint. As point correspon-
dences have already been derived at this stage, this scheme
is applied for samples s; = (X;,0;) and the corresponding
samples s; = (X}, o). For finally weighting the influence
of each correspondence on the estimated transformation, the
minimum weight of both values for a correspondence is used,
and in order to keep the difference between maximum and
minimum possible weight reasonable, this measure is modified
to

w; = \/min{hc,i7z1x(gi)7 h/c,inv (0—:)} ©)
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D. Point Cloud Registration

The spatial transformation between two point clouds with
3D/3D correspondences X; <> X can formally be described
as X, = RX; + t, where R and t denote the difference in
rotation and translation between two point clouds. Additional
information, however, can be exploited to reduce the effect of
outlier correspondences which might still be present at this
stage. Hence, similar to [9] and [10], the coarse registration
is based on transferring the point cloud registration to solving
the PnP problem. This can be achieved by introducing virtual
image planes P¢ assigned to each scan according to

x; = K¢ [Rete] X, “)

where K¢ can be considered as calibration matrix of a virtual
camera C and the parameters R and te describe its fixed
relative orientation with respect to the local coordinate frame
of the scanning device. As a virtual camera is assumed, any
values for focal length or principal point are possible and the
image plane does not necessarily have to be limited on a finite
area. Without loss of generality, one position of the scanner
can be assumed to be known, and hence, the projections
of the 2D locations of SIFT features to 3D space are also
known. Combining the known 3D points of this scan with the
2D observations on the virtual plane assigned to a new scan
yields 3D/2D correspondences. These 3D/2D correspondences
are required for solving the PnP problem, and the Efficient-
Perspective-n-Point (EPnP) algorithm [6] provides an accurate
solution with only linear complexity. For increased robustness,
the EPnP algorithm is typically combined with a RANSAC-
based scheme. The resulting estimate usually provides a high
reliability.

However, as there might still be some outlier correspon-
dences due to periodic shapes of facades, a subsequent outlier
removal is carried out which focuses on the 3D distances
d(X;,X}) after aligning the sparse point clouds according
to the coarse estimate. As small 3D distances indicate the
most promising point correspondences, only the reliable point
correspondences with d(X;,X}) < d, where d denotes the
median value of all 3D distances, are used for the subsequent
fine registration. Here, the high reliability of the remaining
3D/3D correspondences is sufficient to apply a standard rigid
transformation minimizing the difference between the sparse
point clouds in the standard Least Squares sense. For calcu-
lating a rigid transformation, at least three non-collinear point
correspondences are required. The presence of more 3D/3D
correspondences increases the accuracy of the transformation,
and the presence of outlier correspondences causing erroneous
estimates is very unlikely at this stage.

III. EVALUATION AND DISCUSSION

A. Dataset

The performance of the proposed methodology is demon-
strated on a benchmark TLS dataset acquired in the German
city of Hanover in an area called Holzmarkt [12]. It consists
of several scans and the respective reference values for the

Fig. 1. Image representations for intensity and range information for the
scan with the scan ID 01.

Fig. 2. Scene with the different scan positions (left) and the derived minimum
spanning tree for successive pairwise registration (right).

relative orientation between these scans. The scans have been
recorded with a Riegl LMS-Z360i and contain information
about the spatial 3D coordinates of object points as well
as the corresponding intensity information (Fig. 1). Each
scan covers 360° in the horizontal direction and 90° in the
vertical direction with a single shot measurement accuracy
of 12mm and an angular resolution of 0.12° up to a range
of approximately 200m. Thus, a scan is represented by 2.25
million 3D points at a regular scan grid of 3000 x 750 points
which allows a 2D representation for intensity and range data.
For the tests, the subset of the 12 upright scans is used.

B. Experimental Results

First, the scans are ordered according to their similarity for
the successive pairwise registration process. The scene, the
scan positions named according to the respective scan ID,
and the scheme derived via the minimum spanning tree are
illustrated in Fig. 2. The arrows in the right part of Fig. 2 are
labeled with the number of SIFT correspondences between the
respective intensity images. For the first pair of scans, 217
SIFT correspondences have been detected with t4.; = 0.66.
As only the filtered point clouds are available, only 182 of
them can be assigned the corresponding range information.
The point quality of the 182 respective 3D points belonging to
scan 01 is depicted in Fig. 3 as well as the derived cumulative
histogram and the ICH. As the entry of the last bin of the ICH
equals O (Fig. 3, right), very unreliable point correspondences
have no influence on the registration process. The results after
coarse and fine registration are shown in Fig. 4 and Fig. 5 (blue
and red curve). It becomes visible that the coarse registration
already provides a high accuracy, except for the last scan pair
where the distance between the respective scan positions is
almost 12m. After fine registration, the absolute position error
can further be reduced to 0.5...3.2cm.
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Fig. 3. Histogram based on the range reliability of derived 3D points for the
scan with the scan ID 01 (left), the respective cumulative histogram (center)
and the respective ICH (right).

C. Discussion

Whereas the ICP algorithm is not applicable due to the re-
quired, but not available good a priori alignment, the standard
rigid transformation is strongly influenced by outlier corre-
spondences. These might be caused by repetitive patterns on
building facades, e.g. around windows, or by unreliable range
information assigned to a SIFT feature. The resulting estimates
hence are not reliable (Fig. 4, black curve). Combining the pro-
posed weighting scheme with a rigid transformation improves
the results (Fig. 4, green curve) as the outlier correspondences
providing a low quality of range information get reduced influ-
ence. In contrast to this, the presented methodology recovers
the transformation parameters much more accurately for both
coarse registration (Fig. 4 and Fig. 5, blue curve) and fine
registration (Fig. 4 and Fig. 5, red curve).
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Fig. 4. Absolute position error when applying a rigid transformation (black
curve), a rigid transformation combined with the new weighting scheme (green
curve), and the new methodology (blue curve: result after coarse registration;
red curve: result after fine registration).
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Fig. 5. Closer consideration of the results after coarse registration (blue
curve) and fine registration (red curve).
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Additionally, the registration process for two point clouds
with millions of points takes 7.97s for feature matching, which
can significantly be reduced by using a GPU-implementation,
and only 7.14s for weight calculation, coarse registration,
outlier removal and fine registration on a standard notebook
(2.3GHz, 4GB RAM, Matlab implementation).

IV. CONCLUSION

In this paper, we propose a new and fast methodology for
point cloud registration which provides reliable and accurate
results without the need of a priori information about the
order of scans, the presence of regular surfaces or human
interaction. The registration process exploits a quality measure
derived from the 2D range representation. By applying a
weighting scheme based on Inverse Cumulative Histograms
(ICHs), the proposed approach is even capable to detect
reliable tie points when only noisy raw point cloud data is
available. This new weighting scheme simultaneously allows
for weighting the importance of single point correspondences
and already removing very unreliable ones. Without the need
for adaptations, this approach can directly be applied when
using different scanning devices such as Microsoft Kinect or
Time-of-Flight cameras. For future work, it would be desirable
to compare different approaches for registering point clouds
on a benchmark dataset.
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ABSTRACT:

The estimation of the transformation parameteraéen different point clouds is still a crucial taskit is usually followed by scene
reconstruction, object detection or object recagnit Therefore, the estimates should be as accuatgossible. Recent
developments show that it is feasible to utilizahbthe measured range information and the refleetanformation sampled as
image, as 2D imagery provides additional infornmatim this paper, an image-based registration amprdéor TLS data is presented
which consists of two major steps. In the firspstihe order of the scans is calculated by checttiegsimilarity of the respective
reflectance images via the total number of SIFTrespondences between them. Subsequently, in tledetep, for each SIFT
correspondence the respective SIFT features dezefil with respect to their reliability concernitige range information and
projected to 3D space. Combining the 3D points \&ith observations on a virtual plane yields 3D-to-@Drespondences from
which the coarse transformation parameters canstienaed via a RANSAC-based registration schemeudticy the EPnP

algorithm. After this coarse registration, the 3Bints are again checked for consistency by usintstcaints based on the 3D
distance, and, finally, the remaining 3D points @sed for an ICP-based fine registration. Thusptioposed methodology provides
a fast, reliable, accurate and fully automatic ievagsed approach for the registration of unorganment clouds without the need

of a priori information about the order of the ssathe presence of regular surfaces or human atiena

1. INTRODUCTION

The automatic registration of point clouds acquingith a

terrestrial laser scanner (TLS) is still of greaterest. Each
point cloud represents dense and accurate 3D iafivmabout
surfaces of objects in the local area around tlemrser with
respect to a local coordinate frame. However, Wgualltiple

scans from different locations have to be recorbedbtain a
full scene coverage. Hence, a registration protessto be
carried out which transforms all point clouds itocommon
coordinate frame.

Standard approaches for calculating the transféomat
parameters between two partially overlapping pelotids are
based on the lIterative Closest Point (ICP) algorif®®es| &
McKay, 1992) and different variants of it (Rusinkiew &
Levoy, 2001). The ICP algorithm minimizes the diélece
between two point clouds. For large numbers of {8gin
however, the ICP algorithm shows a high computatieffart
which is due to the iterative processing schemeckgit seems
quite feasible to extract relevant information frdhe point
clouds which can be used for registration. Suclevesit
information may for example be derived via the rifisttion of
the points within each point cloud by using the malr
distributions transform (NDT) either on 2D scarceti (Brenner
et al., 2008) or in 3D (Magnusson et al., 2007).

Urban environments or scenes containing industr&éhllations
usually contain regular surfaces of which varioypes of
geometric features might arise. Simple featureskviare likely
to occur and useful for registration are lines I(®ia &

Leordeanu, 2003) derived from the range informasampled
as range images. Other commonly used features wduieh
extracted directly from the point clouds are plafpsid &

Brenner, 2004; Brenner et al., 2008; Pathak et dl020Pathak
et al. 2010b) or more complex geometric features $ipheres,
cylinders or tori (Rabbani et al.,, 2007). Howevel, these

feature types representing geometric primitivesnartesuited in
scenes without regular surfaces. In addition talegsurfaces,
scans in urban scenes might also contain a typlgdine. This
border between the sky and a set of buildings shepeial

features when using a cylindrical projection mddelsampling
the range information to panoramic range imageerog 360°
in the horizontal direction, e.g. extrema or flagions which
are suited for a coarse alignment of two scans Ifiicet al.,
2011). As such features strongly depend on theescentent,
this approach is not suited if the skyline is ld&tinctive and
thus not sufficient for registration purposes.

In the presence of cluttered scenes, descriptqueesenting
local surface patches are more appropriate. Sushrigeors
may be derived from geometric curvature or norneters of
the local surface (Bae & Lichti, 2004; Bae & LichtD(B).
Further approaches which are suitable for more texrgrenes
are based on extracting special feature pointsha range
images in order to support the registration pro¢8ssnea &
Filin, 2008; Steder et al., 2010).

Currently, most of the terrestrial laser scanners wat only
measure the distance to 3D scene points but afstareaeither
co-registered camera images or panoramic refleetamages
representing the respective energy of the baclksealttlaser
light. Therefore, several approaches are baseti®nse of 2D
imagery as the images provide additional infornratibout the
local area around the scanner which might not awhg
represented in the range measurements. Henceedfstration
of two point clouds can be supported by using bédideature
correspondences between the respective camerdlextaace
images. For this purpose, different kinds of feagucan be
used, but most of the current image-based appreaiecbased
on the use of feature points or keypoints. Manyhef image-
based approaches use SIFT features to detect atiistin2D

feature points by which point correspondences batwivo

images can be detected. These features can betestrimom

the co-registered camera images (Bendels et al.4;280

Manasir & Fraser, 2006; Barnea & Filin, 2007) ornfrahe

reflectance images (Béhm & Becker, 2007; Wang & Brenne

2008; Kang et al., 2009). For all point corresporus, the
respective feature points are projected into 3Dcemnd thus
lead to a much smaller set of 3D points used fgistetion.

In this paper, a method for a fully automatic regilon of a
large number of unorganized scans is proposed. Repeh
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high level of automation also including the sortofgthe scans
is essential as most of the current approachesbased on
pairwise registration for which an already knowmler of the
scans is assumed. For pairwise registration, afroation of a

fast and automatic image-based registration appradwich has
been published recently (Weinmann et al., 2011) whith is

also suited for scenes without regular surfacqerésented. In
contrast to this approach, only those corresporetengith

reliable range information are used and, insteaa reffinement
step, an ICP-based fine registration is introdu@éudls, besides
being very fast, the proposed algorithm does neidlepend on
a priori information about the order of the scams on the
presence of regular surfaces.

The paper is organized as follows. In Section &,glocessing
chain of the proposed algorithm is outlined. Awiit be shown,
the algorithm can be divided into the two majorpsteof
organizing the TLS data and carrying out a suceegsairwise
registration which are presented in Section 3 aecti® 4 in
detail. In Section 5, the performance of the prepgloalgorithm
is proved by processing 11 point clouds of a bersghnTLS
data set. The capability of the proposed methatisisussed in
Section 6 with respect to accuracy, reliability gredformance.
Finally, conclusions and suggestions for future kvare
outlined in Section 7.

2. METHODOLOGY

The registration approach proposed in this paperns aat
reaching a high level of automation and simultasgogetting
fast, reliable and accurate results. As illustratefligure 1, the
approach can be divided into two major parts. Tih& part
deals with the organization of unorganized poiotuds which
is later required for a successive pairwise regfistn. Hence
after the acquisition of TLS data, special featunese to be
extracted which are suitable for organizing thenscaThe
second part focuses on the registration of the tpoliouds.
Using reliable 3D points derived via the previousktracted
features and introducing their projections ontoirtual plane
yields 3D-to-2D correspondences. These are userkéeiving
a coarse registration of the point clouds whicfoipwed by a
fine registration in order to improve the accuratyhe results.
The scheme of this briefly summarized methodology
presented in detail in Section 3 and Section 4.

3. ORGANIZATION OF TLSDATA

The current registration approaches address a &utpmatic
registration of different scans of a scene. Tohurincrease the
level of automation, the proposed algorithm firejamizes the
scans automatically, which yields a structure faccessive
pairwise registration. This is done by consideriihg recorded
scans (Section 3.1), extracting distinctive featumed feature
correspondences between the scans (Section 3.2ysind a
graph-based approach (Section 3.3).

3.1 Data Set and Reference Values

In the following, the quality of the proposed regison
approach is demonstrated with a benchmark TLS data
provided by the University of Hanover. This set sists of 12
upright scans and 8 tilted scans which were acduinethe
German city of Hanover in an area called Holzmaakid the
respective reference values for the relative ogigort between
the scans. The scans were recorded with a Riegl ZBt®i
scanner and contain information about the 3D coetds of
object points as well as the corresponding
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information. Covering 360° in the horizontal directiand 90°
in the vertical direction with a single shot measoent
accuracy of 12mm and an angular resolution of Ou2%o a
range of approximately 200m, each scan returns thiflion

3D points from a regular scan area of 3000 x 756tpdoeing
represented as panoramic reflectance image (WaBge&ner,
2008). The reflectance and range information ddrivem the
scan at scan position 01 are visualized in Figure 2

In order to check the quality of the automaticathiculated
registration results, accurate reference valuesnessled. The
provided reference values are based on the usati6€ial
targets and a manual alignment which yields an etege
accuracy of the scan positions in the low millimegnge. For
testing the proposed algorithm, a subset consistiid upright
scans with a spacing of approximately 5m is used.

C ©)
: ©
Organizing the Scans @

Data Acquisition

Feature Extraction

v
3D Point Estimation

Perspective Plane Projection

Coarse Registration

C

Figure 1. Processing chain of the proposed approach
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3.2 Feature Extraction

Once several scans have been acquired, the npxtatsists of
extracting distinctive features. Here, the Scalaltiant Feature
Transform (SIFT) (Lowe, 2004) is utilized for defeg such
distinctive keypoints in an image derived from THeS data and
extracting local feature descriptors which are iarg to image
scaling and image rotation, and robust with respedmage
noise, changes in illumination and small changegéwpoint.
These descriptors allow for locating correspondsripetween
different images and, finally, to derive common geaobjects.
As the descriptors are represented as vectors, theybe
compared by considering Euclidean distances. Awctife
measure describing the distinctiveness of a keypcam be
derived from the ratio of the Euclidean distancka descriptor
belonging to a keypoint in one image to the neanesghbor
and the second nearest neighbor in the other iméuys.ratio
has to be below a given threshajg, which can vary between 0
and 1. For practical purposes and different apiiing,
distinctive features arise when using a threshelvbentyes =

reffeida 0.6 andtys = 0.8. As the feature correspondences used for



registration should be reliable, a thresholdygf= 0.66 is used.
This means that the distance of a descriptor bélgng a SIFT
feature in image to the nearest neighbor in images only

about 2/3 of the distance to the second neareghber.

(b)
Figure 2. Visualization of the captured TLS da#g:reflectance
and (b) range information.

In order to check the similarity of the scans, tinenber of SIFT
features between image pairs from all availableitipos is
calculated and stored in the confusion mai@x For this

purpose, the same scan IDs are used as in thedprbdiata set.
The diagonal elemen®S(i,i) represent the the total number of

SIFT features extracted in the respective reflegtamage. As
can be seen in Table 1, the confusion matrix isneaessarily
symmetric which depends on the calculated ratio thod
Euclidean distances of a feature descriptor tontharest and
second nearest neighbor. If, for a feature desmrigerived

from imagei, the nearest neighbor and the second nearest
neighbor in image are a little more distinctive as required, this
ratio is below the thresholg.sand thus meets the constraint. In

the reverse case, when comparing a feature descdgtived
from imagej to feature descriptors derived from imageit
might occur that the nearest neighbor and the secaarest
neighbor are more similar which causes a ratio abthe

are weighted with the total number of SIFT corresfences
between the respective scans. In the most genasal, every
node is connected with every other node which tesul a
complete graph. As mentioned before, the confusiatrix C is

not necessarily symmetric and therefore, a diregeaph is
used instead of an undirected graph. Hence, thg &ift,j) of

the confusion matrix represents the weight of aiditectional

edge from nodeto nods.

The first step towards organizing the point cloadssists of an
initialization which can be done via selecting dirted initial
scan. Alternatively, it would be possible to uskentcriterions
if only the relations between the scans are of manee, e.g.
the node from which the edge with the maximum weigithin
the graph starts. This initial set containing elyaohe node is
then iteratively expanded until it contains all redf the graph.
Each iteration starts with searching unidirectioedfes from
the actual set of nodes to the remaining nodeghtanddge with
the maximum weight leads to the node by which tiea set is
expanded. Resulting from the selected connectiossuature
can be generated which represents the order citdmes for the
automatic pairwise registration. For the given caidgn matrix
C (Table 1), the resulting structure for a succesgairwise
registration process is shown in Figure 3.

Figure 3. Resulting scheme for successive pairveggstration:

thresholdtges The scans are labeled with their ID and the

connections used for further calculations are kdbel
with the number of detected SIFT correspondences
between the respective reflectance images.

3.3 Organizing Large Numbersof Scans by Similarity

When dealing with a large number of scans, it miglet
desirable to reach a high level of automation. Thil also
include automatically sorting the scans for paiewnisgistration
so that the error between estimated and real posgiminimal.
Therefore, a graph-based algorithm is proposed here

4. REGISTRATION OF TLSDATA

After calculating the order of the scans by chegkitne
similarity of the respective reflectance images,parwise
registration of successive scans can be carried et this
purpose, the already calculated 2D SIFT featuresdlihg to

Any set of unorganized point clouds can directlyrégresented
as a graph, where the nodes represent the scarthemrdiges

Scan ID 01 02 03 05 06 08 09 11 15 17 19
01 4986 217 63 45 33 58 41 28 44 62 39
02 229 5663 319 100 59 80 43 48 35 46| 38
03 88 308 5967 253 120 56 47 68 57 38 56
05 70 114 277 6200 484 78 58 68 131 68 84
06 31 70 124 466 6682 169 68 56 471 134 71
08 86 96 53 78 163 6867 205 64 328 404 99
09 39 34 37 56 68 158 5571 330 78 571 656
11 17 24 37 40 44 41 277 4061 24 134 408
15 61 40 59 129 503 344 82 30 7154 211 53
17 53 56 34 60 121 379 590 169 240 6159 361
19 21 25 43 51 54 84 629 482 42 344 4852

Table 1. Number of SIFT correspondences betweerrdfiectance images of different scans within thesen subset. The
values can be summarized in the confusion ma&lriand the entnfC(i,j) of this matrix denotes the number of point
correspondences found when all descriptors deffied imagei are compared to the nearest neighbor and the decon
nearest neighbor derived from imgge
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correspondences have to be projected to 3D spack,tre
reliability of the calculated 3D points has to Heecked with
respect to range information (Section 4.1) bef@wgistration.
The following registration is based on 2D projeatioof the
reliable 3D points onto a virtual plane (Sectior2)4.and
divided into a coarse registration (Section 4.3) an fine
registration (Section 4.4).

4.1 3D Point Estimation

As SIFT features are determined with subpixel amcyrthe

respective 3D information has to be interpolated ths

measured values are only available on the rego&ar mster. A
reliable 3D point corresponding to a SIFT featuse bowever
only be generated, if all of the four nearest poion the scan
raster contain valid range information. The measdupeints

which arise from objects in the scene will probaptpvide a

smooth surface whereas points corresponding toskyeor

points along edges of the objects might be verysyoi
Therefore, points have to be discarded if they dblie on the

surface of any object in the scene.

The provided scans are already filtered with resfmeminimum
values of the backscattered energy (Figure 4a)itidadlly, the
proposed algorithm considers the standard deviatiaf the
values within a 3 x 3 neighborhood of each pixetha range
image in order to avoid unreliable range informati edges of
scene objects. If the standard deviatioof the respective range
values is larger than a predefined threshigidvhich is selected
to tyg = 0.1m, the range information of the center pisehot
reliable, otherwise the range information of thatee pixel is
assumed to be reliable (Figure 4b). Combining tlcesstraints
yields a 2D confidence mad ¢ which is illustrated in Figure
4c.

(©

Figure 4. Confidence map for the scan at scan posii: (a)
information filtered with respect to reflectancd) (
information filtered with respect to the standard
deviationo using a threshold value &f;= 0.1m and
(c) the resulting confidence mddc. The reliable
points are shown in green, the unreliable onesdn r

4.2 Perspective Plane Projection

The reflectance images have been sampled usingherispl
projection. For the registration, however, it ifus$ to get the
coordinates of the extracted and reliable 3D poftsrojected
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onto a 2D image plane of a virtual camera in oreluse
powerful algorithms of computer vision application$he
respective transformation can be described via
x =K[R[t]X; 1)
where the matriX is the calibration matrix of a virtual camera,
and the matribR and the vectot describe the rotation and the
translation of this virtual camera with respect tte local
coordinate frame of the laser scanner. In the tegisn
processR refers to the local coordinate frame so that fhieal
camera has the same orientation as the laser scanddooks
into the horizontal direction (Weinmann et al., 2D1Besides,
the position of the virtual camera is assumed taakdhe
location of the laser scanner and therefore, destation vector
is set tot = 0. As a consequence of introducing a virtual camera
plane, any parameters can be used for the focgtHerof the
camera inx- andy- direction as well as for the coordinates of
the principal point. Furthermore, the image plares mot
necessarily to be limited on a finite area andpalhts behind
the camera may also be included by mapping thero tre
virtual plane via symmetric constraints as theyespnt the 2D
projections onto the virtual plane of a second cant@oking in
the opposite direction. Thus, instead of creatiygthetic
camera images and using these for registratiork(féo& King,
2004), only a few points are projected with subpaeuracy.

4.3 Coarse Registration using EPnP and RANSAC

Once 3D-to-2D correspondences are known, the protdé
pose estimation is the same as when using a cangtead of a
laser scanner. Recently, the Efficient Perspecii@oint
(EPnP) algorithm has been proposed as a non-iteratethod
to estimate the exterior orientation or pose ohmera from a
set ofn correspondences between 3D poitof a scene and
their 2D projections; onto the image plane (Moreno-Noguer et
al., 2007; Lepetit et al., 2009). The EPnP alganiik based on
the idea of expressing the known 3D scene pointX; as a
weighted sum of four virtual and non-coplanar cohpointsC;
for general configurations. The weightg remain unchanged
when transferring this relation to camera coordisaand

therefore, the pointX{ can be expressed via the control points

C? which leads to

Xi c
w = :KXi
H

fori =1, ...,n, whereK describes the camera matrix. The scalar
projective parametess; can be substituted by

4
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via the Z€ coordinates of the control points. Concatenatirey th
resulting equations for all n 3D-to-2D corresporzinyields a

T
linear systemM x=0 with x=[C§T,CgT,C°3T ,CEH and a
2n x 12 matrixM. The solutionx then leads to the camera

coordinates X{. Once the world coordinates and the camera

coordinates of the 3D points are known, the rotatand
translation parameters aligning both coordinatéesys can be
retrieved via standard methods (Horn et al., 1988)the EPnP
algorithm considers all 3D-to-2D correspondenceshauit
checking their reliability, the quality of the regition results



can be increased by introducing further constrainthe
RANSAC algorithm (Fischler & Bolles, 1981) provideg@od
possibility for eliminating outliers and thus reaah a more
robust pose estimation.

EPnP algorithm which has been extended by the RANSAC
algorithm for an increased robustness. Subsequerdly
consistency check with respect to 3D distances dx@tvwhe 3D

This combination of EPnRI anpoints transformed into a common coordinate frariee the

RANSAC is based on randomly selecting small, but notoarse estimate of the transformation parametecarised out.

minimal subsets of seven correspondences for estignéhe
model parameters, and checking the whole set
correspondences for consistent sample points (Mekaguer
et al., 2007; Lepetit et al., 2009).

4.4 FineRegistration using Outlier Removal and ICP

The results from the previous coarse registratimvide a good
a priori alignment which is required for using 1k algorithm
in order to get a fine registration. However, the NGQC
algorithm only considers the quality of the 3D-t-2
correspondences. Hence, the quality of the 3D pdias to be
considered separately. This is done by eliminatirage 3D-to-
3D correspondences for which at least one 3D pwises from
periodic shapes of facades and thus from ambiguitiethe
scene via geometric constraints (Weinmann et 8112 The
resulting points used for fine registration areyvegliable as
they have been checked with respect to the relatmf their
range information, the quality of the 3D-to-2D @spondences
and the quality of the 3D-to-3D correspondencegrdiore, the
ICP algorithm is expected to yield very accurateltes

5. EVALUATION

The first part of the presented approach can ebsilyerified if
the nodes belonging to the scans are projected tmto
reference positions of the respective scans irs¢tkae, which is
done in Figure 5.

Figure 5. Scans sorted with respect to their refa@gosition in
the nadir view of the scene: The streets are cdlore
bright gray, buildings in dark gray.

Once the scans are sorted, a successive paingiséragion can
be carried out. Between the reflectance imagesefttans 01
and 02, a total number of 217 SIFT correspondehessbeen
detected (Table 1) of which 89 are reliable withpect to the
range information of the corresponding SIFT featuréhe
respective 3D points of those reliable SIFT coroesfences are
projected to 3D space using bilinear interpolatitinfor one
scan, the absolute transformation parameters w#pect to the
world coordinate frame are known which is assunwdstan
position 01, the 3D world coordinates of the caltedl 3D
points can easily be determined. For a new scae,
corresponding 2D features with reliable range imfation are
also projected to 3D space and backprojected ontirtaal
plane assigned to the local coordinate frame whields 2D
observations. Establishing 3D-to-2D correspondefficas the
3D information derived from the first scan and t2®
observations derived from the new scan allows fingi the

After this geometric outlier removal, the remaini8B-to-3D
oforrespondences (29 between the scans 01 and®fsed for
an ICP-based fine registration. As shown in Figurette
absolute position errors after coarse registrati@nin the range
between 12mm and 49mm, and the fine registraticidyi
accurate results with absolute position errors betwdmm and
32mm.
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Figure 6. Absolute error between reference andmestd
positions for coarse (dotted line with diamondsjl an
fine registration (solid line with squares).

6. DISCUSSION

The presented registration approach was testedaitta on a
standard PC with 2.83GHz. Although the code is noly f
optimized with respect to a possible parallelizato;m multiple
cores and thus only one core is used, the avenmageréquired
for pairwise registration is about 13s. Of thisdjmabout 5s are
needed for calculating the SIFT correspondencesitabs for
coarse estimation using a RANSAC-based scheme imgud
EPnP and only 1s for consistency checks and ICPwan t
relatively small subsets each consisting of appnaexely 100
points. If the ICP algorithm is used for larger sths the
computational effort increases highly.

Concerning accuracy and performance, the propospwagh
is comparable to other image-based approaches (Wang
Brenner, 2008; Weinmann et al., 2011). As the apyroa
focuses on using only reliable information concegnrange,
3D-to-2D correspondences and 3D-to-3D corresporedgribe
estimated transformation parameters are very teliahich can
be seen when comparing them to the reference vékigare
6). The approach is suited for both urban envirammend
scenes containing vegetation and does neither depmen
regular surfaces nor human interaction. Howevee, @mstraint
concerning the scene arises as point-like feathea® to be
extracted. Hence, the scene has to be well-stegttwhich is
assumed in all image-based approaches using SHEdrés.

As the total number of SIFT correspondences deeseaih an
thincreasing distance between the respective scatigpaswhich
can be seen when considering the entries in thdusiom
matrix (Table 1) and the reference positions (Fégb), the
presented approach as well as other image-basetaapes
will not lead to optimal results for larger distascbetween the
scans. For this purpose, approaches based on ge&omet
primitives (Brenner et al., 2008; Rabbani et alQ20might be
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more robust in direct comparison, but they assuraé regular
surfaces can be found in the scene and thus lessajescenes.

7. CONCLUSION AND OUTLOOK

In this paper, a fully automatic registration apmio is

presented which is based on both the range infoomand the
reflectance information of terrestrial laser scafstomatically

sorting any number of unorganized scans by meanthef

similarity and then carrying out a successive sl accurate
pairwise registration, the approach provides a phule
framework suited for typical environments. The agmh has
been successfully applied to a benchmark TLS dat
containing millions of points and been discussedceming

accuracy, reliability and performance. For futurerky the

approach could be extended by introducing a finaba

registration over all scans or at least considetitoge parts of
the confusion matrix arising from the similaritymhew scan to
all of the already registered scans. This mightraap the
quality of the estimated transformation parameterd yield an
even further increased robustness.
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ABSTRACT:

The automatic analysis of 3D point clouds has become a crucial task in photogrammetry, remote sensing and computer vision. Whereas
modern range cameras simultaneously provide both range and intensity images with high frame rates, other devices can be used to
obtain further information which could be quite valuable for tasks such as object detection or scene interpretation. In particular thermal
information offers many advantages, since people can easily be detected as heat sources in typical indoor or outdoor environments
and, furthermore, a variety of concealed objects such as heating pipes as well as structural properties such as defects in isolation may
be observed. In this paper, we focus on thermal 3D mapping which allows to observe the evolution of a dynamic 3D scene over
time. We present a fully automatic methodology consisting of four successive steps: (i) a radiometric correction, (ii) a geometric
calibration, (iii) a robust approach for detecting reliable feature correspondences and (iv) a co-registration of 3D point cloud data and
thermal information via a RANSAC-based EPnP scheme. For an indoor scene, we demonstrate that our methodology outperforms
other recent approaches in terms of both accuracy and applicability. We additionally show that efficient straightforward techniques

allow a categorization according to background, people, passive scene manipulation and active scene manipulation.

1. INTRODUCTION

The automated description and analysis of static and dynamic 3D
scenes represents a topic of major interest in photogrammetry,
remote sensing and computer vision. Due to the recent techno-
logical advancements, a variety of devices is currently available
which can be used for acquiring different types of information
such as color, temperature or spatial 3D geometry. Thus, the use
of different devices on a common sensor platform allows to col-
lect multidimensional spatial data.

In particular those devices delivering complementary types of in-
formation offer a high potential for numerous applications. Mod-
ern range cameras such as Microsoft Kinect, PMD[vision] Cam-
Cube 2.0 or MESA Imaging SR4000 simultaneously provide ge-
ometric information as well as radiometric information in form
of range and intensity images, and they are also applicable for
adequately capturing dynamic scenes. Whereas the radiometric
information is typically represented as color or gray-valued im-
ages, other devices such as thermal cameras offer to capture com-
plementary information which can be helpful for describing and
analyzing the observed scene and its evolution over time.

A fusion of intensity and thermal information for instance seems
desirable, since the respective images reveal a very different be-
havior:

e Standard intensity images (i.e. color or gray-valued im-
ages) typically represent information of the visual domain
and thus radiometric surface properties of observed objects.
This information may strongly depend on the material and
reflectance behavior of respective objects as well as the rel-
ative geometric orientation of the surface to the camera.

e Thermal infrared images represent thermal radiation in the
infrared spectrum. This radiation is emitted by objects in the

scene and not visible in the visual domain. Consequently,
the thermal infrared images allow a different look on objects
and the extraction of additional information like temperature
and different materials of observed objects.

Accordingly, objects visible in the visual domain may be invisi-
ble in the infrared domain if they have the same temperature and
emissivity coefficient as the respective background. In contrast,
in infrared images, even further objects below the surface of an
object may be visible which certainly remain invisible in the vi-
sual domain. Note that two different materials with the same tem-
perature can appear with different intensity if they have a signif-
icantly different emissivity coefficient. Interestingly, two objects
with different temperature and emissivity coefficient can even co-
incidentally appear with very similar intensity in thermal images.
As a consequence, a fusion of intensity images and thermal in-
frared images can reveal information which may not be present
in either intensity images or thermal infrared images (Chen and
Leung, 2009; Bai et al., 2011). This is for instance of special
interest for enhancing contrast in environments of poor visibility
or inadequate illumination (Liu and Laganiere, 2007), for target
detection (Yao and Sekmen, 2008) or for concealed weapon de-
tection (Xue et al., 2002). More importantly, however, infrared
thermography allows for building diagnostics (Balaras and Ar-
giriou, 2002) which, due to current attempts for saving energy,
has become a research topic itself.

Whereas the fusion of intensity images and thermal infrared im-
ages provides different types of information, it does not account
for the respective spatial dimensions. Recent technological ad-
vancements however allow a thermal 3D mapping in terms of
projecting the captured image data onto 3D point clouds acquired
with a terrestrial laser scanner, mobile laser scanner or range cam-
era. The metric information, in turn, allows the quantification
of thermal studies if the point clouds are texturized with ther-
mal information (Lagiiela et al., 2011b). Especially in building
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observation (Hoegner et al., 2007a; Iwaszczuk et al., 2011), the
joint representation of building facades and thermal information
allows a reconstruction of the surface temperature and thus a look
into the interior behavior of a wall. Valuable insights about differ-
ent materials, heating pipes and leakages can easily be obtained
and added as semantic or geometric information to the respective
building model.

In order to capture co-registered intensity information, thermal
information and spatial 3D geometry, the combination of data
captured with a terrestrial laser scanner and images acquired by
a bi-camera system, i.e. a system consisting of an optical camera
and a thermal camera, has recently been proposed (Alba et al.,
2011). Furthermore, a robot equipped with a 3D laser scanner,
a thermal camera and a digital camera has been presented which
is capable to generate a precise 3D model showing the heat dis-
tribution in the scene (Borrmann et al., 2012a; Borrmann et al.,
2012b). The additional color information can for instance be used
for identifying heat sources or for obtaining photo-realistic 3D
models. Focusing on the acquisition of dynamic scenes, respec-
tive systems addressing thermal 3D mapping involve range cam-
eras such as RGB-D cameras or Time-of-Flight (ToF) cameras.
For instance, the use of a low-cost RGB-D camera in combina-
tion with a thermal camera has recently been proposed for acquir-
ing dense 3D models of environments with both appearance and
temperature information (Vidas et al., 2013). Involving a Time-
of-Flight camera, an approach for gaining infrared-textured 3D
models has been proposed (Weinmann et al., 2012) which addi-
tionally focuses on sharpening the blurry thermal information by
exploiting the high quality of intensity information acquired with
the range camera.

In this paper, we focus on thermal 3D mapping which allows to
observe the evolution of a dynamic 3D scene over time. The main
contribution presented in our paper is a fully automatic method-
ology for thermal 3D mapping which involves

e a geometric calibration of both the range camera and the
thermal camera based on a common strategy,

e a robust approach for detecting 2D/2D feature correspon-
dences via shape-based matching,

e a removal of unreliable 2D/2D feature correspondences by
considering the reliability of the respective range informa-
tion, and

e anovel approach exploiting 3D/2D feature correspondences
for the co-registration of 3D point cloud data and thermal
information.

After reflecting the related work in Section 2, we provide a de-
tailed explanation of the different steps of our new methodology
in Section 3. For an experimental setup described in Section 4,
we present the derived results in Section 5 and discuss these with
respect to different aspects in Section 6. Finally, Section 7 con-
tains conclusions as well as ideas for future work.

2. RELATED WORK

For thermal 3D mapping involving a range camera, respective 3D
coordinates are available for each pixel of the intensity image.
Accordingly, feature correspondences have to be derived either
between standard intensity images (i.e. color or gray-valued im-
ages) and thermal infrared images (Section 2.1), or between 3D
point clouds and thermal infrared images (Section 2.2). For the
sake of completeness, we also briefly reflect approaches generat-
ing 3D point clouds from thermal infrared images (Section 2.3).
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2.1 Co-Registration of Intensity and Thermal IR Images

One category of approaches directly leads to basic image pro-
cessing in terms of image registration (Zitova and Flusser, 2003).
Once the respective transformation model has been estimated, the
thermal infrared image can be warped onto the intensity image of
the range camera, and thus also be projected to 3D space by for-
ward projection according to the respective 3D information.

Among the approaches for image registration, the feature-based
approaches are most widely spread. In general, we may consider
any feature present in an image as visual feature. More specifi-
cally, according to a recent survey on visual features (Weinmann,
2013), different types of visual features can be categorized, where
texture, shape and local features are the most prominent types
due to their applicability for numerous applications such as im-
age registration, data retrieval, scene analysis and the autonomous
navigation of aerial and ground vehicles. Typically, approaches
for feature extraction and matching are tailored for images ac-
quired by either identical or similar sensors from various posi-
tions. However, a matching between different image domains —
e.g. a co-registration of satellite imagery and LiDAR intensity
images (Toth et al., 2011) — can be quite challenging as the re-
spective images may have very different characteristics due to
which many standard approaches for deriving feature correspon-
dences tend to fail.

In particular, an automatic matching between the visual domain
and the thermal domain still remains challenging. Intensity im-
ages in the visual domain often provide abrupt changes of proper-
ties like intensity or texture at the edges of objects in the observed
scene. In thermal infrared images, however, we might face chal-
lenges arising from (i) the low geometric resolution compared
to classical optical camera systems and (ii) the fact that features
such as lines or contours do not show strong edges, but rather
appear blurred. As a consequence, even powerful standard meth-
ods for deriving feature correspondences, e.g. the Scale Invariant
Feature Transform (SIFT) (Lowe, 1999; Lowe, 2004), are not ap-
plicable for automatically detecting feature correspondences be-
tween the visual domain and the thermal domain.

For registration of image data representing information in these
different spectral bands, different approaches have been proposed
such as a segment-based approach (Coiras et al., 2000) or an
approach involving normalized mutual information (Park et al.,
2008). Furthermore, approaches for generating textured 3D point
clouds often rely on a matching between images followed by for-
ward projection to 3D space. For flat building facades and al-
most planar scenes, the transformation model of a homography
(Hartley and Zisserman, 2008) can be applied. Such a transfor-
mation may for instance be exploited for mapping thermal IR in-
formation on existing building models (Hoegner et al., 2007b) or
thermal 3D mapping involving a range camera (Weinmann et al.,
2012). The latter approach relies on deriving feature correspon-
dences between the respective images via shape-based matching,
a respective image registration and a subsequent forward projec-
tion to 3D space. Considering mutual information between im-
ages has also been proposed for mapping multispectral texture
information onto 3D models (Pelagotti et al., 2009) and for co-
registration of intensity images and 3D LiDAR data (Parmehr et
al., 2013).

2.2 Direct Co-Registration of Point Clouds and Thermal In-
formation

One of the simplest approaches for directly acquiring colored 3D
objects consists of using co-registered devices with known fixed
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relative orientation (Pulli et al., 1998). If the relative orientation
is unknown, the standard approach consists of the manual selec-
tion of tie points and a subsequent bundle adjustment based on
the collinearity equations, which has recently been used for co-
registering 3D point clouds and thermal infrared images (Hoeg-
ner et al., 2014).

For automatically estimating the relative orientation between the
used devices, silhouette-based approaches may be applied, which
focus on minimizing the error between the contour of an object in
the image and the contour of the respective projected 3D model
(Lowe, 1991). In particular, linear features are often used as they
typically occur in man-made environments such as urban areas.
For such scenes, lines can be extracted at edges in 2D imagery,
and clusters of vertical and horizontal lines can be detected in the
respective 3D point cloud. This allows a registration based on the
matching of corresponding 2D and 3D linear features (Liu and
Stamos, 2005; Liu and Stamos, 2012).

As interesting alternative, which could potentially be applicable
also for co-registering thermal information and 3D point cloud
data, a recent approach focused on the mapping of iPhone im-
ages onto LiDAR point clouds (Sirmacek et al., 2013). In this
work, the extraction of shape features from iPhone images is
based on conducting mean shift segmentation, nonlinear smooth-
ing and applying steerable filters in different orientations. Further
exploiting the metafile, the GPS position and the looking angle of
the iPhone camera are available. These are used for defining the
orientation of a virtual plane. The extraction of shape features
from point cloud data is based on the perpendicular projection of
LiDAR points onto the derived virtual plane, which yields a rep-
resentation for those facade and roof points of a building which
are the closest to the virtual plane. Extracting the alpha shape
around the points, sharp corners of the alpha shape may be used
as discriminative features. Finally, a co-registration of image and
point cloud data is conducted by estimating an affine transforma-
tion based on the extracted features.

2.3 Direct Generation of Point Clouds from Thermal IR Im-
ages

In contrast to approaches involving range cameras, the direct gen-
eration of 3D models from thermal images via Structure-from-
Motion (SfM) techniques has been proposed (Markov and Birk,
2007). Such image-based techniques may be applied for simulta-
neously recovering both 3D structure of the scene and the respec-
tive pose (i.e. position and orientation) of the camera (Szeliski,
2010). Furthermore, a thermal stereo system for recovering a 3D
surface temperature map of the scene has been presented (Prakash
et al., 2006) which is even able to estimate object depth within a
dark environment. This system is based on exploiting isotherms
(i.e. lines connecting points of equal temperature) and epipolar
geometry (Hartley and Zisserman, 2008), whereby the epipolar
constraints reduce the correspondence search space to the inter-
secting points between epipolar lines and isotherms.

3. METHODOLOGY

For thermal 3D mapping, we propose a methodology which auto-
matically recovers the relative orientation between a range cam-
era and a thermal camera (Figure 1). After conducting a radio-
metric correction (Section 3.1), a geometric calibration (Section
3.2) is applied in order to obtain undistorted 2D imagery. Subse-
quently, a shape-based technique for detecting feature correspon-
dences between intensity images and thermal infrared images is

exploited (Section 3.3) and, due to the acquired range informa-
tion, each 2D/2D correspondence can directly be assigned a re-
spective 3D point which yields 3D/2D correspondences. Those
correspondences containing unreliable range information are dis-
carded via an image-based rejection strategy. The remaining cor-
respondences can efficiently be used for co-registering 3D point
cloud data and thermal information (Section 3.4), i.e. mapping
the thermal information onto the 3D point cloud.

-
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Figure 1: The components of our methodology.

3.1 Radiometric Correction

For range cameras, the captured intensity information corresponds
to the energy of the laser light reaching the device. Due to internal
processes such as conversion to a digital signal and signal ampli-
fication (which are not identical for different range cameras), this
intensity information has to be adapted for applying standard im-
age processing techniques. This is done by applying a histogram
normalization of the form

In Imaz - Imln 255 (1)
which adapts the intensity information I of each pixel to the in-
terval [0, 255] and thus yields gray-valued images. Here, the min-
imal and maximal intensity within all intensity measurements on
the regular 2D grid are denoted as Ipyin and Inaz, respectively.
The histogram normalization can be conducted for both active
and passive intensity images. For the example of an indoor scene,
the recorded information is visualized in Figure 2.

For thermal cameras, there is no need to apply a histogram nor-
malization as the captured thermal information of each pixel is
already assigned a color value according to a certain colorbar. A
respective visualization of thermal information for the provided
example is depicted in Figure 3.

3.2 Geometric Calibration

For calibration, we follow a recent strategy focusing on the gener-
ation of infrared-textured 3D models (Weinmann and Jutzi, 2012).
This strategy involves a geometric calibration for both range cam-
era and thermal camera.

When using range cameras, it has to be taken into account that

the captured range and intensity images are distorted (Figure 2).
Consequently, a camera calibration has to be carried out for such
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Figure 2: Visualization of the data captured with a PMD[vision]
CamCube 2.0: Normalized active intensity image, normalized
passive intensity image and range image (from left to right). The
range is encoded in terms of a color scale reaching from red (near)
via yellow, green, cyan and blue to violet (far).

14-Niveau|«-»-ontrast|<-Fokus | TL -SpotEd

[l 25/05/2010 [ 14830:07 [Ervist 100

Figure 3: Visualization of thermal information captured with an
InfraTec VarioCAM hr.

devices. For this purpose, we assume that the geometric mapping
of a scene onto the image plane can be described with a stan-
dard camera model representing the intrinsic behavior of a digital
camera. This standard model considers both radial and tangential
distortion (Brown, 1971; Heikkild and Silvén, 1997). Accord-
ingly, the geometric mapping can be parameterized with the fo-
cal lengths in z- and y-direction, the image coordinates (o, yo)
of the principal point, a skew coefficient s, and the image distor-
tion coefficients describing radial and tangential distortion. The
well-known standard methodology then consists of using a rect-
angular checkerboard pattern with known size, capturing respec-
tive intensity images with the device, extracting the grid corners
of the checkerboard pattern in the intensity images, and finally
applying the calibration procedure (Bouguet, 2010). For the ex-
ample depicted in Figure 2, the derived undistorted images are
provided in Figure 4. Subsequently, the respective 3D informa-
tion in the local coordinate frame can be derived (Weinmann and
Jutzi, 2012).

Figure 4: Visualization of the undistorted images for normalized
active intensity, normalized passive intensity and range informa-
tion (from left to right).

Since the checkerboard pattern is not visible in the thermal in-
frared domain, the calibration of thermal cameras is based on a
planar testfield with lamps (Luhmann et al., 2010; Lagiiela et al.,
2011a; Borrmann et al., 2012b; Hoegner et al., 2014). The lamps
are clearly visible in the thermal infrared images (Figure 5) and
can thus easily be detected. Using a regular grid of lamps also al-
lows for using the aforementioned standard calibration procedure
for digital cameras (Figure 6).
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Figure 5: Captured thermal information for the planar testfield
with lamps. The distortion of the thermal infrared image is clearly
visible.

Figure 6: Visualization of the undistorted thermal infrared image.

3.3 Detection of 2D/2D and 3D/2D Correspondences

For deriving feature correspondences between the image repre-
sentations of intensity and thermal infrared information, we use
local features in terms of keypoints with characteristic descrip-
tors. Due to the different characteristics of the compared im-
ages, commonly used keypoint descriptors obtained from algo-
rithms such as SIFT (Lowe, 1999; Lowe, 2004) or SURF (Bay
et al., 2011) fail in the automatic detection of point correspon-
dences. Hence, we apply the shape-based matching algorithm
proposed in (Steger, 2001) and (Ulrich, 2003) which matches
image patches of a user-defined size by exploiting wavelength
independent properties in terms of shape information. Thereby,
the surrounding of a keypoint is described by a generated model.
Thus, the algorithm is able to derive feature correspondences of
which a certain percentage provides a high reliability.

In our case, a model image is generated by selecting quadratic
areas of 100 x 100 pixels around points on a discrete grid with a
spacing of 10 pixels in the intensity image provided by the range
camera. The values for the size of the model image and the grid
spacing were selected empirically (Weinmann et al., 2012). Sub-
sequently, a Sobel filter is applied to the model image (Figure 7,
left), and the associated gradient directions are determined for
pixels with high gradient magnitude (Figure 7, center). Finally,
the model image is matched to the gradients of the search image
— which is represented by the thermal infrared image — by com-
paring the respective gradient directions (Figure 7, right). More
specifically, a similarity measure is calculated which represents
the normalized dot product of vector representations for the gra-
dient directions of the transformed model and the search image
(Ulrich, 2003), according to which a score can be obtained for
each pixel in the search image. This similarity measure is robust
in case of noise, illumination changes and partial occlusions, but
not in case of changes in rotation and scale. Hence, the search
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space is extended to a predefined range of rotations and scales.
If the derived similarity measure is above a certain threshold, a
point correspondence is detected (Figure 8). For each correspon-
dence, the coordinates of the center, the rotation angle and the
similarity measure itself are assigned. We use the HALCON 11
implementation (MVTec Software) of the shape-based matching
algorithm for our experiments.

gradient direction vectors d*(x, y) of search image

NNy st

model edge pixels p

EE O O A

gradient direction vectors
d}" of the model image at
the model edge pixels

Figure 7: Principle of shape-based matching (Ulrich, 2003):
model image (left), model edges (center) and search image
(right).

Figure 8: Automatically detected feature correspondences be-
tween an intensity image and a thermal infrared image for a static
scene.

Since the range camera also provides range information in terms
of a range image, we can easily assign each of the derived 2D/2D
correspondences a respective 3D scene point whose coordinates
are known in the local coordinate frame of the range camera. For
estimating the relative orientation between the two utilized de-
vices, we do not want to make strong assumptions on the scene
structure, but rather exploit a general solution which relies on
3D/2D correspondences, where the 3D information is derived
via the range camera and the 2D information is derived via the
thermal camera. Depending on the surface properties of the re-
spective objects, i.e. shape and reflectivity, the range camera
provides more or less noisy range information. Note that many
points which arise from objects in the scene will probably provide
a smooth surface. However, range information of points along
edges of the respective objects might be very noisy. In order to
detect such noisy measurements, the standard deviation o of all
range values within a 3 X 3 neighborhood is calculated for each
point on the regular 2D grid and used as a measure describing
the reliability of the respective range information (Weinmann and
Jutzi, 2011). Combining these constraints for all points on the 2D
grid yields a 2D confidence map which is illustrated in Figure 9
for two exemplary scenes.

In order to remove unreliable feature correspondences, a simple
thresholding is conducted. If the parameter o of the respective
range values is larger than a predefined threshold ¢,, the range
information of the center pixel is assumed to be unreliable, oth-
erwise the range information of the center pixel is assumed to be
reliable. Following (Weinmann and Jutzi, 2012), we select this
threshold to ¢, = 0.05m.

Figure 9: Confidence maps indicating the reliability of the re-
spective range information. The reliability is encoded in terms of
a color scale reaching from red (reliable) via yellow, green, cyan
and blue to violet (unreliable).

3.4 Co-Registration of 3D and 2D Information

Once 3D/2D correspondences have been detected, the task of co-
registering 3D and 2D information may be related to the well-
known Perspective-n-Point (PnP) problem where the aim is to
estimate the exterior orientation or pose of a camera from a set
of n correspondences between 3D points X; of a scene and their
2D projections x; onto the image plane, where ¢ = 1,...,n.
In recent years, the Efficient Perspective-n-Point (EPnP) algo-
rithm (Moreno-Noguer et al., 2007) has been proposed as a non-
iterative method which provides an accurate solution to the PnP
problem with only linear complexity. Compared to other ap-
proaches for solving the PnP problem, this algorithm is not only
fast and accurate, but also designed to work with a large number
of correspondences and it does not require an initial estimate.

The EPnP algorithm is based on the idea of expressing the n
known 3D scene points X; as a weighted sum of four virtual and
non-coplanar control points C; for general configurations. De-
noting the weights as a;; and introducing a superscript ¢ which
indicates coordinates in the camera coordinate frame, each 3D/2D
correspondence provides a relation of the form

4
X c c
w; {J:Kxi:KE e} @
j=1

where K describes the calibration matrix. Considering the re-
spective three equations, the scalar projective parameters w; can
be determined according to the third equation and substituted into
the other two equations. Concatenating the two modified equa-
tions for ¢ = 1, ..., n yields a linear equation system M x = O,
where x contains the 3D coordinates of the four control points
C;. For more details on the efficient solution of this equation
system, we refer to the respective paper (Moreno-Noguer et al.,
2007). Once both world coordinates and camera coordinates of
the 3D points are known, the transformation parameters aligning
both coordinate systems can be retrieved via standard methods
involving a closed-form solution in the least-squares sense (Horn
etal., 1988; Arun et al., 1987; Umeyama, 1991).

For a robust estimation in case of existing outlier correspondences,
the RANSAC algorithm (Fischler and Bolles, 1981) represents
the method of choice as it completely eliminates the influence
of outlier correspondences which are not in accordance with the
largest consensus set supporting the given transformation model
(i.e. a 3D rigid-body transformation). Following the original im-
plementation (Moreno-Noguer et al., 2007), the RANSAC-based
EPnP scheme relies on selecting small, but not minimal subsets
of seven correspondences for estimating the model parameters
and checking the whole set of correspondences for consistent
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samples. In comparison to minimal subsets, this further reduces
the sensitivity to noise. In order to avoid testing all possible sub-
sets, which would be very time-consuming, we exploit an effi-
cient variant, where the number of iterations — which equals the
number of randomly chosen subsets — is selected high enough,
so that a subset including only inlier correspondences is selected
with a certain probability p (Hartley and Zisserman, 2008).

In our case, we may assume that the local coordinate frame of the
range camera represents the reference coordinate frame. Conse-
quently, the derived 3D coordinates are known with respect to the
reference frame. Together with the respective observed 2D image
locations in the thermal infrared image, they form the required
3D/2D correspondences. Note that, for this reason, the matrix K
in Equation (2) refers to the thermal camera.

4. EXPERIMENTAL SETUP

For thermal 3D mapping, we use a sensor platform equipped with
a range camera and a thermal camera (Figure 10), where a fixed
relative orientation between the two devices is preserved.

Figure 10: Sensor platform equipped with a range camera (left)
and a thermal camera (right).

4.1 Range Camera: PMDJvision] CamCube 2.0

Modern range cameras capture geometric information as well as
radiometric information and thus complementary types of data
in form of images, where the information is acquired simultane-
ously for all pixels on the regular 2D grid. Due to the high frame
rates of more than 25 releases per second, range cameras also al-
low to capture dynamic scenes. For our experiments, the choice
of the utilized device is motivated by a possible use in outdoor en-
vironments, where range cameras based on the use of structured
light are not applicable. We hence use a Time-of-Flight camera
of type PMD|vision] CamCube 2.0, which measures three fea-
tures for each pixel: range, active intensity and passive intensity.
Note that the active intensity depends on the illumination emitted
by the sensor, whereas the passive intensity depends on the back-
ground illumination arising from the sun or other external light
sources. The resulting images have a size of 204 x 204 pixels
which corresponds to a field-of-view of 40° x 40°. This in turn
represents an angular resolution of approximately 0.2°.

Due to the measurement principle of such Time-of-Flight cam-
eras, the non-ambiguous range depends on the modulation fre-
quency. A modulation frequency of 20MHz for instance corre-
sponds to a non-ambiguous range of 7.5m. In order to overcome
this range measurement restriction, image- or hardware-based un-
wrapping procedures have recently been introduced (Jutzi, 2009;
Jutzi, 2012).

4.2 Thermal Camera: InfraTec VarioCAM hr

As thermal camera, we use a bolometer-based InfraTec Vario-
CAM hr which records in the wavelength interval from 7.5-14m
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Figure 11: Visualization of thermal information mapped onto the
respective 3D point cloud for two different scenes: 2D image pro-
jections (top) and colored 3D point clouds (center and bottom).

with a radiometric resolution of 0.05K. The captured thermal in-
formation is represented as images with a size of 384 x 288 pix-
els. The angular resolution is approximately 0.16°, and thus a
captured thermal infrared image corresponds to a field-of-view
of 61° X 46°. As the frame rate is 25fps, this device can also be
applied for observing dynamic scenes.

5. EXPERIMENTAL RESULTS

For testing the proposed methodology, we only have to estimate
the relative orientation between the utilized devices once, which
is done for the example of a static scene (Figure 1). Afterwards,
co-registered data can be recorded continuously when using a
(hardware or software) trigger for synchronization, since the rel-
ative orientation between the utilized devices is known.

When using the sensor platform shown in Figure 10 for observ-
ing the static indoor scene, we obtain a total number of 151 point
correspondences via shape-based matching as shown in Figure 8.
Of these, 14 point correspondences are discarded since the re-
spective range information is considered to be unreliable accord-
ing to the applied rejection strategy (Figure 9, left). The remain-
ing point correspondences are exploited by the RANSAC-based
EPnP scheme, and the results in terms of thermal 3D mapping
are shown in Figure 11 (left). Once the relative orientation is
known, we can also conduct thermal 3D mapping by exploiting
the known transformation parameters for other, possibly also dy-
namic scenes, e.g. as shown in Figure 11 (right).
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6. DISCUSSION

The derived results (Figure 11) clearly reveal that the presented
methodology is well-suited for thermal 3D mapping. In particu-
lar, the quality is rather high due to a robust mapping between im-
age data with different characteristics, where standard approaches
typically tend to fail in finding reliable feature correspondences.
Only a few pixels at the edges between the right person and the
background are observable as being erroneous.

Without making strong assumptions on the 3D scene structure
and without human interaction for selecting corresponding fea-
tures, our proposed methodology is capable to fully automatically
perform thermal 3D mapping in dynamic scenes. Thus, the pro-
posed methodology outperforms other recent approaches which,
in turn, reveal limitations as they partially rely on human interac-
tion (Hoegner et al., 2014) or as they are only tailored for planar
scene structures (Weinmann et al., 2012). Note that — without
loss of generality — the methodology could also be applied for
co-registering 3D point cloud data and color information, where
the latter is acquired with a digital camera. This may even be
significantly easier since the contours in both intensity images of
the range camera and color images of the digital camera are not
as blurry as in thermal infrared images.

For the sake of clarity, we also want to demonstrate that the pro-
posed methodology for thermal 3D mapping for instance allows
to observe the evolution of a 3D scene over time. Considering
the two scenes depicted in Figure 11 (center and bottom), the
respective projections onto the image plane of the range camera
(Figure 11, top) and further involving the undistorted intensity
and range images acquired with the range camera (e.g. Figure 4)
allows a categorization of (i) background where no significant
changes with respect to intensity, range or thermal information
are observed, (ii) people in the scene which can be observed from
a change in intensity, range and thermal information, (iii) passive
scene manipulation which is indicated only by a change of in-
tensity information, and (iv) active scene manipulation caused by
interactions between people and scene objects which is indicated
only by a change of thermal information. Note that already the
exploitation of thresholded difference images and a connection
of logical operations allows a respective statement on change de-
tection (Figure 12). From the respective rule-based classification
results according to the four considered classes of changes (Fig-
ure 13), a small error in the co-registration becomes visible which
can also be observed in Figure 11. Accordingly, a respective seg-
mentation of people in the 3D point cloud becomes trivial.

Figure 12: Thresholded difference images for intensity, range and
thermal information (from left to right). Changes are indicated in
white. Note the noisy behavior of range measurements.

7. CONCLUSIONS

In this paper, we focused on thermal 3D mapping as an impor-
tant prerequisite for object detection in dynamic scenes. For this
purpose, we presented a fully automatic methodology which in-
volves (i) a radiometric correction, (i) a common geometric cali-
bration procedure for both range camera and thermal camera, (iii)

Figure 13: Results of rule-based classification based on logical
operators: a clear distinction between background (blue), people
(red), passive scene manipulation (yellow) and active scene ma-
nipulation (green) is possible. Note that passive and active scene
manipulation are also detected at edges which indicates a small
error in the co-registration.

a robust approach for detecting reliable feature correspondences
between different image domains by exploiting wavelength inde-
pendent properties as well as an image-based rejection strategy,
and (iv) a co-registration of 3D point cloud data and thermal in-
formation based on an efficient and robust technique designed
to work with a large number of 3D/2D correspondences. We
have demonstrated that our methodology outperforms other re-
cent approaches in terms of both applicability and accuracy, due
to avoiding both human interaction and strong assumptions on
the 3D scene structure. We have also provided an example for a
possible use in order to observe the evolution of a 3D scene over
time which can easily be conducted by involving straightforward
techniques in terms of thresholding followed by rule-based clas-
sification.

For future research, it would be desirable to not only observe a
static or dynamic scene with devices mounted on a static sensor
platform, but also move the sensor platform in order to capture
3D environments of larger scale and extract complete 3D models.
This could for instance be valuable for building diagnostics in
both indoor and outdoor environments.
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TLS tures, these points are projected into 3D space by using interpolated range information. From these 3D
F;;ngedouc‘ conjugate points and their corresponding 2D projections onto a virtual plane 3D-to-2D correspondences
Registration are established. The fast, accurate and robust RANSAC-based registration scheme including the EPnP algo-
Automation rithm provides a framework to estimate the coarse transformation parameters from these 3D-to-2D cor-

respondences. The coarse estimates are further refined by a single step outlier removal to gain a higher
accuracy by introducing additional geometric constraints. These new constraints are based on 3D-to-3D
correspondences which are much stronger than the 3D-to-2D correspondences alone. It will be shown
that the presented approach is successfully applied to a benchmarked data set with millions of points
resulting in a fast and accurate estimation of the transformation parameters with a processing speed
of several seconds on a standard PC and an accuracy in the low centimeter range.
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1. Introduction

The automatic generation of accurate 3D models from laser
scanning data for a detailed description of objects is of great interest
in photogrammetric research (Wehr and Lohr, 1999; Lichti et al.,
2008). The description of objects requires a sampling of the surface
as a point cloud as dense and complete as possible. Terrestrial laser
scanners (TLSs) provide a dense and accurate three-dimensional
representation of object surfaces in the local environment. In most
cases, one scan is not sufficient to obtain a full scene coverage, and
therefore, partially overlapping point clouds with high spatial infor-
mation are typically collected from different locations via multiple
scans. As each of the captured data sets refers to its own local coor-
dinate frame, usually a registration step transforming all data into a
common reference frame has to be carried out.

This registration can either be done fully automatically or by
placing artificial markers into the scene, which provide clearly
demarcated corresponding points in the different scans, and a suc-
cessive manual alignment. For a large number of scans, such a
manual alignment is very time-consuming and therefore, it is
desirable to use a fully automatic registration. The automatic
registration is usually divided into a coarse registration, which
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leads to a pre-alignment of the scans, and a fine registration, which
increases the accuracy of the estimated parameters. For fine regis-
tration, the Iterative Closest Point (ICP) algorithm and its variants,
being described in Besl and McKay (1992) and Rusinkiewicz and
Levoy (2001), are the commonly used standard approaches. The
ICP algorithm iteratively estimates the transformation parameters
between two partially overlapping point clouds and converges to a
local minimum, but a good a priori alignment of the point clouds is
required in order to reach an appropriate solution. Due to the iter-
ative processing of the usually large number of points, the algo-
rithm shows a high computational effort.

In general, the registration approaches use distinctive features
to recover the translation and rotation parameters for the align-
ment of two point clouds, as such features may provide additional
and useful information. These features have to be extracted from
the TLS data and a whole variety of feature types may be consid-
ered. In the following, the prior works will be distinguished by
range-based approaches (Section 1.1) and image-based approaches
(Section 1.2).

1.1. Related work focusing on range-based registration
Characteristic point features are extracted in Barnea and Filin

(2008) by using the so-called min-max operator adapted to
panoramic range images, and thus to 3D point clouds being
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projected onto a 2D plane showing the distance of each point,
which yields features being located at corners. The resulting subset
of points with distinctive characteristics in their surrounding areas
is then used for a RANSAC-based matching of the point clouds
which, however, only leads to a coarse estimation of the transfor-
mation parameters. Hence, an additional ICP-based refinement
starting with this estimate is utilized.

Instead of point features, line features can also be used for the
registration process like in Stamos and Leordeanu (2003). There-
fore, planar surfaces are extracted from the point clouds and the
intersection of neighboring planar regions yields line features.
Moreover, line features representing the boundaries of the recov-
ered planes are also taken into consideration and, finally, the trans-
formation parameters between two point clouds are calculated
from at least two corresponding line pairs.

According to Dold and Brenner (2004), the transformation
parameters between two point clouds can also be calculated based
on three plane matches. A comparison of this method to a method
which is based on a modification of the Normal Distributions Trans-
form (NDT) is carried out in Brenner et al. (2008). Whereas the lat-
ter one is conceptually simple and therefore fast, the approach
based on planar patches tends to be more accurate and works for
larger distances between the scans. In Dold (2005), the normal vec-
tors of local or segmented planes of the TLS data are projected onto
a unit sphere and clustered through their tessellation which yields
extended Gaussian images. These are used to recover the rotation
parameters between different scans. Further improvements to re-
duce the search area by excluding implausible correspondences
based on geometric constraints are described in Dold and Brenner
(2006) as well as the use of a calibrated hybrid sensor system in or-
der to get textured patches. The additional texture information is
used for determining the translation parameters between two
scans via correlation.

With some additional assumptions made in von Hansen (2006),
single plane correspondences are sufficient to recover the transfor-
mation parameters between two scans. So single surface elements
are extracted from the TLS data and grouped to planes. Then, a
coarse registration is carried out returning a set of corresponding
planes and coarse parameter estimates, which are finally refined
by using a least-squares adjustment over all scan positions.

In some applications, it is feasible to extract several different
geometric primitives from the TLS data. Scenes containing indus-
trial installations offer a variety of features like planes, spheres,
cylinders and tori which are used in Rabbani et al. (2007). Once
such primitives have been extracted from the point clouds, the reg-
istration is carried out via corresponding object models in different
scans. This indirect method, however, leads to a coarse estimate of
the transformation parameters and therefore, the successive stage
consists of a direct method extending the idea of bundle adjust-
ment for global registration. As the refinement stage estimates
the transformation parameters of all scans simultaneously as well
as the shape parameters of all the objects used for registration, an
accumulation of errors resulting from pairwise registration is
avoided.

Extracting line features, plane patches or geometric objects
from TLS data, however, can be a quite difficult task in the presence
of cluttered scenes and variable point density. Therefore, other ap-
proaches use local descriptors representing surface patches. In Bae
and Lichti (2004) for example, the change of geometric curvature
and approximate normal vector of the local surface formed by a
point and its neighborhood are used for the registration of two par-
tially overlapping point clouds yielding only small registration er-
rors without the need of a good a priori alignment. Modifications
based on these features and neighborhood search are presented
in Bae and Lichti (2008) and include the radial and angular
uncertainty of laser scanner measurements. However, the pro-
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posed Geometric Primitive ICP (GP-ICP) and its extension using the
RANSAC algorithm require an initial alignment.

1.2. Related work focusing on image-based registration

Recent developments show that local features can also be
extracted from the point clouds by using images which are usually
acquired simultaneously with the range data by recording either
co-registered camera images or reflectance images representing
the energy of the backscattered laser light of an active sensor. These
images provide additional information about the local area around
the scanner which might not always be represented in the range
measurements. The fusion of range data and 2D imagery is investi-
gated in Forkuo and King (2004). There, three different approaches
are presented. The first one is based on using the 3D range data
and synthetic camera images (SCIs) which are generated from the
respective reflectance values via backprojection into a regular grid.
By contrast, the second approach is based on comparing synthetic
camera images to real camera images (RCIs) acquired with a digital
camera from a different viewpoint. This involves feature detection
as well as feature matching. Finally, a third approach is presented
for relating each pixel in the 2D camera image to the corresponding
3D point in space which can be used to produce a photo-realistic
model. These approaches show that the registration of two point
clouds can be supported by using reliable features of the images
but, in general, it has to be taken into account that the images might
be based on polar geometry instead of central projection. As the fea-
tures have to be robust in case of changes in viewpoint resulting in
changes of scale, rotation and various image distortions as well as
changes in illumination, features resulting from the SIFT algorithm
described in Lowe (2004) are considered to be well-suited and there-
fore widely used. These features are based on a close approximation
to the scale-normalized Laplacian-of-Gaussian function (Lindeberg,
1994) and, according to Mikolajczyk (2002), the extrema of this
function produce the most stable feature points in 2D images.

SIFT features have been introduced for the registration of TLS
data in Bendels et al. (2004) where both range information and
information from co-registered camera images are used. Combin-
ing the information of SIFT features extracted from the color
images and the corresponding surface elements extracted from
the range data leads to special tie points representing the centers
of gravity of the respective surface elements. The calculated points
are used for registration which is divided into a coarse registration
using a least-squares alignment of the point clouds and a fine reg-
istration by an ICP-based alignment of the feature surface ele-
ments. Finally, a graph relaxation algorithm is presented for
multiview registration.

In Al-Manasir and Fraser (2006) as well, a digital camera
mounted on the TLS is used for image-based registration. The ap-
proach is based on the extraction of SIFT features as reliable feature
points, the model of coplanarity for calculating the relative orien-
tation between two images and the Helmert transformation for
determining the relationship between two scans. Assuming
coplanarity, however, is not possible in the case of panoramic
images.

Such panoramic images are used for supporting the registration
process in Barnea and Filin (2007). There, SIFT features being ex-
tracted with respect to image information are projected into the lo-
cal 3D space by using range information. Subsequently, the
rotation and translation parameters between the scans are esti-
mated using the RANSAC algorithm.

However, traditional SIFT features can also be modified via im-
age rectification which is presented in Seo et al. (2005) and reduces
effects of various distortions caused by changes in viewpoint and
illumination.
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The transfer of the SIFT algorithm to reflectance images derived
directly from the reflectance values of the TLS data is proposed in
Bohm and Becker (2007). There, the features are filtered with respect
to both their distinctiveness and their geometric relationship, and
the remaining feature points are used as tie points for registration.

Reflectance images are also used in Wang and Brenner (2008),
where the SIFT feature descriptor is modified with additional en-
tries. Each entry added represents the mean geometric curvature
of a surface formed by the projection of a 2D SIFT feature into local
3D space and its 3D neighborhood in the point cloud. The transfor-
mation parameters are then estimated by using the RANSAC algo-
rithm and can be refined by using the ICP algorithm.

An approach including both pairwise and global registration is
presented in Kang et al. (2009). Based on corresponding SIFT fea-
tures, the respective 3D points and the removal of outliers by a
geometric invariance check, a least-squares adjustment of the
point clouds is carried out. The following step for global registra-
tion utilizes bundle adjustment strategies in form of self-closure
constraints.

1.3. Contribution of this paper

In this paper, we propose a method for fast and automatic im-
age-based registration of terrestrial laser scanning data. For esti-
mating the transformation parameters between two point clouds,
radiometric and geometric information are utilized. After the
extraction of characteristic feature points from the reflectance
images of two scans, these features are projected into 3D space
using range information interpolated from surrounding points.
The projection of these 3D points onto virtual planes allows for a
fast and fully automatic registration which utilizes both 2D and
3D observations of the respective point clouds. In order to detect
outliers, a refinement based on the idea of using the Euclidean dis-
tances between the matched point pairs in 3D space is applied. The
presented approach cuts down the processing speed for the regis-
tration of large point clouds, consisting of millions of points, to a
few seconds on a standard computer. Furthermore, the fully auto-
matic approach handles a marker-less registration without any
prior knowledge of the scene.

The paper is organized as follows. In Section 2, the scheme of
the above briefly mentioned methodology is presented in detail.
The capability of the proposed approach is proved by processing
11 point clouds of an urban environment in Section 3. In Section 4,
the received transformation parameters for the registration are
discussed concerning accuracy, reliability and performance. Con-
clusions and suggestions for future work are outlined in Section 5.

2. Methodology

The general overview of the registration approach proposed in
this paper is illustrated in Fig. 1. First, from the two unregistered
point clouds PC, and PG+ the corresponding reflectance images
I, and I,+; and range images R,, and R,,.; have to be generated. Then,
SIFT features are extracted from both reflectance images and only
the matching features, i.e. the homologous points, are considered
for the further processing. As these features are located with sub-
pixel accuracy and only each pixel represents a measured 3D point
around the scan position, a bilinear transformation based on the
information of a local neighborhood is carried out in order to as-
sign each 2D location of a SIFT feature the corresponding 3D loca-
tion. This is done for I, and R, as well as for I,+; and R,+;. The
resulting 3D points are the conjugate points CP; , and CPjp+1.

Furthermore, a step called Projective Plane Projection (PPP)
which yields 2D backprojections X;, and X;n+1 of the conjugate
points CP; , and CP;, .1 onto virtual planes P, and P,.; is introduced.
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Fig. 1. Processing chain.

Together with the conjugate points CP; ,, the backprojections X, n+1
are then used for a pre-alignment of both scans involving the EPnP
algorithm combined with the RANSAC algorithm.

The coarse estimate allows for a propagation of the conjugate
points CP;, and therefore, both sets of conjugate points can be
transformed into one common coordinate frame. In order to refine
the previous estimate, the geometric distance between matching
3D points is considered and outlying correspondences are removed
from both sets of conjugate points resulting in their modifications
CP;, and CP;,,, and the respective 2D backprojections X;, and
X; .1 As before, 3D-to-2D correspondences are built from the con-
jugate points CP;, and the corresponding backprojections Xx; ;.
These 3D-to-2D correspondences are of a significant better quality
than those utilized in the coarse estimation. Hence, using the EPnP
algorithm combined with the RANSAC algorithm yields a more
accurate result for the estimated transformation parameters.

The basic ideas of the more complex algorithms used here are
described in the following paragraphs.

2.1. 3D point estimation using SIFT

The Scale Invariant Feature Transform (SIFT) introduced in Lowe
(1999) and later improved in Lowe (2004) can be utilized for
detecting distinctive keypoints in an image and extracting local
feature descriptors which are invariant to image scaling and image
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rotation, and robust with respect to image noise, changes in illumi-
nation and small changes in viewpoint. With these descriptors it is
possible to locate correspondences between different images and,
finally, to derive common image objects. Therefore, the SIFT algo-
rithm can be applied to images derived from TLS data. In general,
the computation of SIFT features is carried out in four major steps:

o Scale-space extrema detection

At first, the image I is convolved with Gaussian kernels of vari-
able scale, reduced in size and again convolved with Gaussian
kernels of variable scale in order to build the Gaussian scale-
space. The blurred images are grouped according to their size
and sorted according to their scale. Subtracting neighboring
images yields the scale-space of Gaussian differences and stable
keypoint locations can then be determined by comparing each
sample point to its eight neighbors in the same scale and its
nine neighbors in both neighboring scales. Resulting from this,
local extrema are selected as keypoint candidates.

Keypoint localization

Once keypoint candidates have been detected, the next step is
to improve their location to subpixel accuracy and to remove
keypoint candidates with a low stability.

Orientation assignment

Based on the local image gradient directions of the closest
smoothed image, each remaining keypoint is assigned a charac-
teristic orientation.

Generation of keypoint descriptors

The descriptor of each remaining keypoint is also derived from
the local image gradients, but in order to achieve rotational
invariance, this gradient information is aligned with the
assigned keypoint orientation.

For two images of a scene, corresponding SIFT features can then
be detected by comparing the Euclidean distances of a keypoint
descriptor in the first image to the nearest neighbor and to the sec-
ond nearest neighbor in the second image. The ratio of these dis-
tances has to be below a given threshold t, which can vary
between 0 and 1. In order to get reliable correspondences, distinc-
tive features have to be detected and therefore, a threshold of
t=0.66 is used. This means that the distance of a descriptor
belonging to a SIFT feature in the first image to the nearest neigh-
bor in the second image is only about 2/3 of the distance to the sec-
ond nearest neighbor. Using a higher threshold means that the
feature descriptors of the nearest and second nearest neighbor in
the second image may be more similar and thus, the considered
feature in the first image is less distinctive. So a higher threshold
usually leads to additional, but less reliable correspondences.

As these homologous points are located with subpixel accuracy,
the corresponding 3D location has to be determined via nearby range
measurements. Therefore, a bilinear interpolation is carried out in
order to derive 3D points which are not necessarily equal to the mea-
sured points within a given scan grid. If the range information is not
available for all four neighboring points in the regular scan grid, the
corresponding point pair is discarded. The resulting 3D points for
two successive scans are introduced as conjugate points CP; , and
CPj, ps1.

2.2. Projective Plane Projection

Unlike the transformation used by the laser scanner, which
maps each measured 3D point with its reflectance information
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onto a cylinder or a sphere, the Projective Plane Projection (PPP) is
a camera-like projection, mapping a set of 3D points X;, which
are actually the conjugate points in our case, onto points x; of a vir-
tual plane. Hence, this mapping can formally be described via a
projective projection model of the form

x; = KR|t]X;, 1)

where the matrix K is the calibration matrix of a virtual camera. The
matrix R and the vector t describe the rotation and the translation
of the virtual camera with respect to the local coordinate system of
the laser scanner. In the registration process, the matrix R is chosen
so that the virtual camera has the same orientation as the laser
scanner with respect to the local scan and that the camera looks
into the horizontal direction. As it can be assumed that there is
no difference between the position of the virtual camera and the la-
ser scanner, the translation vector is set to t=0. Using a virtual
plane means that any parameters can be used for the focal lengths
in x- and y-direction as well as for the coordinates of the principal
point. Therefore, the image plane has not necessarily to be limited
on a finite area. Instead of creating a synthetic camera image, as it
is done in Forkuo and King (2004), and then extracting features
from this synthetic camera image, only subpixel accurate 2D projec-
tions of specific 3D points are considered. Thus, the virtual plane
only serves for getting 2D observations of 3D points. Expanding
the virtual plane to infinity leads to visible 3D points within the
whole area in front of the virtual camera. All points behind the cam-
era may also be included in this approach as they represent the 2D
projections onto the virtual plane of a second camera looking in the
opposite direction. These 2D projections are mapped onto the first
virtual plane via symmetric constraints.

2.3. Laser scanner pose estimation using EPnP

In Moreno-Noguer et al. (2007) and Lepetit et al. (2009), the Effi-
cient Perspective-n-Point (EPnP) algorithm has been proposed as a
non-iterative solution to the Perspective-n-Point (PnP) problem
where the aim is to estimate the exterior orientation or pose of a
camera from a set of n correspondences between 3D points X; of
a scene and their 2D projections X; onto the image plane. Showing
a computational complexity of O(n), using a system with both lin-
ear and quadratic equations and being applicable for both planar
and non-planar configurations, the EPnP algorithm is much faster
and even more accurate than other non-iterative methods and
much faster than iterative methods with only little loss in accu-
racy. Furthermore, this algorithm is less sensitive to noise and it
does not require an initial estimate.

The EPnP algorithm is based on the idea of expressing the n 3D
scene points X; whose coordinates are known in the world coordi-
nate system as a weighted sum of four virtual and non-coplanar
control points C; for general configurations, which means that

4
Xi=Y oG )
j=1

with

4
> omi=1 3)
j=1

holds true, where the o; are homogeneous barycentric coordinates.
As, in the world coordinate system, the points X;” are known as well
as the control points C]V", the parameters o;; are known for the same
equation in camera coordinates. Hence, the points X{ can be ex-
pressed via the control points Cj which leads to

X; 4
w,-[l’} =KX{ =K ;¢ (4)
j=1
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fori=1,...,n, where w; are scalar projective parameters and K de-
scribes the camera matrix. This relationship between 3D points and
2D points is illustrated in Fig. 2. Expanding the previous expression
yields

Xi f;( 0 Xxo 4 X]C
wilyi [ =10 f yo|D Y] 5)
1 00 1]~ 7

j
with the focal length coefficients f, and f,, the coordinates xo and y,

T
of the principal point and the coordinates [XJ?, Y;, ZJC} of the control

points. This linear system has 12 unknown parameters from the
control points and, additionally, n unknown parameters w;. As can
be seen from the third row,

4
wi=> oz (6)
j=1

holds true which can be substituted into the other two rows. Con-
catenating the resulting equations for all n 3D-to-2D correspon-
dences yields a linear system

Mx =0 7)

withx = ¢, ¢, ¢, ¢ " and a 2n x 12 matrix M. The solution x
then leads to the camera coordinates X{ of the 3D points. Once the
world coordinates and the camera coordinates of the 3D points are
known, the rotation and translation parameters aligning both coor-
dinate systems can be retrieved via standard methods (Horn et al.,
1988).

Thus, only the coordinates of the control points in the camera
coordinate system have to be estimated as they are directly linked
with the coordinates of all 3D points which is the main reason for
the efficiency of the EPnP algorithm. A further optimization step
using the Gauss-Newton algorithm is described in Lepetit et al.
(2009).

2.4. Robust estimation using RANSAC

The data used for testing is derived from measurements and so
the quality of the used 3D-to-2D correspondences depends on the
scanner accuracy with respect to both distance and angular resolu-
tion. Hence, the performance increases if only the reliable 3D-to-
2D correspondences are used instead of all correspondences. For
this purpose, the RANSAC algorithm presented in Fischler and
Bolles (1981) is adapted to the EPnP algorithm. In this step, it is
important to notice that the distinctive 3D conjugate points CP; ,
are detected via SIFT features in the reflectance image I,,, whereas

camera coordinate system z (]
Ze

U 3D object points

s
world coordinate system

control points

Fig. 2. Relationship between 3D points and the respective 2D projections onto the
image plane.

the observed 2D backprojections of these distinct 3D points are
derived from projecting the matching 3D conjugate points CP;, ;41
onto the virtual plane P,.;. The geometrical quality of correspond-
ing 3D points in both point clouds has to be considered separately.
Generally, the RANSAC algorithm iteratively estimates the
parameters of a mathematical model from a data set including out-
liers which do not fit to this model. Instead of using all the data
available to get an initial solution and then attempting to eliminate
the outliers, the RANSAC algorithm starts with a minimal subset of
the data. This subset is sufficient to estimate the model parameters
and randomly chosen, and then it is enlarged with consistent sam-
ple points when possible. According to Moreno-Noguer et al.
(2007), a small, but not minimal subset of seven correspondences
is randomly selected to reduce the sensitivity to noise. In order
to avoid testing all possible subsets, which would be time-consum-
ing, an efficient variant described in Hartley and Zisserman (2008)
is used. There, the number of iterations which equals the number
of randomly chosen subsets is selected high enough, so that a sub-
set including only inliers is selected with a certain probability p.

2.5. Single step outlier removal

When dealing with measurements and applying the SIFT algo-
rithm on the reflectance images, it seems quite feasible to check
if all detected correspondences are really suitable with respect to
the corresponding 3D points or if there are uncertainties concern-
ing some of the correspondences. In the registration process, such
uncertainties might arise from SIFT features being detected in the
reflectance images at periodic shapes of facades which are likely
to occur in urban environments. As a threshold value of t=0.66
is used for a reliable matching of SIFT features, a feature detected
in one image is very similar to only one feature detected in the
other image. Despite this visual similarity, however, periodically
appearing features could lead to obviously wrong correspondences
in case of the local 3D geometry around the scan positions and so
this kind of wrong correspondences has to be excluded from the
set of all correspondences. This can be done by introducing geo-
metric constraints based on the 3D distances between the propa-
gated conjugate points CP; , and CP;, p+1.

The propagation transforms both sets of conjugate points into
the world coordinate system. As the transformation matrix con-
taining R and t with respect to the world coordinate system is as-
sumed to be already known for the point cloud PG, the world
coordinates of the conjugate points CP; ,, are also known. For calcu-
lating the world coordinates of the points CP;, .1, the transforma-
tion matrix used is derived directly from the rotation and
translation parameters which are estimated in the coarse registra-
tion step with respect to the world coordinate system. Thus, a com-
parison of the 3D points with respect to their 3D distances is
possible. Especially large distances caused by erroneous correspon-
dences have to be discarded as they influence the robustness of the
EPnP algorithm and the time needed to find a useful solution.

Hence, the border between smaller and larger distances has to
be determined and all matching 3D-to-2D correspondences with
a large distance between their 3D points have to be rejected. To
get the most promising correspondences for further calculations,
a criterion based on the distribution of the distance between
matching 3D points is introduced. Sorting the matching points
with respect to their 3D distances, building a set consisting of
the third of the smallest distances and iteratively adding the corre-
spondence with the next greater distance allows for checking
whether the new sample takes a strong influence on the mean va-
lue of the set which is done by considering the first derivative of

_ MMy ser(i) ®
meaNcomplete set ’

q(i)
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3. Experiments

In the following, the TLS data (Section 3.1) used for testing the
presented approach to pairwise registration is described as well as
the registration results (Section 3.2).

3.1. Data set

For processing and evaluating the proposed approach, the
benchmark TLS data set from the University of Hanover is used
which has been acquired at a district in Hanover called Holzmarkt.
The complete data set was obtained by using a Riegl LMS-Z360i
scanner and consists of several scans being captured from various
positions. It includes the 3D coordinates of object points as well as
the corresponding reflectance information. According to Wang and
Brenner (2008), the laser scanner covers a field of view of 360 de-
grees in the horizontal direction and only 90 degrees in the vertical
direction up to a range of approximately 200 m for each scan. The
angular resolution of the TLS is 0.12 degrees and a measurement
accuracy of 12 mm can be expected. Hence, a single scan returns
2.25 million 3D points from a regular scan area of 3000 x 750
points being represented as panoramic reflectance image. The pro-
vided reference values for the rotation and translation parameters
of the TLS are based on a manual alignment using artificial targets
which were placed in the scene. Thus, an accuracy in the low mil-
limeter range can be expected for the reference positions.

3.2. Pairwise registration

As illustrated in Fig. 3, the scans recorded at 11 different loca-
tions were used and the distance between successive scanner posi-
tions is approximately 5 m. The figure shows the single scans after
registration into a common coordinate system using the reference
data. However, only a few points which are determined via SIFT
features in the reflectance images are used for registration. To illus-
trate the density of these points, Fig. 4 shows the projections of the
2D SIFT features of each scan to 3D space separating neighboring
scans by color. As a result from this nadir view onto the scene,
the rough structure of the scene can be interpreted showing fag-
ades of houses and the coarse direction of streets. In the area be-
tween these plain structures, features from static objects or
moving people are detected, but these features do not show a lar-
ger regular surface patch. For comparison purposes, all absolute
distances between the scanner positions are shown in Table 1.

For the pairwise registration of two successive scans, the pro-
posed algorithm first extracts SIFT features in the reflectance

Fig. 3. View on the scene using the scans after registration into a common
coordinate system via the reference data.
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images and searches for reliable point correspondences by using
a threshold value of t =0.66. Using the scans from scan position
01 and scan position 02, a total number of 217 SIFT correspon-
dences is found which is illustrated in Fig. 5. The number of
matched SIFT features between image pairs from all available posi-
tions is shown in Table 2, where the diagonal elements represent
the total number of extracted SIFT features in the respective image.
As can be seen in Table 2, the confusion matrix is not necessarily
symmetric. This depends on the ratio of the distances of a feature
descriptor in one image to the nearest neighbor and the second
nearest neighbor in the other image. If a feature descriptor derived
from the first image is compared to the feature descriptors derived
from the second image, it might occur that the nearest neighbor
and the second nearest neighbor in the second image are a little
more distinctive as required and therefore, the ratio is below the
threshold t and meets the constraint. In the reverse case, in which
a feature descriptor derived from the second image is compared to
the feature descriptors derived from the first image, the nearest
neighbor and the second nearest neighbor in the first image might
be more similar which causes a ratio above the threshold t.
Subsequently, the respective SIFT features are projected to 3D
space yielding a point cloud much smaller than those point clouds
of the scans. This however can only be done if the corresponding
range information is available. As the SIFT features are located with
subpixel accuracy and a bilinear transformation is carried out, the
range information has to be available for all four surrounding
points in the regular grid. This constraint is met by 175 of the
217 conjugate point pairs. Assuming that position and orientation
are known for the first scan at scan position 01 results in known
coordinates of the 3D conjugate points CP; ,. The 2D backprojec-
tions of the conjugate points CP;,,+; onto the camera-like virtual
plane assigned to scan position 02 are observed. In this step, it is
assumed that the virtual plane is expanded to infinity and that
3D points in front of the virtual camera and behind the virtual
camera are included. Hence, all of the previously extracted 3D
points are observed on the virtual plane. The 3D coordinates of
these points are known from the first scan and their 2D backpro-
jections from the observation in the second scan. Thus, the EPnP

Y [m]

Fig. 4. Nadir view depicting the spatial distribution of the significant points in the
investigated 3D environment and the numbered scan locations (01-11) of the TLS
after registration into a common coordinate system via the reference data.
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Table 1

Absolute 3D distance between the single scan positions in meters.
Position 01 02 03 04 05 06 07 08 09 10 11
01 0 5.58 10.85 16.95 21.47 24.86 30.40 31.79 34.45 35.55 38.32
02 5.58 0 527 11.37 15.89 19.30 24.85 26.46 29.41 30.82 34.02
03 10.85 5.27 0 6.11 10.62 14.05 19.62 21.54 24.86 26.66 30.34
04 16.95 11.37 6.11 0 4.60 7.95 13.53 15.93 19.78 22.12 26.41
05 21.47 15.89 10.62 4.60 0 3.96 9.42 12.93 17.48 20.42 25.24
06 24.86 19.30 14.05 7.95 3.96 0 5.59 9.11 13.90 17.11 22.18
07 30.40 24.85 19.62 13.53 9.42 5.59 0 5.81 10.97 14.77 20.16
08 31.79 26.46 21.54 15.93 12.93 9.11 5.81 0 5.18 8.95 14.35
09 34.45 29.41 24.86 19.78 17.48 13.90 10.97 5.18 0 3.92 9.31
10 35.55 30.82 26.66 22,12 20.42 17.11 14.77 8.95 3.92 0 5.40
11 38.32 34.02 30.34 26.41 25.24 22.18 20.16 1435 9.31 5.40 0

Fig. 5. Visualization of the connected interest points between two consecutive scans.

Table 2

Number of SIFT correspondences between the reflectance images of different scans.
Position 01 02 03 04 05 06 07 08 09 10 11
01 4986 217 63 45 33 44 58 62 41 39 28
02 229 5663 319 100 59 35 80 46 43 38 48
03 88 308 5967 253 120 57 56 38 47 56 68
04 70 114 277 6200 484 131 78 68 58 84 68
05 31 70 124 466 6682 477 169 134 68 71 56
06 61 40 59 129 503 7154 344 211 82 53 30
07 86 96 53 78 163 328 6867 404 205 99 64
08 53 56 34 60 121 240 379 6159 590 361 169
09 39 34 37 56 68 78 158 577 5571 656 330
10 21 25 43 51 54 42 84 344 629 4852 482
1 17 24 37 40 44 24 41 134 277 408 4061

algorithm can be used for estimating the actual transformation

parameters. The results from this coarse estimation are shown in

Table 3. Table 3
This coarse estimate is used to compare the 3D points in a com- Error between reference and estimated transformation parameters for coarse

mon coordinate frame. According to the criterion introduced for registration.

removing outliers based on the geometric 3D distance, only the Position Aw[°] A$[°] Ax[] AX[m] AY[m] AZ[m] eus[m]

most promising 3D points remain, in this case 74 between scan po- 01-02  -0.001 -0041 0057 -0023 0030 -0.002 0038

sition 01 and scan position 02. Based on the 2D and 3D observa- 02-03 0.009 0.007 0053 -0011 -0.014 -0.003 0.018

tions of these points, the EPnP algorithm is again used to get a 03-04  -0014 -0.072 0029 0015 0024 -0022 0.036

refinement of the previous estimate which is shown in Table 4. 04-05 0002 0007 0002 0016 -0.025 -0.003 0.030

Th It af hp . . f th f i 05-06 0.038 -0.009 0.003 -0.004 -0.008 -0.013 0.016
e result a ter.t. e regl.str.atlon of t 1e scans from scan po.smon 06-07 0046 0035 0018 0012 -0023 0005 0026

01 and scan position 02 is illustrated in Fig. 6. For a better visual- 07-08 0.037 -0000 -0017 0027 -0.013 0010 0.032

ization, the point clouds were thinned and points below the scan 08-09  -0.013 -0.002 0.031 -0.017 -0.010 0.007 0.021

positions were removed. The improvements of the refinement step 09-10 -0.067 0009 0043 -0035 0008 -0022 0042

10-11 0.025 -0064 -0.011 0037 -0.001 0.007 0.038

are finally shown in Fig. 7.

195



Ma. Weinmann et al./ISPRS Journal of Photogrammetry and Remote Sensing 66 (2011) S62-S70 S69

Table 4
Error between reference and estimated transformation parameters for refined
registration.

Position Aw [°] A¢[°] Ax[°]] AX[m] AY[m] AZ[m] egs[m]
01-02 —0.047 -0.011 0.004 0.019 -0.001 -0.005 0.019
02-03 0.044 -0.013 0.035 -0.004 -0.009 -0.003 0.010
03-04 0.034 -0.004 0.079 -0.015 -0.006 0.010 0.019
04-05 —0.021 0.022 0.008 -0.002 -0.012 0.005 0.013
05-06 0.031 -0.002 0.009 -0.001 -0.005 -0.008 0.010
06-07 0.017 0.032 0.053 0.004 -0.011 0.010 0.015
07-08 0.054 -0.044 0.012  0.002 0.006 —0.005 0.008
08-09 0.015 -0.027 0.031 0.009 0.005 -0.008 0.013
09-10 —-0.043 -0.004 0.029 -0.008 0.003 -0.012 0.015

10-11 0.016 -0.065 -0.014 0.025 -0.012 0.009 0.029

Fig. 6. Nadir view depicting two point clouds after registration. The 3D points of the
first scan from scan position 01 are illustrated as red points and the 3D points of the
second scan from scan position 02 as blue points.
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Fig. 7. Absolute error between reference and estimated position for coarse (dotted
line with diamonds) and refined (solid line with squares) registration.

4. Discussion

Although the proposed algorithm only uses a refinement and no
fine registration method like ICP, the quality of the resulting esti-
mate for pairwise registration of two consecutive scans is in the
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same range as in Wang and Brenner (2008). For larger distances
between the scan positions (Table 1), however, the total number
of corresponding SIFT features decreases which is summarized in
the confusion matrix (Table 2). It has also to be mentioned that
the number of detected and corresponding SIFT features strongly
depends on the scene content. Therefore, as all other methods
based on SIFT features, the proposed algorithm is suited for well-
textured scenes, whereas scenes with less correspondences will
probably not lead to optimal results.

The first approach presented in Brenner et al. (2008) can cope
with larger distances, but it is based on extracting planes and
therefore, this approach is restricted on environments with regular
surfaces like urban environments. Such regular surfaces are also
used in von Hansen (2006) and Rabbani et al. (2007), a variety of
geometric primitives is used for registration. By contrast, the pro-
posed approach is not restricted on environments with regular sur-
faces and can also be used in areas with vegetation.

Furthermore, it is an advantage to use distinctive feature points
with subpixel accuracy derived from the regular measured grid to
avoid scanning limitations. For an accurate subpixel localization,
the interpolated range estimation could be further improved by
substituting the bilinear interpolation with a higher-order interpo-
lation, e.g. using splines or geometric curvature as suggested in Bae
and Lichti (2004).

Generally, well-distributed points in 3D space are essential to
obtain a high-quality estimate of the transformation parameters.
With an already given distribution of the processed data, the
coarse registration with an absolute position error in the range be-
tween 16 and 42 mm is achieved (Table 3, last column). This can be
refined to an absolute position error in the range between 8 and
29 mm (Table 4, last column) which is close to the TLS measure-
ment accuracy of 12 mm. For all results shown, an improvement
in the absolute position estimate is obtained by the refinement
step (Fig. 7). However, it has to be stated that the solutions depend
on the RANSAC algorithm estimates. If the coarse estimate already
shows a high accuracy, the refinement may lead to an improve-
ment, but not necessarily. In some cases, despite an improvement
of the position estimate single rotation parameters are affected in a
negative way. But still most of the deviations in orientation are be-
low 0.065 degrees except one value of 0.079 degrees.

The proposed algorithm was tested on a standard PC with
2.83 GHz and, for the implementation is not fully optimized with
respect to a possible parallelization on multiple cores, only one
core was used. Thus, the matching of corresponding SIFT features
takes an average time of about 5 s and the total time required for
pairwise registration of two scans is approximately 18 s. As Matlab
was used, the speed can further be optimized. A comparison with a
fully Matlab-based implementation of the standard ICP algorithm
with 10 iterations was carried out on the same PC using a single
core again. Assuming a good a priori alignment of the point clouds,
the ICP algorithm needed a time of 56.1 s for two subsets consisting
of 22,500 points, i.e. only 1% of the respective point clouds, and
approximately 2.8 h for two subsets consisting of 225,000 points,
i.e. 10% of the respective point clouds.

Concerning EPnP and dealing with noisy points, in Moreno-No-
guer et al. (2007) it is suggested to use the RANSAC algorithm on
small subsets consisting of seven correspondences which is used
in the proposed algorithm. Larger subsets are motivated as they
introduce redundancy and therefore reduce the sensitivity to noise.
In this context, the RANSAC scheme is utilized for selecting the
most reliable 3D-to-2D correspondences.

The advantage of the proposed refinement is that additional
geometric constraints are introduced with respect to 3D distances
in order to check the SIFT correspondences for consistency, for in-
stance in case of periodic shapes of facades in urban environments.
Thus, reliable 3D-to-3D correspondences are remaining. These are
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much stronger than reliable 3D-to-2D correspondences which can
be observed by comparing the improvements between coarse reg-
istration and its refinement.

5. Conclusions

In this paper, a fast and fully automatic method for pairwise
registration of TLS data is presented. The method is based on both
reflectance images and range information which are commonly
used to derive simple, but characteristic points in 3D space. For a
new scan, the observation of these points on a virtual plane aligned
with the scanner allows for a fast and accurate RANSAC-based reg-
istration scheme including a single step outlier removal for check-
ing consistency.

Instead of a registration for consecutive scans where the regis-
tration of each scan is based on comparing it to the previous scan,
the idea of the proposed algorithm might be extended to multiview
registration. This means that for each new scan all previous scans
could be considered which will probably improve the registration
results. Thus, a growing subset of scans is considered as the num-
ber of available scans increases. The 3D coordinates of specific
points, detected by comparing the actual reflectance image with
all previous reflectance images and generating the respective con-
jugate points via bilinear transformation, are known from the pre-
vious scans and their 2D projections onto the actual virtual plane
are observed. This concept including parts of the confusion matrix
instead of single entries increases the total number of conjugate
points and, probably, also improves their distribution in local
space, which should result in a higher accuracy.
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ABSTRACT:

The application of three dimensional building medehs become more and more important for urbampignenhanced navigation
and visualization of touristy or historic objec3® models can be used to describe complex urbaresc&he automatic generation
of 3D models using elevation data is a challengeafitual research. Especially extracting planeegdmd corners of man made
objects is of great interest. This paper deals tithautomatic classification of points by utiligithe eigenvalues of the covariance
within the close neighbourhood. The method is basethe analysis of 3D point clouds derived fronsérascanner data. For each
3D point additional structural features by condiugthe neighbourhood are calculated. Invariandé wéspect to position, scale
and rotation is achieved by normalization of thatdees. For classification the derived features ammpared with analytical
calculated as well as trained feature values fpica} object structures. For the generation ofaining data set several point sets
with different density and varying noise are getettaand exploited. The result of the investigati®shat the quality of the
classification using the analytical eigenvaluesedsrence is not harmful in comparison to the wdimlata set for a small noise.
Therefore for all structures presented here ibismecessary to use training data sets instead ohsupervised classification based
on the analytical eigenvalues. Weighting the calfimd distances in the eigenvalue space dependeheasiructure type improves
the classification result. Due to this classifioatiall points which may belong to a building edge selected. Assembling these
points to lines the 3D borders of the objects wabieved. The algorithm is tested for several urbz@nes and the results are
discussed.

In Section 2 the calculation of additional pointatigres is
described. The features are normalized with respect
translation, scale and rotation. In Section 3 fgpic

1. INTRODUCTION

Three-dimensional building models have become imapor

during the past for various applications like urbalanning,
enhanced navigation or visualization of touristy historic
objects. They can increase the understanding gpldreation of
complex scenes and support the decision procesperhtion
planning. The benefit for several applications bylizing

LIDAR data was demonstrated for instance by Brenneal.e
(2001). For decision support and operation planrting real
urban environment should be available. In mostx#se object
models of interest are not obtainable and espgcialltime

critical situations the 3D models must be generatedast and
accurate as possible.

Different approaches to generate the 3D modelstHruscenes
are discussed in the literature (Shan & Toth, 20@&jlding
models are typically acquired by (semi-) automatiocessing
of Laser scanner elevation data or aerial imadg@ayllard et al.,
1999; Geibel & Stilla, 2000). LIDAR data can be iagd for
large urban scenes (Gross & Thoennessen, 2005).
processing of raw full-waveform data to gain objsttictures
of buildings was investigated by Jutzi et al. (20@Hd the
iterative processing to increase the set of 3Dtpa@hbuildings
by Kirchhof et al. (2008). Pollefeys (1999) use®jgctive
geometry for a 3D reconstruction from image seqesnEraser

et al. (2002) use stereo approaches for 3D buildini

reconstruction. Vosselman et al. (2004) describesam line

segmentation method grouping points in a 3D prayimi
Airborne systems are widely used but also teradsttaser

scanners are increasingly available. The latters ggrevide a
much higher geometrical resolution and accuracy (rendm)

and they are able to acquire fine building facadits which

are an essential requirement for a realistic vinisualization.

constellations of points are discussed and disnatmg
features are presented. Examples for the combmatid
eigenvalues and structure tensor are shown. Foicatyp
situations analytical feature values are derivear Fhe
classification procedure the results of the traifeadure values
are discussed in Section 4 and the trained valgees@anpared
with the analytical values. The generation of lieslescribed
in Section 5. Points with the same eigenvectorsaasembled
and approximated by lines. The resulting 3D stmastu
(boundaries) of objects are shown for the seletdsdr point
cloud. In Section 6 the possibilities using additibfeatures are
summarized. Outstanding topics and aspects of ¢adized
method are discussed.

2. EIGENVALUE ESTIMATION TO GAIN OBJECT
STRUCTURES

Thee Laserscanning device delivers 3D point measurésnienan

Euclidian coordinate system. For airborne systerostiy the
height information is stored in a raster grid wéthpredefined
resolution. Image cells without a measurement reterpolated
by considering their neighbourhood.

n example data set gathered by an airborne Lasmmner
ystem (TopoSys®) as 3D points is shown in Figuae The
color corresponds to the height. A transformationat raster
image, selecting the highest value for each pirdlater filling
missing pixels with a Median operation, yields tgufe 1b.
Due to the filtering the image does not represeatoriginal 3D
information anymore. The horizontal position is gblly
different and some of the height values are intetpd to fill
the gaps even if there was no measured value hiaila
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Additionally, sometimes more than one measurement af
resolution cell exists considering first and lasth@ or
combining data of several measurement campaigns.

Figure 1. Point clouds measured with TopoSys® Lasanner

a) colored by height, b) raster image based ontpoin

clouds with interpolated values.

An example of data received by a terrestrial Lasenner (Z+F
sensor) for a dense point cloud colored by intgrisishown in
Figure 2.

In contrary to the airborne data the projectiontefrestrial
Laser data along any direction is not very reasien&tspecially
the combination of airborne (Figure 1) and teriek{Figure 2)
Laserscanning data requires directly the analysibe 3D data.

Figure 2. Point clouds of a Z+F sensor coloredhbgnsity.

2.1 Calculation of the covariance matrix utilizing a 3D
spherical volume cell

A 3D spherical volume cell with radiuR is assigned to each
point of the cloud. All points in a spherical ceflill be
analyzed. The 3D covariance matrix as describedbgs &
Vosselman (1999) are discussed and further improaed
described in Gross & Thoennessen (2006).

In a continuous domain, moments are defined by:

M, :Ix‘yjzkf(x,y,z)dv, 1)

where i, j,kON, and i+ j+k is the order of the moments
integrated over a predefined volume weightedftik, y,z) . As
weighting function the mass density can be usegtdtices to a
constant value if homogeneous material is assurAedther

possibility is to use the measured intensity asghtaig
function as discussed in earlier works. To norneatize terms

they have to divide by the volumem,,=[f(xy.z)dv.

v
Considering only surfaces of objects all momenteehm be
calculated with a constant but small thicknesstfer volume
vanishing by the normalization. After discretizatiof the
integrand and settingf(x,y,z)=1 O pointthe integral is
approximated by a sum. The mean valués/,Z and the
moments of the second ordet j +k =2 have been calculated.

202

The normalized and dimensionless moments of secoaet for
discrete points are given by

Sx - (v -3) (a7
ik = = RN . 3

Neither the number of points nor the chosen physio# for
the coordinates, the radius and the weighting faictituences
the values of the covariance matrix.

For each point of the whole data set a symmetroshriance
matrix is calculated by

Mo Mg Mg
M =My, Mgy Moyl (3)
Mg, Moy, Mg

The calculation of the eigenvaluel and eigenvectors, with

i=1,2,3 delivers additional features for each poifthe
eigenvalues are invariant concerning translatiotation, and
scaling.

2.2 Point distribution in 3D space

In this section the influence of the measuremedtthe related
point distribution on the investigated structureséscribed.

Figure 3. lllustration of a point cloud captured &yterrestrial
Laser scanner with typical
indicates the reflected intensity).

Figure 3 shows as an example for the point distidbuderived

by a terrestrial Laser scanner (Zoller+FréhlichheTpoint

density depends on the distance of the objectecsémsor and
also on the incidence angle between laser beamnanual

vector onto the object surface. For the airbornsetacanner
(TopoSys®) mounted on an aircraft the point densiy be
much higher in flight direction than perpendicularthe flight

direction. In both cases there is no uniform disttion of the
measured points.

The investigations show that an inhomogeneous ildigion
does not influence the eigenvalues essentiallyoag ks the
radius of the neighbourhood is large enough. Theams points
inside a plane are characterized as plane pointghef
neighbourhood encloses at least five points idiadictions and
the rate of the point distances for any two differdirections is
smaller than 5:1.

2.3 Analytical eigenvaluesfor object structures

For specific object structures analytical eigengalwcan be
determined. Table 1 show some typical object stinest with
their corresponding eigenvalues, where all value® a
determined by utilizing all required integratiorfSarmula (1).

scan pattern (color
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Table 1. Eigenvalues for some selected objecttres.

For all possible values of the roof slope the eigdures are
drawn in Figure 4. The greatest eigenvalue is @rtbconstant.
The second eigenvalue starts from 0.125 and ineseasth
increasing slope until 0.25. The smallest eigerevalecreases
from 0.03 to zero. For a slope of 30° the eigeneslteaches the
mean values for a flat roof and a plane. Therefor®@wn class
for this structure is defined.

eigenvalues
0.25

T

Figure 4. Eigenvalues of the eave points for défer roof
slopes (0°, 30°, and 90°); the colored arrows \lizea
the direction of the eigenvectors.

3. MONTE CARLO SIMULATION

The analytical calculated values in Table 1 doawtespond to
the statistical averages, which can be expectethiorelevant
structures of real data. Usually, for an examphte $mallest
eigenvalue of points belonging to a plane do netveoge to
A,=0. Already very small deviations of points from atfl

surface yield 0, >0. Therefore for all the structures in

Table 1 inside a spherical neighbourhood with radypoints

with the different distances, normalized by theiwadof the
sphere dx/R{0.03,0.1,0.2,0.3,0}« are generated. Each

coordinate of the position of the points is modifiby a
Gaussian distributed noise with the normalized ddah
deviationg/R1{0.0,0.01,0.02,0.03,0.p.

For each parameter combination and structure 100@t p
clouds have been generated by random 3D points.niésn

value and the standard deviation of every 3 eigelegawere

determined. The histograms of one test set for sadture are
drawn in Figure 5. The distribution of the eigemes seems to
be Gaussian with center near by the analyticaleslu
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Figure 5. Histograms of the eigenvalues and corspariwith
the analytical values (dashed lines) fix=0.4R and
0=0.04R for all structures (red: first, green:
second, blue: third eigenvalue).
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eigenvalues: normal ¢ =0.04 dx=0.3 dy=0.3 dz=0.3
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Figure 6. Eigenvalue point cloud projection alahg axis of
the smallest eigenvalue.

In the next steps the 3 eigenvalues are consideredpoint of a
3D space. For a small standard deviatothe point cloud of
eigenvalues results in a small accumulation of tsoitf ¢ is

increasing the clusters are extending and nearnstess may
overlap. Figure 6 shows the 2D-projection alongakis of the

matrix c,=3(4,-7)(4,-7)" can be calculated, whef is the
poS

number of eigenvalue-points of the structure. Tietadce of
any test pointd of the eigenvalue space is determined by using
the Mahalanobis-distance d(4,5)=(A- %) ¢} (1-4). This
measure gives a distance for any test eigenvalirg-po the
different structures. These eight distances ofyepeint against
their own and all other structures (except forased point) are
listed in the Figure 7. The points of a structure plotted and
colored in accordance to their members8iand drawn in the
interval [s-1,5] (horizontal axis). The vertical axis represents
the logarithm of the distance of each eigenvaluatpm each
structure. In the 1st picture the distances betwdlea
eigenvectors of all test records of all structusgminst the
structure "End of line" are drawn. The remainingtyies show
the respective distance of all test points to ttieostructures.
The green line mark the value of the Chi-squares tg§, ,. The

eigenvalue J,. Projections along the two other eigenvaluespercentage number of points of each structure witsmaller

demonstrate the separability of the cluster fohesructure.
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Figure 7. Distances of the eigenvalue pointsitolasses.

The eigenvalues of the points for each structurénelea
training record from which the three mean
Ae=YN ¥ 2
S pos P
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distance has been indicated. With increasing nibisedistance
of a point of a structure to a different structudecreases.
Therefore false classification increases.

Figure 8 shows the mean value and the standardté®viof the
eigenvalues of the training set for a plane depende the
point density and the noise. The mean values appet& the
analytical eigenvalues with a very small standardation.

Plane

Figure 8. Mean value and standard deviation of theee
eigenvalues of the training set for a plane.

A comparison between the mean value of the eigaasabdf the
training set for a plane and the analytical valissshown in
Figure 9. The differences depend on the point diem@sid the
noise. A high point density delivers nearly the |gal
eigenvalues. The non monotonic behaviour of theector ),

may be caused by the approximation of a plane tarlyne
equidistant points (discretization effects). Theamealue of the
third eigenvalues is positive but very small.

Plane: diferences to analyical values

Figure 9. Differences between the mean value of digen-
values of the training set for a plane and the
analytical values.

For the same points the Euclidean distances irettpenvalue
space against the analytical eigenvalues were lesdel Within
the tested mean point intervals and the investigatése all the
points were assigned to the correct structure. Base this
investigation the classification of elevation peintan be
realized by nearest neighbour classification in ¢igenvalue
space of the structures of Table 1. This is posséd far the

valuesnoise is lower than 4% of the radius of the neiglthood
as well as the associated eigenvalue-covariancegnvironment.



4. NEAREST NEIGHBOUR CLASSIFICATION OF 3D ;
POINTS 08 plane

0.6
0.4
0.2
0

After calculating the covariance matrix for eachinpdan the

data set by considering the local environment éefibby a
sphere additional features for each point are ddrivihese
features are the centre of gravity, the geometritiatance
between centre of gravity to the point, the eigetwes, the
eigenvalues and the number of points inside thergphlrhe
same features can be used to determinate the object
characteristics.

Table 1 shows the eigenvalues of the covariancexraitsome ~ Figure 10.Equipotential surface between line arahelin the
special point configurations. The first six rowsegent 2D and eigenvalue space.

the last three rows 3D object structures. The efgleses for the  ag an exampleFigure 10 illustrates the situation between the
typical object structures are calculated analyjcdlor an ideal  gyycturesline and plane with weighted distances. All test
line two eigenvalues are zero and one of it istgrethan zero.  qints with eigenvalues inside the red region dassified as

If test points inside a plane are of interest te@envalues have |ine points meanwhile all points in the grey regame classified

to be compared with the analytical eigenvaluesyg points belonging to a plane. Without weightihg tyan

A =A,=025 0O A,= (foracorrect plane. marked horizontal line (hyper plane) separateswioeclasses.
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all_03-Apr-2009 14:15:17

The eigenvalues in Table 1 are considered as refergoints in
the 3D eigenvalue space for each structure. Thssifileation of
any test point by the nearest neighbour methodpea®rmed,
were all distances were measured in the eigensgaee.

Two planes 30°
Three planes
Two planes

- Quarter plane

| Plane

Half plane
For the following steps we define the dimensioyatilim(s) e
for each structure, which means the dimension bfpaints ponine
belonging to the same structure of a contiguougaibjThe
dimensionalities for each structure are given ibl&2. Corner
like points have the dimensionality 0, edge likeng® 1 and

plane like points 2.

Point

12.43
11.19
09.94
108.70
107.45
06.21
04.96
03.71
z[m]

Structure Dimensionality

Isolated point 0
End of a line 0

Line

Half plane

Plane

' Two planes

Quarter plane

Two planes

Plane
Three planes

Half plane

1
1
2
Quarter plane 0
1
0
1

Two planes 30°

Line

Table 2. Dimensionality for each structure.

By utilizing the empirically derived weighting faos

w(S)=1/(1+ dim(S)) for the distanced(S) between the test _ B ) _ _ _
Figure 11.Classified object points. a) All pointdared by their

point and the analytically calculated eigenvaluestaicture S classification, b) Points identified as plane psint
the classification result was refined. This weigptiof the (colored by their height), c) Points with one higd
distances between test and reference pOintS intesdumon- two small eigenva|ues representing edges of Objects
planar separation surfaces defined by

By utilizing the weighted distance calculation dhgyi the
classification procedure for all points the derivegbults are
the influence of all other structures, the sepamatsurface shown in Figure 1la. Figure 11b shows all pointghwi
between the structurdsand j is given by the constant ratio of eigenvalues fulfilling the criteria for planes. Tbelor indicates

both dist o d(s)=w(s -w.  F =1 the object height. In Figure 11c only the edge fsoiare
oth distance (S)/ ( J) W( ’)/W(S) W PO Wy depicted corresponding to Table 1 rows 3, 4, and 7.

d(S)w(S)=d(S)w(S) between two structures. Ignoring

we get the intermediate plane between both strestuas

separation surface. Far, #1 the separation is described by a For the introduced classification further results ahown for
! comparison purposes of a more complex building. fEsalts

sphere. Radius and centre point depend onlywgnand the  are depicted in Figure 12 with an oblique view vwnstrate
distance between the two structures in the 3D e@er space. the geometrical relation of the 3D points.
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Figure 12.Classification result of a laser poinbut for a
complex urban building. a) with all points, b) wotit
points inside a plane.

5. LINE GENERATION

All points marked as edge point may belong to @.lifhese
points are assembled to lines by a grouping pro(@ssss &
Thoennessen, 2006). Therefore the greatest eigenaald its
eigenvector are considered. Consecutive points wigimilar
eigenvector, lying inside a small cylinder are gred together
and approximated by a line.

The procedure starts with any arbitrary point & point cloud
classified as edge-like poiniirfe, halfplane, two_planes). This
trigger point is compared with all points which bavearly the
same or opposite eigenvector of the largest eideava
Furthermore only points with very small distancehe straight
line defined by the trigger point and its first emyector are
included in the next consideration. Finally it ecfised on the
first two gaps starting from the trigger point gpialong the
first eigenvector and also its opposite directi@nly points
inside these gaps and fulfilling all those condifare selected
and used to determine a regression line and itsants.

The same procedure is repeated for all points ssigaed to a
line until each point belongs to a line or can geherate an
acceptable line.

Figure 13 shows the results of the line generatiorthe data
set shown in figure 1. The color indicates the targf the lines.
The eaves as well as the ground plan of the buy#liare
approximated by lines. For the detection of thegeidf the
saddle roof a readjustment of the thresholds fereiigenvalues
might be recommended to improve the results esihediar
roofs with small inclination.

.~

6&/‘ [m]
80 0

J 40
20

Figure 13.Lines generated by using the classifiséd elevation
points.

6. CONCLUSION AND OUTLOOK

For exploiting Laser scanning data the processifigthe
original 3D point clouds is proposed. Additionahtieres for
each point of the cloud can be calculated fromdbeariance
matrix including all neighbour points. The neighboeod can
be investigated by considering a sphere. The qualitthe
resulting eigenvalues and the eigenvectors of thetrixm
strongly depend on the spatial resolution and thmber of
points inside the sphere. The new features areriantawith
respect to position, rotation and scale.
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The additional features are appropriate for clasgibn of the
points as edge, corner, plane or tree points. Borestypical
situations analytically determined eigenvalues @pposed to
calculated eigenvalues of real data for compari3twe. greatest
eigenvalue can be used for filtering edge like in

The described method for generation of lines coewin
consecutive points with the same eigenvector insidsmall
cylinder without any gap. The presented resultpaoenising.

Further investigations are planned concerning tiséoh of the
data on basis of the point clouds and/or on a hidgneel of
lines. Especially the construction of planes asdiemiplane
like points should be investigated in future.
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1. Introduction

Due to the increasing availability of 3D point cloud data and
respective acquisition systems, the automated analysis of 3D point
clouds has become a topic of great importance in photogrammetry,
remote sensing, computer vision and robotics. Exploiting such
data, recent investigations address a variety of different tasks such
as the extraction of building structures (Vanegas et al., 2012), the
recognition of power-line objects (Kim and Sohn, 2011), the extrac-
tion of roads and curbstones or road markings (Boyko and
Funkhouser, 2011; Zhou and Vosselman, 2012; Guan et al.,
2014), the mapping of vegetation (Wurm et al., 2014), the detec-
tion of numerous different objects (Kim and Medioni, 2011;Pu
et al., 2011;Velizhev et al., 2012;Bremer et al.,, 2013;Serna and
Marcotegui, 2014), the accessibility analysis in urban environ-
ments (Serna and Marcotegui, 2013), the creation of large-scale
city models (Poullis and You, 2009; Lafarge and Mallet, 2012;
Zhou and Neumann, 2013), or the semantic perception for ground
robotics (Hebert et al., 2012). However, many of these tasks are

* Corresponding author.
E-mail addresses: martin.weinmann@kit.edu (M. Weinmann), boris.jutzi@kit.
edu (B. Jutzi), stefan.hinz@kit.edu (S. Hinz), clement.mallet@ign.fr (C. Mallet).

http://dx.doi.org/10.1016/j.isprsjprs.2015.01.016

based on the results of a 3D scene analysis in terms of uniquely
assigning a semantic label (e.g. ground, building or vegetation) to
each 3D point of a given point cloud.

When addressing the task of 3D scene analysis, we have to
account for the general ideas shared by many respective approach-
es. Typically, 3D scene analysis involves (i) the recovery of a local
neighborhood for each 3D point, (ii) the extraction of geometric
features based on all 3D points within the local neighborhood,
and (iii) the classification of all 3D points based on the respective
features. Since often as many features as possible are exploited
due to a lack of knowledge, recent investigations also addressed
the selection of meaningful features as additional step between
feature extraction and classification (Chehata et al., 2009; Mallet
et al.,, 2011; Khoshelham and Oude Elberink, 2012; Weinmann
et al, 2013; Weinmann et al., 2014). For all steps, however, a vari-
ety of challenges results from the complexity of 3D scenes caused
by irregular point sampling, varying point density and very differ-
ent types of objects. Furthermore, the computational burden aris-
ing from large 3D point clouds and many available features has
to be taken into account.

In this paper, we focus on individual point classification, i.e. we
only exploit feature vectors for assigning class labels, since respec-

0924-2716/© 2015 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V. All rights reserved.
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tive improvements also represent an important issue for methods
involving contextual information. Besides revisiting foundations
and trends in 3D scene analysis, we also provide new insights
addressing all major steps in the respective data processing. These
insights are based on our previous work involving feature rele-
vance assessment (Weinmann et al., 2013), recovery of optimal
3D neighborhoods (Weinmann et al., 2014) and large-scale capa-
bility (Weinmann et al., 2015). Resulting from these investigations,
we may easily derive a fully automatic, efficient and general frame-
work for 3D scene analysis which involves

e neighborhoods of optimal size,

o low-level geometric 3D and 2D features,

o different strategies for feature selection, and
o efficient methods for supervised classification

while preserving both reproducibility and applicability of the
involved methods. Hereby, we want to emphasize that neighbor-
hood size selection and feature extraction are strongly interleaved
issues, since the distinctiveness of geometric features strongly
depends on the respective neighborhood encapsulating those 3D
points which are taken into consideration for feature extraction.
We further extend the framework by adding several approaches
to different components, so that a variety of approaches is available
for each component (Fig. 1). By providing a detailed evaluation
involving two standard benchmark datasets, we are able to derive
general statements on the suitability of the different approaches.
Since only the spatial 3D geometry in terms of an appropriate rep-
resentation of object surfaces as measured counterpart of the real
world serves as input, our framework is generally applicable for
interpreting 3D point cloud data obtained via different acquisition
techniques such as terrestrial laser scanning (TLS), mobile laser
scanning (MLS) or airborne laser scanning (ALS). Furthermore, the
framework may be applied for point clouds captured with 3D cam-
eras or point clouds obtained via 3D reconstruction from images.

In the following, we first reflect related work in Section 2. Sub-
sequently, in Section 3, we explain the single components of our
framework and respective methods in detail. For demonstrating
the performance of our framework, we describe the involved pub-
licly available datasets, the conducted experiments and the respec-
tive results in Section 4. Additionally, we discuss the derived
results in Section 5. Finally, in Section 6, we provide concluding
remarks and suggestions for future work.

2. Related work
In this section, we reflect the related work on 3D scene analysis

and group respective approaches according to the single steps of
3D scene analysis.

2.1. Neighborhood selection

For being able to describe the local 3D structure around a
given point X via geometric features, a respective neighborhood

: @

. |
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definition encapsulating all considered 3D points is required. Gen-
erally, different strategies may be applied for defining the local
neighborhood A around a given 3D point X. Among these, the most
commonly applied neighborhood definitions are represented by

e a spherical neighborhood definition A, where the neighbor-
hood is formed by all 3D points in a sphere of fixed radius
s € R around the point X (Lee and Schenk, 2002),

¢ a cylindrical neighborhood definition A, where the neighbor-
hood is formed by all those 3D points whose 2D projections
onto a plane (e.g. the ground plane) are within a circle of fixed
radius r. € R around the projection of X (Filin and Pfeifer, 2005),
and

e a neighborhood definition A, based on a fixed number of the
k € N closest neighbors of X in 3D (Linsen and Prautzsch,
2001) or in 2D (Niemeyer et al., 2014).

Hereby, the third definition also results in a spherical neighbor-
hood if 3D distances are evaluated for finding the closest neigh-
bors, but — in contrast to the first definition - a variable absolute
size is taken into account. Whereas these definitions with a con-
stant scale parameter (i.e. either a fixed radius or a constant value
k) across all 3D points provide a straightforward solution to neigh-
borhood selection, it has to be taken into account that the scale
parameter is typically selected with respect to heuristic or empiric
knowledge on the scene and thus specific for each dataset. Further-
more, the scale parameter may not be identical across all consid-
ered 3D points, since it intuitively rather depends on the local 3D
structure and point density. This holds particularly for MLS data,
where due to the process of data acquisition dense and accurate
3D point clouds with significant variations in point density may
be expected.

In order to avoid strong assumptions on local 3D neighbor-
hoods, more recent investigations focused on introducing an opti-
mal neighborhood size for each individual 3D point and thus
increasing the distinctiveness of derived features. Most of the
presented approaches exploit the idea of a neighborhood based
on the k closest 3D points and optimize k for each individual
3D point. This optimization may for instance be based on itera-
tive schemes relating neighborhood size to curvature, point den-
sity and noise of normal estimation (Mitra and Nguyen, 2003;
Lalonde et al., 2005) which is particularly relevant for rather
densely sampled and thus almost continuous surfaces. Other
alternatives also account for more cluttered surface representa-
tions and are based on surface variation (Pauly et al., 2003;
Belton and Lichti, 2006), dimensionality-based scale selection
(Demantké et al., 2011) or eigenentropy-based scale selection
(Weinmann et al., 2014). Even though deriving individual neigh-
borhoods causes additional effort, the need for such concepts
clearly becomes visible when considering the suitability of
respective geometric features for neighborhoods of different size
(Blomley et al., 2014) or the significant improvement in compar-
ison to neighborhoods with a constant scale parameter across all
3D points (Weinmann et al., 2014).

3D Point » Neighborhood » Feature » Feature » Supervised » Labeled
Cloud Selection Extraction Selection Classification 3D Point Cloud
7 approaches 21 features 7 approaches 10 classifiers

Fig. 1. The proposed framework and the quantity of attributes/approaches taken into account for evaluation.
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Instead of focusing on the concept of an optimal 3D neighbor-
hood for each individual 3D point, geometric features may also
be derived for different scales, since - by varying the size of the
local neighborhood and calculating all features for each scale - it
is possible to involve information on how the local 3D geometry
behaves across scales (Brodu and Lague, 2012) which, in turn,
may support the discrimination between different classes and thus
improve the classification results (Niemeyer et al., 2014). In this
context, neighborhoods of small size are suitable to analyze fine
details of the local 3D structure, whereas increasing the size of
the local neighborhood is similar to applying a smoothing filter
(Pauly et al., 2003), since with increasing neighborhood size each
individual 3D point will contribute less to the surface variation
estimate. By directly providing all features over a range of scales
to the classifier, a training procedure can later be used to define
which combination of scales allows the best separation of different
classes (Brodu and Lague, 2012). However, the number of scales
and their distance are typically selected based on heuristic or
empiric knowledge on the scene and thus specific for each dataset
(Brodu and Lague, 2012; Niemeyer et al., 2014; Schmidt et al.,
2014). Consequently, it would be desirable to combine generic
approaches for selecting a single optimal scale with a generic mul-
ti-scale representation. For the latter, a transfer of concepts from
2D scale space theory could be applied in analogy to scale space
representations for detecting 3D interest points (Yu et al., 2013)
or 3D interest regions (Unnikrishnan and Hebert, 2008). More gen-
erally, the extraction of geometric features may not only rely on
different scale parameters, but also on different entities such as
points and regions (Xiong et al., 2011; Xu et al., 2014). Note that
this is in analogy to the labeling paradigm, where the labels of sin-
gle 3D points and their closest neighbors are exploited for a struc-
tured prediction.

In contrast to considerations on point-level, 3D scene analysis
may also be based on voxels or 3D segments. For instance, it has
recently been proposed to exploit voxels which carry geometric,
textural and color information collected from airborne imagery
and point clouds derived via dense image matching (Gerke and
Xiao, 2013). Furthermore, a multi-stage inference procedure
exploiting a hierarchical segmentation based on voxels, blocks
and pillars has recently been presented (Hu et al., 2013). Alterna-
tively, a 3D segmentation of the given point cloud data could be
introduced in order to support 3D scene analysis (Vosselman,
2013), where attributes of single 3D points can be exploited for a
better separation of neighboring objects (Oude Elberink and
Kemboi, 2014). Even the combination of generic scale selection
and voxelization has been proposed with an approach based on
supervoxels resulting from an oversegmentation of a 3D point
cloud (Lim and Suter, 2009), where the size of supervoxels is deter-
mined based on an iterative scheme involving curvature, point
density, noise and point intensities. However, results based on a
simple voxelization of 3D space strongly depend on the empirically
or heuristically selected voxel size and, typically, a generic seg-
mentation significantly increases the computational burden.

2.2. Feature extraction

For extracting discriminative features from point clouds with
possibly varying point density, a variety of approaches has been
proposed. Focusing on the characterization of a local 3D neighbor-
hood around a given point X, one strategy consists of deriving suit-
able 3D descriptors such as spin image descriptors (Johnson and
Hebert, 1999) which are based on spinning a planar image patch
around the surface normal at a given 3D point X and counting
the number of points per pixel. A powerful alternative is represent-
ed by shape distributions (Osada et al., 2002) which are based on
randomly sampling geometric relations such as distances and

angles and may thus be applied for characterizing the local neigh-
borhood of a 3D point X (Blomley et al., 2014). A similar strategy
has been presented with Point Feature Histograms (PFHs) (Rusu
et al, 2008; Rusu et al., 2009) which are based on sampling
geometric relations such as point distances and angular variations
between the closest neighbors relative to the local normal vector at
X into histograms. In contrast, the Signature of Histograms of
OrienTations (SHOT) descriptor (Tombari et al., 2010) is based on
exploiting a spherical grid centered on the point X, where each
3D bin of the grid is represented as weighted histogram of normals.
For all these approaches, however, single entries of the resulting
feature vector are hardly interpretable.

Consequently, a variety of approaches for 3D scene analysis
relies on the 3D structure tensor which is represented by the 3D
covariance matrix derived from the 3D coordinates of all points
within the local neighborhood of a given 3D point X. Based on this
3D structure tensor, the analytical consideration of its eigenvalues
has been proposed for characterizing specific shape primitives
(Jutzi and Gross, 2009). Furthermore, the eigenvalues may be
exploited to derive a set of local 3D shape features (West et al.,
2004; Pauly et al., 2003) which contains more intuitive descrip-
tions (e.g. about linear, planar or volumetric structures) and is
therefore nowadays commonly applied in lidar data processing.
Such features are often complemented with other geometric fea-
tures based on angular statistics (Munoz et al., 2009), height and
local plane characteristics (Mallet et al., 2011), basic properties of
the neighborhood and characteristics of a 2D projection
(Weinmann et al., 2013), descriptors involving surface properties,
slope, height characteristics, vertical profiles and 2D projections
(Guo et al, 2014) or point distances and height differences
(Waldhauser et al., 2014). Moreover, eigenvalue-based 3D features
are often combined with additional full-waveform and echo-based
features (Chehata et al., 2009; Mallet et al., 2011; Niemeyer et al.,
2012; Schmidt et al., 2014; Waldhauser et al., 2014).

2.3. Feature selection

Whereas often as many features as possible are exploited in
order to compensate a lack of knowledge, it has to be considered
that some of these features may be more and others less suitable.
Consequently, the interest in feature selection techniques emerged
for finding compact and robust subsets of relevant and informative
features in order to gain predictive accuracy, improve computa-
tional efficiency with respect to both time and memory consump-
tion, and retain meaningful features (Guyon and Elisseeff, 2003;
Saeys et al., 2007; Liu et al., 2010). Respective strategies for feature
selection can be categorized into filter-based methods, wrapper-
based methods and embedded methods. The main characteristics,
advantages and disadvantages of these strategies are provided in
Table 1. For more details and further reading, we recommend a
comprehensive review of feature selection techniques (Saeys
et al., 2007).

In 3D point cloud processing, however, feature selection has
only rarely been applied and different aspects have to be taken into
account. Since both wrapper-based methods and embedded meth-
ods involve a classifier, they tend to yield a better performance
than filter-based methods. Wrapper-based methods typically
involve a classifier either via Sequential Forward Selection (SFS)
which is based on finding the feature yielding the highest predic-
tive accuracy and successively adding the feature that improves
performance the most, or via Sequential Backward Elimination
(SBE) which is based on starting with the whole feature set and
repeatedly deleting the feature that reduces performance the least
(Mallet et al., 2011; Khoshelham and Oude Elberink, 2012). Where-
as SFS tends to result in smaller feature subsets, SBE tends to yield
larger feature subsets. Due to the involved classifier, however, such
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Table 1
Feature selection (FS) techniques and their main characteristics.
Strategy Advantages Disadvantages Examples
Filter-based FS
—Univariate Simple No feature dependencies Fisher score
Fast No interaction with the classifier Information gain
Classifier-independent Symmetrical uncertainty
—Multivariate Classifier-independent Slower than univariate techniques CFS
Models feature dependencies No interaction with the classifier FCBF
Faster than wrapper-based FS mRMR
Wrapper-based FS Interaction with the classifier Classifier-dependent SES
Models feature dependencies Computationally intensive SBE

Embedded FS Interaction with the classifier
Models feature dependencies

Faster than wrapper-based FS

Simulated annealing

Random Forests
AdaBoost

Classifier-dependent

methods reveal a rather high computational effort. In contrast,
embedded methods such as Random Forests or AdaBoost provide
the capability of dealing with exhaustive feature sets as input
and letting the classifier internally select a suitable feature subset
during the training phase (Chehata et al., 2009; Tokarczyk et al.,
2013). However, both wrapper-based methods and embedded
methods provide feature subsets which are only optimized with
respect to the applied classifier. In contrast, filter-based methods
are classifier-independent (thus they tend to provide a slightly
weaker performance) and only exploit a score function directly
based on the training data which, in turn, results in simplicity
and efficiency (Weinmann et al., 2013; Weinmann et al., 2014).
Depending on the use of (i) only feature-class relations for deter-
mining relevant features or (ii) both feature-class relations and fea-
ture-feature relations for also removing redundancy, such
techniques may further be categorized into univariate and multi-
variate techniques.

2.4. Classification

Concerning 3D scene analysis, the most effort has recently been
spent in the design and improvement of the classification proce-
dure. In order to obtain interpretable results, supervised classifica-
tion is commonly applied which involves a set of training
examples. Generally, approaches for supervised classification can
be categorized into (i) individual point classification where each
3D point is classified based on the respective feature vector or
(ii) contextual classification where each 3D point is classified based
on the respective feature vector as well as the labels of neighboring
3D points.

For 3D scene analysis based on individual point classification, a
variety of standard classification approaches has been applied such
as classical Maximum Likelihood classifiers based on Gaussian
Mixture Models (Lalonde et al., 2005), Support Vector Machines
(Secord and Zakhor, 2007), AdaBoost (Lodha et al., 2007), a cascade
of binary classifiers (Carlberg et al., 2009), Random Forests
(Chehata et al., 2009) and Bayesian Discriminant Classifiers
(Khoshelham and Oude Elberink, 2012). Whereas many respective
approaches are publicly available in various software tools and fur-
thermore easily applicable, the derived results appear to be noisy
since it is not taken into account that semantic labels of neighbor-
ing 3D points tend to be correlated.

In order to account for correlated labels of neighboring 3D
points, contextual classification approaches also involve relation-
ships among 3D points in a local neighborhood which have to be
inferred from the training data. Hereby, it is important to notice
that the local neighborhood for inferring relationships among 3D
points is typically different from the one used for feature extrac-
tion. Addressing different strategies for modeling interactions
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between neighboring 3D points, for 3D scene analysis, respective
methods have been proposed with Associative and non-Associative
Markov Networks (Munoz et al., 2009; Shapovalov et al., 2010;
Najafi et al., 2014), Conditional Random Fields (Niemeyer et al.,
2012; Niemeyer et al., 2014), multi-stage inference procedures
focusing on point cloud statistics and relational information over
different scales (Xiong et al., 2011), and spatial inference machines
modeling mid- and long-range dependencies inherent in the data
(Shapovalov et al., 2013). Due to focusing on a smooth labeling,
contextual classification approaches tend to yield higher classifica-
tion accuracies than approaches for individual point classification.

Even though a spatially smooth labeling is desirable, the use of
contextual classification approaches typically causes a high com-
putational effort for modeling interactions between neighboring
3D points and thus often tends to be impracticable. More
specifically, an exact inference is computationally intractable, since
the training data is limited and modeling relationships across the
whole training data results in too many degrees of freedom. For
this reason, approximate inference techniques have been proposed
which infer the spatial relationships among 3D points within a
local 3D neighborhood. Whereas modeling long-range dependen-
cies is feasible in order to improve the predictive power of the clas-
sifier and rather time-consuming, many approaches focus on
modeling only short-range interactions in order to improve com-
putational efficiency. Generally, however, there is no indication
towards an optimal inference strategy, and an efficient alternative
solution may consist of a decoupling in terms of first labeling with-
out smoothness constraint via individual point classification and
subsequently smoothing the labels via probabilistic relaxation or
smooth labeling techniques (Schindler, 2012). This further moti-
vates to investigate sources for potential improvements in indi-
vidual point classification.

3. Methodology

In this section, we present our framework shown in Fig. 1 and
explain its components as well as respective methods in detail.
These components address neighborhood selection (Section 3.1),
feature extraction (Section 3.2), feature selection (Section 3.3)
and classification (Section 3.4).

3.1. Neighborhood selection

Generally, neighborhood selection may focus on the selection of
a single scale or the selection of multiple scales. While the latter
strategy accounts for the behavior of features across different
scales by delaying the decision about the suitability of a neighbor-
hood to the classifier, there are many further aspects which have to
be taken into consideration. For instance, it is important to know
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how the scale space is designed, how many scales are involved and
how the distance between scales is determined. Such decisions are
still typically based on a heuristic or empiric selection (Brodu and
Lague, 2012; Niemeyer et al., 2014; Schmidt et al., 2014) and thus
specific for each dataset. In contrast, the selection of a single scale
also offers a generic selection which even allows a generalization
between datasets since variations in point density may be handled.
For these reasons, we focus on a single-scale approach.

Accordingly, for being able to describe the local 3D structure
around a given 3D point X = (X,Y,2Z)" € R?, the fundamental task
consists of recovering the neighboring 3D points. This, in turn,
involves (i) a suitable neighborhood definition, (ii) an efficient
recovery of neighboring 3D points and (iii) an adequate
parameterization in terms of neighborhood size. In the following,
we consider these three issues in detail.

3.1.1. Neighborhood definition

The adequate choice of a neighborhood definition and the
respective scale parameter certainly depends on the characteristics
of the respective point cloud data. Whereas, according to Section 2,
the spherical and cylindrical neighborhood definitions As and A/
directly involve empiric or heuristic knowledge on the scene in
order to obtain a suitable radius, the neighborhood definition N
accounts for more flexibility in case of varying point density. Since
we intend to provide a versatile framework without being restrict-
ed to a specific dataset, we employ the neighborhood definition N
based on the k closest neighbors of a given 3D point X. Thereby, we
select the closest neighbors based on 3D distances and thus a sphe-
rical neighborhood with flexible radius. Consequently, we first
need to involve a strategy to recover the closest neighbors of X
and then select a suitable number k of considered neighbors.

3.1.2. Neighborhood recovery

In order to find the closest neighbors for a given 3D point X, the
most commonly used approach is based on a Kd-tree (Friedman
et al., 1977). Generally, a Kd-tree represents a compact hierarchical
data structure for point sets sampled from a K-dimensional mani-
fold and thus allows an efficient recovery of neighboring points. If
required, the computational efficiency can further be increased by
replacing the exact nearest neighbor search by an approximate
nearest neighbor search (Arya et al., 1998). This, in turn, introduces
little loss in accuracy since non-optimal neighbors may be
returned. A good trade-off between computational efficiency and
accuracy has been presented with the Fast Library for Approximate
Nearest Neighbors (FLANN) (Muja and Lowe, 2009) which is pub-
licly available (e.g. in OpenCV) and based on either (i) searching
hierarchical K-means trees with a priority search order or (ii) using
multiple randomized Kd-trees.

3.1.3. Neighborhood parameterization

When selecting a suitable number k of considered neighbors,
the simplest and straightforward approach would be to select a
fixed value k for all points of the point cloud. This way, the choice
of k still relies on empiric or heuristic knowledge on the scene.
Intuitively, however, we may prefer a choice where the parameter
k (which is also commonly referred to as scale) is more flexible and
thus allowed to vary within a dataset. This idea is further strength-
ened by the fact that k certainly depends on the respective 3D
structures and the local point density within a dataset. Conse-
quently, a generic method for deriving locally optimal neighbor-
hoods would be desirable. A respective method would even
completely avoid the use of a priori knowledge on the scene.

In order to obtain suitable and individual neighborhoods, semi-
nal work (Pauly et al., 2003; Demantké et al., 2011) is based on the
well-known 3D structure tensor S € R*** with
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which represents a 3D covariance matrix constructed for a given 3D
point X = X, by involving its k closest neighbors X; withi=1,... k.

The geometric center X is thereby defined as
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and may thus slightly vary from the considered 3D point X,. Since
the 3D structure tensor represents a symmetric positive-definite
matrix, its three eigenvalues exist, are non-negative and correspond
to an orthogonal system of eigenvectors. Further assuming that
there may not necessarily be a preferred variation with respect to
the eigenvectors, we consider the general case of a structure tensor
with rank 3. Consequently, the three eigenvalues /1, 1, and 23 with
1,722,723 €R and 4 > 1 > 13 = 0 represent the extent of a 3D
ellipsoid along its principal axes. Thus, the eigenvalues may be
exploited in order to characterize the local 3D shape. In the context
of neighborhood size selection, three approaches based on the
eigenvalues of the structure tensor have been proposed.

Firstly, the eigenvalues can be exploited in order to estimate the
local surface variation with

/3

=2 3
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which is also referred to as change of curvature. By starting with
small values and successively increasing the neighborhood size,
i.e. the scale parameter k € N, a critical neighborhood size and thus
a respective value for k corresponds to a significant increase of C;
(Pauly et al., 2003; Belton and Lichti, 2006), since occurring jumps
indicate strong deviations in the normal direction.

Secondly, the eigenvalues can be exploited in order to derive
the dimensionality features represented by linearity L;, planarity
P; and scattering S; with

=k
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which represent 1D, 2D and 3D features. More specifically, the
dimensionality features L;,P;,S; € R with L;,P;,S; € [0,1] sum up
to 1 and thus satisfy two of three probability axioms according to
(Kolmogorov, 1933). Further taking into account that quasiprobabil-
ity distributions generally relax the third axiom addressing the
junction of mutually disjoint random events, the dimensionality
features may be considered as the “probabilities” of a 3D point to
be labeled as 1D, 2D or 3D structure (Demantké et al., 2011).
Accordingly, the task of finding a suitable neighborhood size may
be transferred to favoring one dimensionality the most which, in
turn, corresponds to minimizing a measure of unpredictability
given by the Shannon entropy (Shannon, 1948) as

Egim = —L;In(L;) — P, In(P;) — S; In(S;) (7)

across different scales k € N. For this purpose, in the original imple-
mentation (Demantké et al., 2011), the neighborhood radius r has
been taken into account and the interval r € [ryin, 'max] has been
sampled in 16 scales. Thereby, the radii are not linearly increased
since the radius of interest is usually closer to ry;,. Thus, the optimal
neighborhood size corresponds to the radius which yields the mini-
mum Shannon entropy. Since the values ry;, and r.,x depend on
various characteristics of the given data, they are specific for each
dataset. In order to avoid a heuristic parameter selection, directly
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varying the scale parameter k (e.g. between kpy, =10 and
kmax = 100 with Ak = 1) has recently been proposed (Weinmann
et al.,, 2014) which results in an increase of the computational effort.

Thirdly, the eigenvalues can directly be exploited in order to
estimate the order/disorder of 3D points within the local 3D neigh-
borhood (Weinmann et al., 2014). For this purpose, the three
eigenvalues 21, 4, and /3 are normalized by their sum X;. The nor-
malized eigenvalues e; = 4;/%, withi € {1,2,3} and e; € [0, 1] thus
sum up to 1 and, consequently, the measure of eigenentropy is
defined via the Shannon entropy as

E, = —e;In(e;) — ez In(ey) — esIn(e;) (8)

where the occurrence of eigenvalues identical to zero has to be
avoided by adding an infinitesimal small value &. The eigenentropy
represents a measure describing the order/disorder of 3D points
within the local 3D neighborhood. Favoring a minimum disorder
of 3D points corresponds to minimizing E; across different scales
k € N. Accordingly, the optimal neighborhood size can be deter-
mined by varying the scale parameter k and selecting the value
which yields the minimum Shannon entropy. In accordance with
other investigations (Demantké et al., 2011; Weinmann et al.,
2014), we consider relevant statistics to start with ky;, = 10 neigh-
bors and vary k with Ak =1 up to a relatively high number of
kmax = 100 neighbors. This approach for neighborhood size selec-
tion is generally applicable, since it does neither involve parameters
which are specific for each dataset nor rely on the assumption of
particular shapes being present in the observed scene.

Even though such approaches for optimal neighborhood size
selection cause additional computational effort, involving optimal
neighborhoods has a significantly positive impact on 3D scene ana-
lysis (Weinmann et al., 2014) and should therefore be taken into
account. More specifically, by exploiting optimal neighborhoods
- which may be different for each individual 3D point - we may
expect that, in the subsequent step of feature extraction, the dis-
tinctiveness of geometric features calculated from the neighboring
points is increased.

3.2. Feature extraction

Most of the publicly available 3D point cloud datasets only con-
tain geometric information in terms of spatial 3D coordinates. For
this reason, we only involve geometric features in our investiga-
tions. Consequently, all types of point clouds with an adequate
point density may serve as input for our framework. In particular,
point clouds acquired via mobile laser scanning or dense matching
provide an appropriate representation of object surfaces as mea-
sured counterpart of the real world. Further information such as
intensity/color or full-waveform features can easily be added, but
this does not influence the presented methodology and is therefore
not in the scope of this work.

Considering a given 3D point X, respective geometric features
typically rely on a local neighborhood. Thus, neighborhood selec-
tion and feature extraction are interleaved issues, since the distinc-
tiveness of geometric features strongly depends on the respective
neighborhood encapsulating those 3D points which are taken into
consideration for feature extraction. Whereas some features will be
more distinctive for larger neighborhoods (e.g. features addressing
planarity or curvature), other features will be more distinctive for
smaller neighborhoods (e.g. features addressing fine details of the
local 3D structure). In order to avoid optimizing the neighborhood
size for each feature, we focus on the concept of decoupling neigh-
borhood selection and feature extraction. Consequently, we treat
feature extraction independent from neighborhood selection since
an interaction of these components in terms of optimization is
not taken into account, and we furthermore assume that the
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consideration of locally adaptive neighborhoods is sufficient for
retrieving distinctive features. Thus, in analogy to our previous
work (Weinmann et al, 2013; Weinmann et al, 2014;
Weinmann et al.,, 2015), we exploit eigenentropy-based scale
selection and derive fundamental geometric 3D properties as well
as local 3D shape features from this local 3D neighborhood (Sec-
tion 3.2.1). Furthermore, we also consider 2D neighborhoods
resulting from a 2D projection and derive geometric 2D features
(Section 3.2.2). In total, this yields a set of 21 low-level geometric
3D and 2D features which are briefly described in the following
subsections. A respective toolbox' (Matlab, C++ and binaries) for
calculating these geometric features has recently been released
(Weinmann et al., 2015). Since the geometric features address differ-
ent quantities with possibly different units, a normalization across
all feature vectors is involved which maps the values of each dimen-
sion to the interval [0, 1].

3.2.1. 3D features

A variety of 3D features can be derived by considering basic
properties of the local 3D neighborhood and local 3D shape fea-
tures arising from the spatial arrangement of 3D points within
the neighborhood.

3.2.1.1. Geometric 3D properties. For 3D scene analysis, valuable
information about a given 3D point X = (X,Y,Z)" for which the
XY-plane represents a horizontally oriented plane might arise from
its absolute height Z. Additionally, fundamental geometric 3D
properties of the local 3D neighborhood are represented by the
radius r,_ny of the spherical neighborhood encapsulating the k
closest neighbors as well as the maximum difference AZ; yy and
standard deviation g7, _nn Of height values within the neighbor-
hood. Further basic properties of the local neighborhood arise from
the local point density D (Weinmann et al., 2013) given by

D= _k+1 (9)

i3
3T NN

and the verticality V =1 —n; (Demantké et al., 2012) which is
derived from the vertical component n; of the normal vector n € R®.

3.2.1.2. Local 3D shape features. For a given 3D point X and its k
closest neighbors, the respective derived normalized eigenvalues
e; with i € {1,2,3} may be exploited in order to obtain a set of 8
local 3D shape features (West et al., 2004; Pauly et al., 2003). This
feature set encapsulates linearity L;, planarity P;, scattering S,
omnivariance O,, anisotropy A,, eigenentropy E;, sum X, of eigen-
values and change of curvature C; according to
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1 This toolbox is available at http://www.ipf.kit.edu/code.php.
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which are meanwhile commonly applied in 3D lidar data
processing.

3.2.2. 2D features

Generally, point clouds representing an observed 3D scene do
not provide a completely random point distribution since the 3D
points are the measured or derived counterpart of real object sur-
faces. For instance, urban environments are composed of a variety
of man-made objects, where geometric constraints in terms of
symmetry and orthogonality are likely to be satisfied. Since such
man-made objects often tend to provide almost perfectly vertical
structures (e.g. building facades, poles, traffic signs or curbstone
edges), we may also involve geometric features resulting from a
2D projection of the 3D point cloud onto a horizontally oriented
plane, i.e. the XY-plane. Such 2D features might reveal complemen-
tary information compared to the aforementioned 3D features and
can also be categorized into different groups.

3.2.2.1. Geometric 2D properties. In analogy to the 3D case, basic
geometric properties are given by the radius r_nn2p Of the circular
neighborhood defined by a 2D point and its k closest neighbors or
the local point density D,p (Lari and Habib, 2012). In order to assess
2D properties corresponding to the optimized neighborhood, we
again use the closest neighbors based on 3D distances.

3.2.2.2. Local 2D shape features. Exploiting the XY-coordinates of a
point X and its k closest neighbors, the 2D structure tensor Syp
can be derived in analogy to the 3D structure tensor. From its
eigenvalues, the sum X,,p and the ratio R;,p of eigenvalues may
be calculated and exploited as 2D features.

3.2.2.3. Features based on an accumulation map. Since the aforemen-
tioned 2D features are based on the spherical neighborhood encap-
sulating a point X and its k closest neighbors, we may also involve
neighborhoods resulting from a spatial binning. For this purpose, it
has been proposed to introduce a second neighborhood definition
by discretizing the 2D projection plane and deriving a 2D accumu-
lation map with quadratic bins (Monnier et al., 2012; Weinmann
et al,, 2013), e.g. with a side length of 0.20...0.25 m. Within each
bin, respective features arise from the number M of points falling
into the bin as well as the maximum height difference AZ and
the standard deviation ¢ of height values within the bin.

3.3. Feature selection

Particularly when dealing with many features or many training
examples, simpler and more efficient methods are favorable and,
consequently, filter-based methods are often applied for selecting
a subset of relevant features. These filter-based methods address
simple and more intuitive relations between features and classes
and possibly also among features (i.e. relations based on well-
known concepts of distance, information, dependency or consis-
tency), whereas the relations exploited by embedded methods
are more sophisticated and thus hardly interpretable. By repre-
senting these relations in the form of score functions, one could
argue that - in the sense of statistical learning or machine learning
- embedded methods are most appropriate, since the respective
score function focuses on minimizing the classification error. How-
ever, embedded methods would directly introduce a dependency
between selected features and the settings of a classifier, e.g. the
number of involved weak learners, their type and the (ideally high)
number of considered choices per variable. In order to avoid an
exhaustive classifier tuning and thus preserve applicability for
non-expert users, we focus on filter-based methods and accept if
these tend to provide a (slightly) weaker performance. Since we

apply both univariate and multivariate filter-based methods, we
briefly explain the basic ideas in the following subsections. Most
of these techniques, however, should be conducted for training
data with an equal number of training examples per class in order
to avoid a bias in feature selection.

3.3.1. Univariate filter-based feature selection

A univariate filter-based feature selection method relies on a
score function which evaluates feature-class relations in order to
discriminate between relevant and irrelevant features. More
specifically, the score function evaluates the relation between the
vector containing values of a single feature across all observations
and the respective label vector. Thereby, the score function may
address different intrinsic properties of the given training data
such as distance, information, dependency or consistency. Among
a variety of possible score functions addressing a specific intrinsic
property (Guyon and Elisseeff, 2003; Zhao et al., 2010), the most
popular ones are represented by simple metrics such as Pearson
correlation coefficient (Pearson, 1896), Gini index (Gini, 1912),
Fisher score (Fisher, 1936), information gain (Quinlan, 1986) or
symmetrical uncertainty (Press et al., 1988). Since some of these
score functions are only defined for discrete features, a respective
discretization of continuous-valued features is introduced if
required (Fayyad and Irani, 1993). Thus, a variety of score functions
allows to rank the extracted features according to their relevance.
By exploiting a separate ranking with respect to different score
functions and subsequently assessing the mean rank, we recently
proposed a general relevance metric addressing different intrinsic
properties of the given training data (Weinmann et al., 2013).

3.3.2. Multivariate filter-based feature selection

A multivariate filter-based feature selection method relies on a
score function which evaluates both feature-class and feature-fea-
ture relations in order to discriminate between relevant, irrelevant
and redundant features. A respective score function has been pro-
posed with ReliefF (Kononenko, 1994). However, the score function
may also be based on standard score functions applied for univari-
ate filter-based feature selection. For instance, an approach taking
the symmetrical uncertainty as correlation metric is represented
by Correlation-based Feature Selection (CFS) (Hall, 1999). Consid-
ering random variables X; for the features and C for the class labels
and further defining pxc as average correlation between features
and classes as well as pxx as average correlation between different
features, the relevance R of a feature subset comprising n features
results in

R(X1 ) = —— X (18)
n—+n(n—1)pxx

which can be maximized by searching the feature subset space

(Hall, 1999), i.e. by iteratively adding a feature to the feature subset

(forward selection) or removing a feature from the feature subset

(backward elimination) until R converges to a stable value.

For comparison only, we also consider feature selection exploit-
ing a Fast Correlation-Based Filter (FCBF) (Yu and Liu, 2003) which
involves heuristics and thus does not meet our intention of a fully
generic methodology. For deciding whether features are relevant
to the class or not, a typical feature ranking based on symmetrical
uncertainty is conducted in order to determine the feature-class
correlation. If the symmetrical uncertainty is above a certain
threshold, the respective feature is considered to be relevant. For
deciding whether a relevant feature is redundant or not, the sym-
metrical uncertainty among features is compared to the symmetri-
cal uncertainty between features and classes in order to remove
redundant features and only keep predominant features.
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Finally, we also apply an approach addressing the aims of both
univariate and multivariate filter-based feature selection methods.
Whereas univariate filter-based methods focus on selecting the
best-ranked features with the highest relevance (i.e. maximal rele-
vance selection), multivariate filter-based methods focus on select-
ing features with the minimal redundancy (i.e. minimal
redundancy selection). Accordingly, an approach combining two
constraints for (i) minimal redundancy selection and (ii) maximal
relevance selection has been presented with the minimal-redun-
dancy-maximal-relevance (mRMR) criterion (Peng et al., 2005).
However, a remaining issue is how to determine the optimal num-
ber of features which can be done either heuristically or by apply-
ing wrapper-based schemes. Since we focus on efficiency and
therefore do not want to apply a classifier-dependent feature selec-
tion, the method of choice involves heuristics and we select a set
comprising 10 features. Thus, the approach does also not meet
our intention of a fully generic, classifier-independent method-
ology and, consequently, it only serves for comparison.

3.4. Classification

In the last step, either all or only the selected features are pro-
vided to a classifier which returns a respective assignment to one
of the specified (semantic) classes. For a wide range of applications,
most approaches focus on a supervised classification scheme,
where the fundamental idea consists of exploiting given training
data in order to train a classifier which afterwards is able to gener-
alize to new data. Thereby, the training data is represented by a set
X of training examples which, in turn, consist of an assignment
between a feature vector in a d-dimensional feature space and a
respective class label. In contrast, the test set ) containing new
data to be classified may only consist of feature vectors in the d-di-
mensional feature space.

For the sake of applicability in terms of simplicity, efficiency
and reproducibility, we focus on individual point classification
for which many respective approaches are available in a variety
of software tools. Since different learning principles may be
involved for inferring a function between feature vectors and class
labels in the training phase, we use a variety of classifiers and
briefly present the main ideas in the following subsections. Hereby,
we take into account that an unbalanced distribution of training
examples per class in the training set may often have a detrimental
effect on the training process (Criminisi and Shotton, 2013). In
order to avoid this, we introduce a class re-balancing by randomly
sampling the same number of training examples per class which
yields a reduced training set. Thus, end-users will not only get an
impression of the performance of single approaches, but also a
comprehensive comparison.

3.4.1. Instance-based learning

Instance-based learning does neither require parameter estima-
tion nor the assumption of a certain model, since unseen feature
vectors are directly compared to the feature vectors in the training
set. Accordingly, a similarity metric has to be defined which may
be based on the Euclidean distance, a general Minkowski metric
or other distance metrics. A very simple method and straightfor-
ward example for instance-based learning is represented by a
Nearest Neighbor (NN) classifier which assigns each feature vector
the class label of the most similar training example. The more gen-
eral definition represented by a k Nearest Neighbor (k-NN) classi-
fier (Cover and Hart, 1967) selects the k nearest samples in the
training data and classifies according to the majority vote of their
class labels.
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3.4.2. Rule-based learning

Rule-based learning focuses on the representation of acquired
knowledge in terms of (mostly binary) decisions. As most promi-
nent example, decision trees (DTs) conduct a series of simple tests
which are organized hierarchically in a tree structure (Quinlan,
1986). The construction of a decision tree is typically based on a
top-down strategy, where at each step the variable is chosen which
best splits the given training examples. This recursive partitioning
strongly depends on the definition of a split function and a respec-
tive stopping criterion. For both criteria, we use standard settings.

3.4.3. Probabilistic learning

Probabilistic learning focuses on deriving an explicit underlying
probabilistic model and inferring the most probable class label for
each observed feature vector. The Naive Bayesian (NB) classifier
(John and Langley, 1995), for instance, is a probabilistic classifier
which is based on Bayes’ theorem and the naive assumption of
all features being conditionally independent. Consequently, a set
of class probabilities and conditional probabilities for the occur-
rence of a class given a specific class label have to be determined
based on the training set &. Thus, in the classification process, a
new feature vector of a test set ) is assigned the most likely class
label. However, since conditional independence is assumed, corre-
lated features cannot be modeled appropriately. Alternatively, a
classical maximum likelihood (ML) classifier can be derived by
considering distribution-based Bayesian Discriminant Analysis. In
the training phase, a multivariate Gaussian distribution is fitted
to the given training data, i.e. the parameters of a Gaussian distri-
bution are estimated for each class by parameter fitting. For a Lin-
ear Discriminant Analysis (LDA) classifier, the same covariance
matrix is assumed for each class and therefore only the means
vary. For a Quadratic Discriminant Analysis (QDA) classifier, the
covariance matrix of each class may also vary. For classifying a
new feature vector, the probability of belonging to the different
classes is evaluated, and the class with maximum probability is
assigned.

3.4.4. Max-margin learning

Max-margin learning focuses on maximizing the distance
between samples of different classes in the feature space. A respec-
tive approach has been presented with Support Vector Machines
(SVMs) (Cortes and Vapnik, 1995). In general, a SVM is a binary
classifier trained to linearly separate two classes by constructing
a hyperplane or a set of hyperplanes in a high-dimensional feature
space. However, often a linear separation in the feature space is not
possible and hence a kernel function is introduced which implicitly
maps the training data into a new feature space of higher dimen-
sionality where the data is linearly separable. For solving the prob-
lem of multi-class classification, we apply a SVM classifier
composed of several binary SVMs and provided in the LIBSVM
package (Chang and Lin, 2011). This classifier is based on a one-a-
gainst-one approach and a (Gaussian) radial basis function (RBF) as
kernel. Thus, for each pair of classes, a SVM is trained to distinguish
samples of one class from samples of the other class. Since with TLS
and MLS, many objects with similar shapes or at least similar
geometrical behavior are typically acquired (e.g. poles, wires,
trunks or traffic lights), such a strategy may allow a better training
and subsequent discrimination of classes closely located in the fea-
ture space. However, the classification results strongly depend on
(i) the parameter y representing the width of the RBF kernel and
(ii) the parameter C penalyzing classification errors. In order to
optimally select these parameters, we conduct a grid search in a
suitable subspace (y, C).
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3.4.5. Ensemble learning

Ensemble learning is based on the idea of strategically generat-
ing a set of weak learners and combining them in order to create a
single strong learner. An intuitive way for this combination is rep-
resented by bagging (Breiman, 1996). Using bootstrapped replica
of the training data, i.e. subsets of the complete training data which
are randomly drawn with replacement (Efron, 1979), diversity is
obtained by training a weak learner of the same type for each sub-
set of the training data. Consequently, the weak learners are all
randomly different from one another which results in a de-correla-
tion between individual hypotheses and thus improved generaliza-
tion and robustness when taking the respective majority vote over
all hypotheses (Criminisi and Shotton, 2013). The most popular
example for bagging is represented by a Random Forest (RF) clas-
sifier (Breiman, 2001) which relies on decision trees as weak learn-
ers. A respective modification in terms of a non-hierarchical
structure consisting of a set of ferns as weak learners whose
hypotheses are combined in a Naive Bayesian way has been pre-
sented with a Random Fern (RFe) classifier (Ozuysal et al., 2007),
where a fern can be considered as simplified decision tree. For both
classifiers, the settings have been determined via respective
experiments. Accordingly, we use 100 decision trees for the Ran-
dom Forest classifier and 100 ferns for the Random Fern classifier.

In contrast to bagging, boosting (Schapire, 1990) is based on
incrementally generating a set of weak learners over consecutive
iterations and different distributions of the training data. In each
iteration, a subset of the complete training data is selected to train
a weak learner and get a weak hypothesis with low error with
respect to the true labels. After a certain number of iterations, all
hypotheses are combined by taking the majority vote over all
hypotheses. Since boosting was originally proposed for binary clas-
sification problems, an extension to multiclass classification has
been proposed with Adaptive Boosting (Freund and Schapire,
1997) which is commonly referred to as AdaBoost (AB). As a result
of respective tests, we use AdaBoost based on 100 decision trees as
weak learners.

3.4.6. Deep learning

Deep learning has been inspired by biological neural networks
which are capable to model high-level abstractions in given data.
As most prominent example, the Multi-Layer Perceptron (MLP)
consists of multiple layers of neurons: an input layer, one or two
hidden layers and an output layer. Each layer is fully connected
to the next one, and each connection is characterized by a weight
factor. Thus, a number of weighted inputs is provided to each neu-
ron which, in turn, maps these inputs to its output via an activation
function. Whereas the number of neurons for input and output lay-
er is given with the respective training examples, a suitable num-
ber of neurons in the hidden layer has to be determined
heuristically. In the training phase, the weights are learned via
backpropagation (Rumelhart et al., 1986) which represents a gradi-
ent descent technique for minimizing an error function in a high-
dimensional space. Based on various tests, we select a Multi-Layer
Perceptron with 11 neurons in the hidden layer, linear activation
functions for input and output layer, logistic sigmoid functions
for the hidden layer and the Resilient Backpropagation algorithm
(Riedmiller and Braun, 1993) for learning the parameters in the
training phase.

4. Experimental results

In the following, we focus on the performance of our frame-
work. For this purpose, we first describe the two involved and pub-
licly available benchmark datasets in Section 4.1. Subsequently, we
outline the conducted experiments in Section 4.2. Accordingly, in

Section 4.3, we provide the derived results for optimal neighbor-
hood size selection in comparison to standard neighborhood
definitions and thereby focus on a comparison of single approaches
for both individual point classification and feature selection.

4.1. Datasets

Since our main goal consists of applicability of involved meth-
ods and reproducibility of derived results, we want to facilitate
an objective comparison to other methodologies. Hence, we test
our framework on two publicly available and labeled 3D point
cloud datasets which are described in the following subsections.

4.1.1. Oakland 3D Point Cloud Dataset

One of the most widely used MLS datasets has been presented
with the Oakland 3D Point Cloud Dataset? (Munoz et al., 2009). This
dataset represents an urban environment and it has been acquired
with a mobile platform equipped with side looking SICK LMS laser
scanners used in push-broom mode. A separation of the dataset into
training set &, validation set V and test set ) is provided, and each
3D point is assigned one of the five semantic labels wire, pole/trunk,
facade, ground and vegetation. In order to get an impression of the
dataset, the respective number of samples per class is provided in
Table 2. After class re-balancing, the reduced training set encapsu-
lates 1000 training examples per class.

4.1.2. Paris-rue-Madame database

As second dataset, we consider the Paris-rue-Madame
database® (Serna et al., 2014) which has been acquired in the city
of Paris, France. This dataset consists of 20 million 3D points and cor-
responds to a street section with a length of approximately 160 m.
For data acquisition, the Mobile Laser Scanning system L3D2
(Goulette et al., 2006) equipped with a Velodyne HDL32 was used,
and annotation has been conducted in a manually assisted way.
Since the annotation includes both point labels and segmented
objects, the database contains 642 objects which, in turn, are catego-
rized in 26 classes. For our experiments, we only exploit those 3D
points belonging to one of the six dominant semantic classes facade,
ground, cars, motorcycles, traffic signs and pedestrians, since the
remaining classes are smaller than 0.05% of the complete dataset
(Table 3). Again, we conduct a class re-balancing and randomly
select a training set X with 1000 training examples per class, while
the remaining data is used as test set ).

4.2. Experiments

In the experiments, we first consider the general behavior of the
proposed method for optimal neighborhood size selection in Sec-
tion 4.3.1. Subsequently, in Section 4.3.2, we focus on the impact
of 7 different neighborhood definitions on the classification results
of 10 standard classifiers of different categories:

o the neighborhood Ny formed by the 10 closest neighbors,
o the neighborhood N5 formed by the 25 closest neighbors,
o the neighborhood N5, formed by the 50 closest neighbors,
o the neighborhood N5 formed by the 75 closest neighbors,
o the neighborhood N¢o formed by the 100 closest neighbors,

2 The Oakland 3D Point Cloud Dataset is publicly available at http://www.cs.cmu.
edu/~vmr/datasets/oakland_3d/cvpr09/doc/ (last access: 30 October 2014).

3 Paris-rue-Madame database: MINES ParisTech 3D mobile laser scanner dataset from
Madame street in Paris. © 2014 MINES ParisTech. MINES ParisTech created this special
set of 3D MLS data for the purpose of detection-segmentation-classification research
activities, but does not endorse the way they are used in this project or the
conclusions put forward. The database is publicly available at http://cmm.ensmp.fr/
~serna/rueMadameDataset.html (last access: 30 October 2014).
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Table 2

Number of samples per class for the Oakland 3D Point Cloud Dataset.
Class Training set Test set
Wire 2571 3794
Pole/trunk 1086 7933
Fagade 4713 111,112
Ground 14,121 934,146
Vegetation 14,441 267,325
> 36,932 1,324,310

Table 3

Number of samples per class for the Paris-rue-Madame database: both training set
and test set have been derived by splitting the whole dataset.

Class Training set Test set
Facade 1000 9,977,435
Ground 1000 8,023,295
Cars 1000 1,834,383
Motorcycles 1000 97,867
Traffic signs 1000 14,480
Pedestrians 1000 9048
p) 6000 19,956,508

e the optimal neighborhood N qp gim for each individual 3D point
when considering dimensionality-based scale selection, and

o the optimal neighborhood N, for each individual 3D point
when considering our proposed approach of eigenentropy-
based scale selection.*

The latter two definitions involving optimal neighborhoods are
based on varying the scale parameter k between Kkpy, = 10 and
kmax = 100 with a step size of Ak = 1, and selecting the value with
the minimum Shannon entropy of the respective criterion. Since
training a classifier strongly depends on the given training data,
we further consider the influence of a varying amount of training
data on the classification results in Section 4.3.3. Subsequently,
in Section 4.3.4, we focus on feature selection and test 7 different
feature sets for each neighborhood definition:

o the whole feature set S,; with all 21 features,

o the feature subset Sy, covering the 3 dimensionality features
L;,P,and S,

o the feature subset S;3p covering the 8 eigenvalue-based 3D
features,

o the feature subset Ss consisting of the 5 best-ranked features
according to a general relevance metric (Weinmann et al.,
2013),

o the feature subset Scrs derived via Correlation-based Feature
Selection,

o the feature subset Spcpr derived via the Fast Correlation-Based
Filter, and

o the feature subset Srvr derived via the minimal-redundancy-
maximal-relevance (mRMR) criterion.

The latter four feature subsets are based on either explicitly or
implicitly assessing feature relevance. Note that the full feature set
only has to be calculated and stored for the training data, whereas
a smaller feature subset automatically selected during the training
phase has to be calculated for the test data. Finally, in Section 4.3.5,
we focus on the transfer of the derived feature selection results to
other datasets.

4 The code is available at http://www.ipf.kit.edu/code.php.
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For evaluation, we consider five commonly used measures: (i)
precision which represents a measure of exactness or quality, (ii)
recall which represents a measure of completeness or quantity,
(iii) Fi-score which combines precision and recall with equal
weights, (iv) overall accuracy which reflects the overall perfor-
mance of the respective classifier on the test set, and (v) mean class
recall which reflects the capability of the respective classifier to
detect instances of different classes. In order to facilitate an objec-
tive comparison, all results are averaged over 20 runs since the
results for classification may slightly vary for different runs. Addi-
tionally, we consider that, when involving filter-based feature
selection, the derived feature subsets may slightly vary due to
the random selection of training data in each run, and hence deter-
mine them as the most often occurring feature subsets over 20
runs.

All implementation and processing was done in Matlab. In the
following, the main focus is put on the impact of both optimal
neighborhood size selection and feature selection on the classifica-
tion results. We may expect that (i) optimal neighborhoods for
individual 3D points significantly improve the classification results
and (ii) feature subsets selected via feature relevance assessment
provide an increase in classification accuracy.

4.3. Results

In the following, we present the results derived by applying our
framework.

4.3.1. Insights in the process of neighborhood selection

First, we want to provide more insights in the process of opti-
mal neighborhood size selection. For this purpose, we utilize the
Oakland 3D Point Cloud Dataset. Since our approach for selecting
an optimal scale parameter k involves an upper boundary of
kmax = 100 in order to limit the computational costs, we might
expect that it is likely to have a certain percentage of points which
favor a higher value of k. Consequently, we consider the distribu-
tion of k across the full dataset over the interval between
Kmin = 10 and kpnax = 100 with Ak = 1. The respective distribution
for NVopt,, is shown in Fig. 2 and quite similar for A/op gim. The figure
reveals a clear trend towards smaller neighborhoods, and the per-
centage of 3D points which are assigned neighborhoods with
k <100 is 98.08% and 98.13% for N oy, and N gpedim. For the last
bin corresponding to kna.x = 100, a slight increase can be observed.
The distributions per class are provided in Fig. 3 for Ay, and fol-
low the major trend with only a slight difference between different
classes.

However, it has to be taken into account that — when consider-
ing optimal neighborhoods A qp; and N opeaim — an additional pro-
cessing time of approximately 21 s and 758 s is required on a high-
performance computer (Intel Core i7-3820, 3.6 GHz, 64 GB RAM)
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Fig. 2. Distribution of the assigned optimal neighborhood size k for all 3D points in
the Oakland 3D Point Cloud Dataset.
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Fig. 3. Distribution of the assigned optimal neighborhood size k for the different classes of the Oakland 3D Point Cloud Dataset.

for the full training set and the test set, respectively. The additional
effort is significant in comparison to feature extraction, where
approximately 4 s and 2793 s are required for calculating all fea-
tures for the training set and the test set. This raises the question
if individual neighborhoods of optimal size are really necessary.
We focus on this issue in the next subsection.

4.3.2. Impact of neighborhood selection

In order to reason about the impact of neighborhood selection
on individual point classification, we consider all 21 geometric fea-
tures for each of the 7 different neighborhood definitions and pro-
vide them to 10 classifiers of different categories. The obtained
overall accuracy and mean class recall values are provided in
Tables 4 and 5. For an in-depth analysis concerning the impact of
neighborhood selection on the classification results, the recall

and precision values for the different neighborhood definitions
and different classifiers are provided in Tables 6 and 7. The corre-
sponding F;-scores are visualized in Fig. 4. In order to argue about
the efficiency of the involved classifiers, we also provide the abso-
lute and relative processing times for training phase and testing
phase in Table 8.

Note that the combination of optimal neighborhoods N, and
a Random Forest provides a good solution with respect to both
accuracy and computational efficiency. A visualization of respec-
tive classification results is provided in Fig. 5 for different parts
of the scene.

4.3.3. Impact of training data
Since we introduce a class re-balancing by randomly sampling
the same number of 1000 training examples per class, we also have

Table 4

Overall accuracy (in %) for different neighborhood definitions and different classifiers. Bold values indicate the highest overall accuracy obtained with the respective classifier.
Oakland NN DT NB LDA QDA SVM RF RFe AB MLP
Nio 73.86 65.64 78.88 87.38 78.93 82.93 87.53 81.94 86.78 80.54
Nas 86.25 69.30 83.64 90.08 83.62 88.88 90.50 88.77 89.99 78.59
Nso 88.89 75.47 85.03 92.83 84.95 92.00 91.54 90.42 91.80 85.68
N7s 89.97 76.87 85.00 93.05 84.99 91.99 91.06 91.16 90.56 87.07
Nioo 89.90 8445 84.33 92.60 84.43 91.76 90.16 90.59 87.01 84.39
N opt.dim 79.34 70.71 83.75 91.01 83.80 90.15 91.89 90.12 91.62 85.69
Nopt.: 79.87 75.76 85.63 90.39 85.69 89.10 92.25 90.45 92.28 87.29

Table 5

Mean class recall values (in %) for different neighborhood definitions and different classifiers. Bold values indicate the highest mean class recall value obtained with the respective

classifier.
Oakland NN DT NB LDA QDA SVM RF RFe AB MLP
Nio 63.40 54.19 62.29 70.68 62.33 58.86 70.78 63.75 67.52 64.20
Nas 70.01 57.41 68.46 75.54 68.47 68.50 74.65 71.48 68.64 68.03
Nso 69.47 59.99 67.12 72.76 66.98 68.47 72.72 69.22 71.46 69.13
Nys 68.29 57.82 65.49 73.05 65.44 68.00 69.99 68.88 68.19 70.47
Nioo 66.66 57.96 63.44 72.35 63.46 64.76 68.51 67.16 59.58 68.98
N opt.dim 7417 62.15 74.49 81.36 74.35 79.58 81.70 78.35 77.63 78.61
Nopt,: 73.98 66.99 76.19 82.05 76.15 79.97 82.59 78.70 7949 79.92
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Table 6
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Recall values (in %) for different neighborhood definitions and different classifiers. Bold values indicate the highest recall value obtained with the respective classifier for the

respective class.

Oakland N NN DT NB LDA QDA SVM RE RFe AB MLP
Wire N1o 65.51 55.20 65.92 77.06 65.69 62.21 70.46 72.24 58.66 65.61
Nos 64.63 50.50 70.78 73.30 70.97 60.11 69.48 68.14 5224 63.70
Nso 50.40 42.09 66.88 4857 66.69 41.13 56.86 55.82 53.55 51.81
N7s 49.68 3522 63.10 48.48 63.29 43.06 49.71 51.72 51.94 48.84
Nioo 50.09 26.62 60.54 46.74 60.35 3491 49.67 52,51 54.69 47.41
N optdim 77.91 69.30 75.72 82,51 75.24 80.19 85.16 76.58 78.58 78.54
Nopt 80.13 7348 79.15 87.00 79.13 8299 86.05 8201 80.40 8111
Pole/trunk Nio 61.74 60.45 52.05 61.55 52.29 35.88 68.49 47.56 66.92 58.24
Nas 66.72 63.62 57.98 69.92 58.21 55.67 69.59 63.79 58.97 71.77
Nso 61.11 60.23 50.70 60.56 50.62 55.32 62.64 56.39 53.76 67.73
N7s 55.96 52.98 4581 59.80 4595 50.83 58.63 50.82 46.89 69.23
N100 47.35 49,51 41.76 60.62 41.60 41.49 58.27 4524 38.91 69.60
N optim 73.91 70.57 75.22 78.81 75.11 78.42 78.90 75.41 65.90 81.61
Nopt 74.49 7136 76.33 79.85 76.28 78.10 79.99 73.25 70.17 82.07
Facade N1o 46.16 29.42 4335 4821 4345 4345 50.29 41.94 48.62 4242
Nas 52.10 39.51 46.70 59.97 46.49 54.15 60.98 52.35 55.89 49.72
Nso 65.27 51.29 47.32 73.81 47.29 65.00 68.13 55.96 74.19 58.94
N7s 65.19 51.16 48.47 7585 4836 65.22 67.51 63.75 70.07 66.78
Nioo 6593 5290 47.06 73.97 47.28 66.14 62.69 61.09 34.41 65.56
N optdim 61.65 33.57 5437 68.82 5434 64.48 65.90 65.77 63.91 65.75
Nopt 55.82 46.63 51.88 67.12 52.15 64.39 67.01 58.87 65.73 66.43
Ground Nio 80.32 73.96 88.26 97.55 88.30 95.44 98.23 91.84 97.61 89.79
Nas 94.66 76.50 90.34 97.69 90.42 97.31 98.91 97.02 97.81 84.45
Nso 96.25 81.71 91.58 98.55 91.56 98.47 98.84 97.93 98.52 9223
N7s 98.48 83.27 91.66 98.55 91.83 98.47 98.81 98.12 98.35 9355
Nioo 9858 9372 91.51 98.25 91.59 97.86 98.71 97.97 98.19 90.49
N optdim 82.88 78.55 88.95 97.04 89.07 96.83 98.52 96.93 98.00 90.80
Nopti 84.06 83.90 90.47 96.24 90.70 94.92 98.48 96.58 98.41 92.70
Vegetation Nio 63.27 51.90 61.86 69.03 61.91 57.31 66.45 65.15 65.79 64.94
Nos 71.95 56.95 76.49 76.83 76.24 75.27 74.29 76.11 78.28 70.53
Nso 74.32 64.62 79.09 82.33 78.76 82.44 77.10 80.00 77.29 74.92
N7s 72.13 66.48 78.41 8259 77.76 82.43 75.31 79.96 73.70 73.92
Nioo 71.36 67.06 76.32 82.19 76.48 8338 73.20 78.96 71.69 71.87
N optdim 74,51 58.76 78.17 79.62 78.00 77.99 79.99 77.05 81.78 76.34
Nopt: 75.38 59.56 83.09 80.02 8249 79.46 81.41 8279 8274 77.26

to consider what happens when involving more or less training
examples. This is of particular interest when dealing with datasets
where small classes are only represented by a few hundreds of 3D
points.

From the previous experiment, it becomes visible that a Ran-
dom Forest provides a good solution when considering a trade-
off between accuracy and efficiency. Hence, we take such a classi-
fier and exploit various numbers of training examples per class.
The respective recall and precision values are given in Tables 9
and 10. Note that, for less training examples per class, the recall
values tend to decrease for the smaller classes of wire and pole/
trunk while the respective precision values tend to increase. The
same characteristic holds when involving all training examples
per class, but with a more significant impact.

4.3.4. Impact of feature selection

Focusing on the capability towards large-scale 3D scene analy-
sis with significantly larger datasets, we also want to provide a
solution for selecting relevant features and discarding irrelevant
ones in order to reduce the computational burden with respect
to processing time and memory consumption. Accordingly, we
again use a Random Forest classifier and provide the results
obtained when using the 7 different neighborhood definitions
and 7 different feature sets. This yields a total number of 49 possi-
ble combinations. For each combination, the respective overall
accuracy and mean class recall values are provided in Tables 11
and 12. Note that for this experiment
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e S, contains all 21 features,

e Sgim contains 3 features (which represents about 14% of the
available features),

e S;3p contains 8 features (about 38%),

e S5 contains 5 features (about 24%),

e Scps contains between 12 and 16 features (about 57-76%),

e Srcpr contains between 6 and 9 features (about 29-43%), and

e Smrvr contains 10 features (about 48%).

The latter four subsets contain features which are distributed
across both 3D and 2D features.

4.3.5. Transfer between datasets

Finally, we focus on the transfer of the feature selection results
for classifying a different point cloud represented by the Paris-rue-
Madame database. For this purpose, we again select a Random For-
est representing an efficient classifier with respect to both accura-
cy and time consumption. Since in all previous experiments, our
approach for selecting individual neighborhoods of optimal size
(Nopt;) has proven to have a beneficial impact on the respective
results, we select this neighborhood definition for extracting the
geometric 3D and 2D features. For the same training data and test
data, we compare the results obtained for the full feature set S,y
and the most powerful feature selection approaches yielding the
feature sets Scs and Sgcpr in Table 13. Corresponding to the provid-
ed recall and precision values, we obtain
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Table 7

Precision values (in %) for different neighborhood definitions and different classifiers. Bold values indicate the highest precision value obtained with the respective classifier for

the respective class.

Oakland N NN DT NB LDA QDA SVM RE RFe AB MLP
Wire N1o 1.61 1.00 3.21 6.14 3.24 5.15 5.51 415 489 2.59
Nas 428 1.05 3.83 593 3.87 454 7.12 5.65 6.62 489
Nso 3.63 134 3.50 517 3.50 5.06 481 491 6.16 479
N7s 5.19 1.47 3.34 5.18 3.35 5.78 4.00 4388 425 5.29
Nioo 529 272 3.26 495 3.24 5.79 3.98 5.15 413 549
N opt.dim 1.85 1.70 5.02 627 493 5.63 7.98 5.90 8.09 4.09
Nopt 2.97 1.72 6.49 5.76 6.46 5.60 9.03 7.86 934 501
Pole/trunk Nio 448 5.18 3.75 8.10 3.67 243 7.99 3.00 6.60 5.51
Nas 6.28 6.38 5.78 9.32 5.68 5.99 9.46 6.24 6.36 477
Nso 8.66 8.46 7.97 16.61 7.90 9.02 19.47 7.53 10.02 6.71
N7s 8.17 11.09 7.91 19.26 7.89 8.85 18.25 8.84 11.10 8.14
Nioo 7.19 9.04 8.27 18.55 7.97 8.17 1355 7.42 5.06 7.50
N optdim 997 6.85 18.90 34.65 18.88 12.91 22.09 11.58 14.86 1355
Nopt 9.13 11.62 18.22 34,52 18.38 11.46 2413 11.10 18.71 14.54
Facade Nio 63.54 47.59 60.86 66.03 61.41 52.59 77.62 62.50 72.56 60.01
Nas 73.20 49.82 79.54 78.49 79.22 79.85 83.88 79.40 80.79 5433
Nso 78.61 64.97 8278 83.42 82383 83.16 83.43 81.41 89.05 74.60
N7s 77.38 65.10 78.84 87.48 77.71 81.60 80.28 80.22 85.71 76.78
Nioo 76.56 68.74 65.27 84.63 67.69 72.93 76.19 74.78 71.15 68.03
N optdim 73.45 4595 79.62 79.73 79.63 77.27 83.71 77.04 82.92 74.88
Nopt 71.56 51.84 82.71 80.75 81.80 76.14 84.69 76.69 84.21 76.42
Ground Nio 98.76 98.40 96.68 96.78 96.73 98.68 96.82 99.64 97.57 96.47
Nas 99.01 98.24 99.67 99.58 99.67 99.68 9858 99.75 99.16 98.57
Nso 98.84 98.23 98.27 99.51 97.98 99.75 97.77 99.74 98.66 98.83
N7s 98.66 97.70 98.63 99.42 98.27 99.73 97.86 99.66 97.67 99.28
Nioo 98.56 96.67 97.84 99.64 97.93 99.82 97.92 99.74 96.45 99.19
N optdim 99.16 98.78 96.58 96.62 96.60 99.39 97.67 99.76 98.15 97.97
Nopt 99.04 98.45 96.72 96.25 96.60 99.22 97.18 99.60 97.57 97.57
Vegetation N1o 77.23 76.16 81.06 95.34 81.59 92.46 94.79 91.73 93.32 93.84
Nas 91.55 77.87 78.06 94.89 78.20 94.47 94.87 9479 94.29 90.67
Nso 93.06 82.52 79.23 93.16 79.71 93.47 94.40 94.18 93.36 90.37
Ns 92.93 80.16 77.69 91.32 78.79 92.08 93.84 93.30 93.34 86.55
Nioo 92.58 79.16 78.91 89.95 78.69 91.14 93.55 92.88 92.82 81.99
N optdim 87.28 78.70 69.87 95.87 70.11 95.12 94.97 93.75 94.65 93.06
Nopts 75.77 8453 73.77 96.27 74.32 93.96 9587 92.83 95.19 93.96

e an overall accuracy of 88.76% and a mean class recall of 83.56%
for the full feature set Sy,

e an overall accuracy of 88.98% and a mean class recall of 84.66%
for the feature set Scys, and

e an overall accuracy of 89.16% and a mean class recall of 83.83%
for the feature set Sgcgr.

For obtaining an impression on the quality of the derived
results, the results when involving the full feature set S, are visu-
alized in Fig. 6.

5. Discussion

Certainly, a huge advantage of our framework consists of its
composition of four successive components, where each compo-
nent may be treated independently from the others which, in turn,
allows to exhaustively test all conceivable configurations. For each
of these components, we briefly discuss the main conclusions
derived from our experiments.

For the first component of neighborhood selection, the use of
individual neighborhoods of optimal size provides a general
approach, since it completely avoids the use of empiric or heuristic
a priori knowledge on the scene which would be necessary when
specifying neighborhoods according to standard approaches. The
use of individual 3D neighborhoods is also in accordance with
the idea that the optimal neighborhood size may not be the same
for different classes and that it may furthermore depend on the

respective point density. Note that the class-specific classification
results clearly reveal that, for neighborhood definitions with fixed
scale parameter, the suitability may vary from one class to the
other (Tables 6 and 7). In contrast, the proposed method of eige-
nentropy-based scale selection directly adapts to the given 3D
point cloud data. Consequently, this method significantly improves
the classification results, in particular when considering the mean
class recall values. This improvement becomes visible for a variety
of different classifiers (Tables 4 and 5). Note that for all classifiers,
the significantly beneficial impact of individual neighborhoods of
optimal size on the mean class recall values results from a consid-
erable impact for the smaller classes wire and pole/trunk (Tables 6
and 7). Consequently, we may state that the respective classifiers
are less prone to overfitting when introducing individual neighbor-
hoods of optimal size. This is in accordance with the fact that, for
the Oakland 3D Point Cloud Dataset, we have an unbalanced test
set and an overall accuracy of 70.5% could be obtained if only the
instances of the class ground are correctly classified. This clear
trend to overfitting becomes visible when considering the respec-
tive mean class recall of only 20.0%. Thus, in our experiments, the
strongest indicator for the quality of the derived results is repre-
sented by the mean class recall, as only a high overall accuracy
may not be sufficient.

For the second component of feature extraction, we focus on
both 3D and 2D features. Whereas the 3D features provide infor-
mation about the spatial arrangement of neighboring 3D points
in terms of linear, planar or volumetric behavior, the projection
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Fig. 4. F,-scores for different classifiers applied on the Oakland 3D Point Cloud Dataset.
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Table 8
Absolute and relative processing times for training and testing when using different classifiers on a standard notebook (Intel Core i5-2410M, 2.3 GHz, 4 GB RAM). The reference

for relative values is represented by the Random Forest classifier. Note that, for the training, additional time is required for tuning the settings of some classifiers (SVM, RF, RFe, AB
and MLP).

Oakland NN DT NB LDA QDA SVM RF RFe AB MLP

terain (S) 00.00 0.11 0.01 0.05 0.07 1.39 0.44 0.03 6.20 2.28
terain (%) 00.00 24.54 3.13 10.74 15.18 317.19 100.00 6.96 1410.66 518.13
trest (S) 167.52 0.65 3.7 4.45 3.92 319.48 6.33 8.12 76.31 1.80
trest (%) 2645.77 10.22 58.64 70.34 61.96 5045.68 100.00 128.22 1205.24 28.45

Fig. 5. Exemplary classification results when using optimal neighborhoods Ny and a Random Forest (wire: blue, pole/trunk: red, fagade: gray, ground: brown, vegetation:
green).

Table 9

Recall values (in %) for eigenentropy-based scale selection combined with a Random Forest classifier.
Oakland 250 samples 500 samples 750 samples 1000 samples All samples
Wire 84.22 85.07 8591 86.05 82.31
Pole/trunk 76.47 77.98 78.77 79.99 70.52
Facade 66.50 67.14 67.47 67.01 65.80
Ground 98.50 98.55 98.49 98.48 97.89
Vegetation 81.82 81.34 81.78 81.40 93.35

Table 10

Precision values (in %) for eigenentropy-based scale selection combined with a Random Forest classifier.
Oakland 250 samples 500 samples 750 samples 1000 samples All samples
Wire 9.06 9.21 9.05 9.03 10.19
Pole/trunk 32.38 28.53 27.83 24.14 45.75
Facade 82.22 82.52 84.32 84.69 92.73
Ground 96.77 96.94 97.01 97.18 98.98
Vegetation 95.48 95.72 95.73 95.87 89.82
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Table 11

Overall accuracy (in %) for a Random Forest, different neighborhood definitions and
different feature sets. Bold values indicate the highest overall accuracy obtained with
the respective feature set.

Oakland Sy Sdim S.3p Ss Scrs Skcar SmRMR
Nio 87.50 58.36 74.33 85.66 87.43 87.29 82.11
Nas 90.78 68.80 82.48 89.60 90.59 91.78 84.70
Nso 91.64 73.19 81.38 91.01 91.71 92.69 85.64
N7s 91.00 73.63 80.12 90.24 91.17 91.47 85.99
Nioo 90.11 72.99 81.96 89.84 90.31 90.94 85.76
Nopaim 9192 6959 7769 9141 9183 9155 86582
Nopt.: 9228 63.61 8488 9144 92.27 92.78 84.28
Table 12

Mean class recall values (in %) for a Random Forest, different neighborhood
definitions and different feature sets. Bold values indicate the highest mean class
recall value obtained with the respective feature set.

Oakland Sy Sdim Si30 Ss Scrs SkcBe SmRMR
Nio 70.83 48.41 59.95 58.24 69.28 70.08 62.46
Nas 75.48 55.68 65.22 73.30 74.24 76.58 63.61
Nso 72.71 54.41 64.43 65.91 72.64 74.14 60.90
N7s 69.75 52.12 61.37 59.86 70.19 68.66 58.35
Nioo 68.49 50.33 61.37 60.22 69.02 66.34 56.05
Noptdim 81.79 61.53 67.65 75.57 81.33 80.83 74.72
Nopt,: 82.60 59.48 69.17 78.50 82.39 82.93 69.37
Table 13

Recall R and precision P (in %) for eigenentropy-based scale selection, different feature
sets and a Random Forest classifier.

Paris Ran Py Rers Pcrs Recpr Prcer

Facade 95.29 96.45 95.11 96.61 95.23 96.89
Ground 86.69 97.92 86.38 98.70 87.44 98.66
Cars 63.13 78.96 67.71 77.42 64.42 79.82
Motorcycles 71.52 9.25 73.68 9.51 73.30 8.45
Traffic signs 95.82 4.76 95.88 4.90 96.26 5.34
Pedestrians 88.89 1.67 89.21 1.74 86.32 1.75

onto a horizontally oriented plane clearly provides evidence about
the presence of building facades, which appear as a line in the 2D
projection. Furthermore, the sampling via the discrete accumula-
tion map with quadratic bins introduces a second neighborhood
definition with infinite extent in the vertical direction. In this
neighborhood definition, the maximal difference and standard
deviation of height values provide further insights about the local
3D structure, which are not represented by the other features.
For the third component of feature selection, it becomes visible
that the use of individual neighborhoods tends to provide the best

classification results for all feature sets. Furthermore, the results
clearly reveal that, in comparison to the whole feature set Sy,
the feature set Sy, consisting of the three dimensionality features
L;,P; and S; is not sufficient for obtaining adequate classification
results (Tables 11 and 12). This might be due to ambiguities, since
the classes wire and pole/trunk provide a linear behavior, whereas
the classes facade and ground provide a planar behavior. For
adequately handling this issue, additional features have to be taken
into account. The feature set S;3p of the eigenvalue-based 3D fea-
tures performs significantly better with respect to both overall
accuracy and mean class recall, but the results are still not compa-
rable to those obtained for S,;. In contrast, the feature sets derived
via the four filter-based methods for feature selection provide clas-
sification results of better quality. Whereas the feature set Sprmr
performs worst of the filter-based feature selection methods, the
feature set Ss performs considerably well when taking into
account that only 5 features of all 21 features are used (which
reduces the required memory for data storage to only about
24%). The feature sets Scrs and Skcpr provide a performance close
to the full feature set S, or even better while simultaneously
reducing the required memory for data storage to about 29-76%
which, in turn, is an important aspect for large-scale consid-
erations. These results are in accordance with the general aim of
feature selection to improve the classification results while reduc-
ing the computational effort. Since the selection of Sgcgr is based on
heuristics, the feature set Scrs derived via Correlation-based Fea-
ture Selection provides the method of choice. Note that we only
account for filter-based feature selection, since the use of classi-
fier-independent filter-based methods results in simplicity and
efficiency compared to other methods interacting with a classifier.

For the forth component of supervised classification, it becomes
visible that the classifiers based on rule-based learning cannot
compete with the other classifiers (Tables 4-7). Instance-based
learning significantly improves the classification results, but the
computational effort for the testing phase is relatively high due
to the delayed induction process instead of a training phase
(Table 8). The more sophisticated classifiers based on probabilistic
learning, max-margin learning, ensemble learning and deep learn-
ing yield classification results of better quality. However, it has to
be taken into account that max-margin learning, ensemble learn-
ing and deep learning require additional time for tuning the set-
tings of a respective classifier. Thus, the use of Support Vector
Machines - for which the computational effort is already high
without a parameter tuning - does not really satisfy the constraint
with respect to efficiency. Since deep learning relies on heuristical-
ly determining the number of nodes in the hidden layer,
probabilistic learning and ensemble learning via bagging seem to

Fig. 6. Exemplary classification results when using optimal neighborhoods N, the full feature set S, and a Random Forest (fagade: gray, ground: brown, cars: blue,

motorcycles: green, traffic signs: red, pedestrians: pink).
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be favorable. Considering the derived results, the Random Forest
classifier provides a good trade-off between accuracy and efficien-
cy. Note that the selection of a Random Forest as classifier can fur-
ther be motivated by its simplicity, since it is relatively easy to
understand and use for non-expert users.

In total, our framework reveals that, based on fully generic solu-
tions, the consideration of optimal neighborhoods improves the
classification results in terms of accuracy and less overfitting,
whereas the selection of relevant features reduces the computa-
tional burden with respect to both processing time and memory
consumption without reducing the quality of the classification
results. By providing our implementations for neighborhood recov-
ery and feature extraction (in Matlab, C++ and as binaries), we
allow end-users to apply the code on their platform and experi-
enced users to involve the code in their investigations. These com-
ponents may not only be used for point cloud classification, but
also for a variety of other applications such as object segmentation
or urban accessibility analysis.

6. Conclusions

In this paper, we addressed the issue of 3D scene analysis in
terms of 3D point cloud classification. We presented a new, fully
automated and versatile framework involving four successive com-
ponents and a variety of approaches per component which, in turn,
satisfy the constraints of simplicity, efficiency and reproducibility.
As main focus of our work, we considered the interleaved issue of
(i) using individual neighborhoods of optimal size for extracting
features with increased distinctiveness and (ii) selecting a subset
consisting of the most relevant features. In a detailed evaluation
involving 7 neighborhood definitions, 21 geometric features, 7
approaches for feature selection and 10 classifiers, we demonstrat-
ed the significantly beneficial impact of using individual neighbor-
hoods of optimal size as well as the advantages of feature selection
in terms of increasing the classification accuracy while simultane-
ously reducing the computational burden. In particular, the neigh-
borhood selection based on minimizing the measure of
eigenentropy over varying scales provided a positive impact, inde-
pendent of the respective classifier. Furthermore, those approaches
for feature selection which are based on the measure of symmetri-
cal uncertainty for evaluating both feature-class and feature-fea-
ture relations proved to provide the most suitable feature
subsets, since they do not only discard irrelevant features but also
reduce redundancy among features.

For future work, we plan to further improve the results of 3D
scene analysis by introducing a spatially smooth labeling. This
may be achieved by involving either smoothing techniques or tech-
niques exploiting contextual information. Since both options are
based on the results of individual point classification, however,
the presented methodology provides an important prerequisite
for these.
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ABSTRACT

We propose a new methodology for large-scale urban 3D scene analysis in terms of automatically
assigning 3D points the respective semantic labels. The methodology focuses on simplicity and
reproducibility of the involved components as well as performance in terms of accuracy and
computational efficiency. Exploiting a variety of low-level 2D and 3D geometric features, we further
improve their distinctiveness by involving individual neighborhoods of optimal size. Due to the use of
individual neighborhoods, the methodology is not tailored to a specific dataset, but in principle designed
to process point clouds with a few millions of 3D points. Consequently, an extension has to be
introduced for analyzing huge 3D point clouds with possibly billions of points for a whole city. For this
purpose, we propose an extension which is based on an appropriate partitioning of the scene and thus
allows a successive processing in a reasonable time without affecting the quality of the classification
results. We demonstrate the performance of our methodology on two labeled benchmark datasets with
respect to robustness, efficiency, and scalability.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The automated analysis of 3D point clouds has become a topic
of great importance in photogrammetry, remote sensing, compu-
ter vision and robotics. One avenue of research directly addresses
the analysis of urban environments, where recent investigations
focus on 3D reconstruction [1-3], consolidation of imperfect scan
data [4,5], object detection [6-9], extraction of roads and curb-
stones or road markings [10-12], urban accessibility analysis [13],
recognition of power-line objects [14], extraction of building
structures [15], vegetation mapping [16], large-scale city modeling
[17], semantic perception for ground robotics [18] and semantiza-
tion of complex 3D scenes [19]. A common task for many of these
different applications consists of point cloud classification [20,21],
where each 3D point is assigned a specific (semantic) class label.

Addressing the task of urban point cloud classification — where
the spatial 3D data may be collected via dense matching as well as
airborne, terrestrial and/or mobile laser scanning - we face a
variety of challenges arising from the complexity of respective 3D
scenes caused by an irregular sampling and very different types of
objects. Since the results of urban 3D scene analysis may vary from

* Corresponding author. Tel.: +49 721 608 47302.
E-mail address: martin.weinmann@kit.edu (M. Weinmann).
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one dataset to another, publicly available standard datasets are
desirable in order to compare the performance of different
methodologies. Consequently, there has been a steadily increasing
availability of 3D point cloud datasets in recent years [22].
However, urban point clouds with respective point-wise manual
annotations in terms of semantic class labels are still rarely available,
although this represents a prerequisite for supervised point cloud
classification. One of the most widely used datasets is the Oakland
3D Point Cloud Dataset [23] which, however, only contains approxi-
mately 1.6 million labeled 3D points. Hence, this dataset is not
tailored to designing large-scale processing pipelines.

Due to the recent technological advancements, it is meanwhile
possible to collect geospatial data in a fast and efficient way via
terrestrial and mobile laser scanning. In order to foster research in
advanced 3D point cloud processing, two labeled point cloud
datasets representing densely sampled urban environments with
a significantly higher number of 3D points have been presented
recently [24,25]. These can be considered as a first step towards
large geospatial datasets in terms of city-scale or even larger. The
availability of such datasets is important for comparing large-scale
processing workflows which is the core issue of a recent bench-
mark [25] and addressed in this paper.

In our work, we consider each individual 3D point and its local 3D
neighborhood for extracting respective geometric features. By
exploiting a fully generic approach for optimizing the neighborhood
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size, our approach is generally applicable and not tailored to a specific
dataset. Furthermore, our approach represents a basic requirement for
either smooth labeling techniques or methods involving contextual
information, since both of them are based on the results of individual
point classification. In summary, our contributions extend [26] and
consist of

® a new methodology for large-scale urban 3D point cloud
classification,

® an in-depth analysis of a powerful strategy for recovering
individual 3D neighborhoods of optimal size,

® efficient feature extraction and classification, and

® an extension towards data-intensive processing.

In the following, we first reflect related work in Section 2 and
provide an up-to-date view of approaches for processing 3D point
cloud data in order to efficiently obtain significant information
contained in the data. Subsequently, in Section 3, we present a
methodology which is closely linked to recent investigations on
3D scene analysis involving optimal neighborhoods and different
classifiers [27,28]. Based on these investigations with a very
detailed evaluation, we can directly select the most appropriate
solution with respect to urban 3D scene analysis. The considered
criteria address feasibility in terms of simplicity and reproduci-
bility of the involved components as well as performance in terms
of accuracy and computational effort. We further introduce an
increase in efficiency resulting from efficient neighborhood recov-
ery. In order to extend the applicability of the selected methodol-
ogy towards huge datasets, in Section 4, an extension towards
large-scale urban point cloud classification is presented which
does not affect the quality of the results, but allows the successive
processing of huge point clouds in a reasonable time. Afterwards,
the datasets involved in our experiments and the experimental
results are presented in Sections 5 and 6. The derived results are
subsequently discussed in Section 7. Finally, in Section 8, conclud-
ing remarks are provided and suggestions for future work are
outlined.

2. Related work

Although modern devices nowadays allow the acquisition of
additional information such as echo-based features or full-
waveform features [29,30] which may alleviate 3D scene analysis,
we focus on the use of geometric features as most of the available
point cloud datasets only contain spatial 3D information. Other
features may however easily be appended to the feature vectors
defined in the scope of our work. In the following, we first present
fundamental concepts for defining appropriate features for 3D
scene analysis. Subsequently, we discuss approaches for (i) opti-
mizing the derived feature vectors by involving feature relevance
or (ii) describing the local 3D structure either at a single, but
optimized neighborhood or at multiple neighborhoods of different
size. Finally, we briefly reflect related work on classification
methods for 3D scene analysis.

2.1. Feature design

A crucial issue for 3D scene analysis consists of designing
appropriate features. For this purpose, numerous histogram-
based methods have been proposed which accumulate informa-
tion about the spatial 3D geometry into a histogram according to a
specific quantized domain [31]. A still popular approach has been
presented with Spin Images [32], where 2D histograms are derived
by spinning a 2D plane patch around the surface normal and
counting the number of points falling into each bin of the 2D

patch. Powerful alternatives have recently been presented with
Point Feature Histograms (PFHs) [33] and their modification
denoted as Fast Point Feature Histograms (FPFHs) [34]. Consider-
ing a point X and all points within its local neighborhood, these
approaches first assign the respective surface normal to X and
then sample geometric relations between the nearest neighbors in
terms of angular variations and point distances into histograms. A
different strategy has been presented with shape distributions [35]
which are based on the idea of randomly sampling simple
geometric measures such as distances or angles in order to obtain
a descriptor characterizing the neighborhood around a point X
[36]. Furthermore, a combination of histograms with signatures
has been presented with the Signature of Histograms of OrienTa-
tions (SHOT) descriptor [31] in order to achieve a better balance
between descriptiveness and robustness. The performance of
different histogram descriptors has been compared in [37]. How-
ever, for all these approaches, single entries of the derived feature
vectors are hardly interpretable.

Alternatively, the local 3D structure can be described by
deriving the 3D covariance matrix from the spatial coordinates
of a point X and its neighbors. Based on the respective eigenvalues,
a direct scene analysis may be conducted [38], or a set of features
may be defined [39] which encapsulate geometric information
about the local 3D structure. In particular the latter approach is
nowadays commonly applied in lidar data processing, and the
respective features or feature subsets are typically complemented
with other geometric features [40,23,41,27,42,43]. A specific
advantage consists of the fact that the respective entries in the
feature vector are interpretable as they address local 3D shape
primitives. In contrast to 3D covariance matrices encoding the
relationships among points within a local neighborhood, covar-
iance matrices of higher dimension have been used to combine
multiple features such as angular measures and point distances to
a compact representation [44]. Further information such as radio-
metric information may also be taken into account in this
representation.

2.2. Feature relevance assessment

For compensating a lack of knowledge, often as many features as
possible are extracted and involved in the classification process,
although some of these features may be more and others less
suitable. Consequently, investigations focusing on feature selection
have also been introduced for 3D point cloud processing in order to
improve the classification accuracy while simultaneously reducing
both computational effort and memory consumption. Respective
approaches allow a ranking of single features according to their
relevance and the selection of a subset of the best-ranked features.
Whereas the ranking can be obtained by involving a classifier
[29,30,45], classifier-independent approaches are in the focus of
filter-based feature selection which offers both simplicity and effi-
ciency. Herein, univariate filter-based feature selection methods rely
on a score function which simply evaluates feature-class relations
based on the training data. A general relevance metric composed of
several score functions addressing different intrinsic properties of the
given training data has recently been proposed [27]. In contrast,
multivariate filter-based feature selection methods rely on both
feature-class and feature-feature relations in order to discriminate
between relevant, irrelevant and redundant features [28].

2.3. Single-scale vs. multi-scale representation
The heuristic determination of local 3D neighborhoods is
conducted either with respect to the absolute size [38,46] or with

respect to the scale parameter [27]. However, in order to avoid
heuristically determining a suitable neighborhood size — which
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may even be specific for each dataset and which may not be
identical across all 3D points in consideration - there have been
few attempts to automatically derive individual neighborhoods of
optimal size. Respective approaches rely on the local surface
variation [47,48], a combination involving curvature, point density
and noise of normal vector estimation [49,40], dimensionality
features [41] or the measure of eigenentropy [28]. The need for
involving such techniques becomes for instance apparent when
analyzing the behavior of features derived from the 3D structure
tensor and shape distribution features across different scales [36]
or when observing a significant improvement in comparison to
neighborhoods of fixed scale [28].

Instead of focusing on the concept of optimal neighborhoods, a
consideration of features at multiple scales may be applied. For
instance, it has been proposed to calculate features at different
scales and involve a training procedure in order to define which
combination of scales allows the best separation of different
classes [50]. Further approaches even extract features based on
different entities such as points and regions [51,52].

2.4. Individual vs. contextual classification

When selecting an appropriate classifier, we may follow the
strategy of individual point classification by exploiting respective
feature vectors, where Support Vector Machines [53], Random
Forests [29], AdaBoost [54] or classical Maximum Likelihood (ML)
classifiers exploiting Gaussian Mixture Models (GMMs) [40]
represent the most commonly applied approaches for point cloud
classification. Alternatively, contextual learning approaches may
be applied which address the idea that semantic labels of nearby
3D points tend to be correlated and hence involve relationships
among 3D points within a local neighborhood in addition to the
respective feature vectors. Respective approaches applied for point
cloud classification are represented by Associative and non-
Associative Markov Networks [23,55,56], Conditional Random
Fields [21], multi-stage inference procedures focusing on point
cloud statistics and relational information over different scales
[51], and spatial inference machines modeling mid- and long-
range dependencies inherent in the data [57].

When applying contextual learning approaches, it has to be
taken into account that the relationships are inferred from the
training data. Hereby, the local neighborhood is typically different
from the neighborhood used for feature extraction. Furthermore,
since the training data is limited, exact inference is computationally
intractable and therefore either approximate inference techniques
or smoothing techniques are commonly applied. The selection of an
approximate inference technique remains challenging as there is no
indication towards an optimal inference strategy, and such techni-
ques quickly reach their limitations if the considered neighborhood
becomes too large. In contrast, smoothing techniques enforce the
desirable smooth labeling of nearby 3D points and may thus
provide a significant improvement with respect to classification
accuracy [58]. Such smoothing techniques, however, exploit either

the estimated probability of a 3D point belonging to each of the
defined classes or the direct assignment of the respective label, and
thus the results of an individual point classification.

3. Methodology

For 3D scene analysis in terms of uniquely assigning each 3D
point a semantic label, we propose a fully automatic and generic
methodology which consists of three successive steps (Fig. 1). In
the first step, each 3D point is characterized with an individual
local 3D neighborhood of optimal size (Section 3.1). This allows an
extraction of highly distinctive features which is pursued in the
second step, where various geometric 3D and 2D features are
taken into consideration (Section 3.2). Finally, in the third step, the
distinctive features and a given set of training examples are
provided to a supervised classification scheme (Section 3.3). The
main focus of our investigations is put on feature design in terms
of deriving distinctive geometric features from individual neigh-
borhoods of optimal size.

3.1. Neighborhood selection

Considering a point X in a point cloud P, the respective
neighborhood selection generally involves (i) a suitable neighbor-
hood definition, (ii) an efficient recovery of the local neighborhood
and (iii) an optimal parameterization of the neighborhood in terms
of neighborhood size. These aspects are addressed in the following
subsections.

3.1.1. Neighborhood definitions

In general, very different approaches may be applied in order to
define the local 3D neighborhood A of a given 3D point X € R3. For
instance, a spherical neighborhood definition may be applied,
where the local neighborhood is formed by all 3D points in a
sphere with a fixed radius [59]. An alternative consists of applying
a cylindrical neighborhood definition, where the local neighbor-
hood is formed by all those 3D points whose 2D projections onto
the ground plane are within a circle with a fixed radius [60].
A further neighborhood definition involves a fixed number of k
closest 3D points for a given query point [61], which results in
spherical neighborhoods of variable absolute size. Note that all
these neighborhood definitions rely on the specification of one
free scale parameter.

Since we want to account for more flexibility in case of varying
point density and thereby avoid including a-priori knowledge on
the scene, we employ a neighborhood definition based on the k
closest neighbors of a given 3D point. Consequently, the nearest
neighbors have to be recovered and an appropriate k has to be
selected.

3.1.2. Exact vs. approximate nearest neighbors
As a consequence of the selected neighborhood definition, a
computationally quite expensive part consists of the calculation of

3D Point
Cloud

Neighborhood
Selection *

Feature
Extraction *

Labeled
3D Point Cloud

Supervised
Classification

Fig. 1. The proposed methodology: after calculating an individual local 3D neighborhood of optimal size for each 3D point, highly distinctive 3D and 2D features are
extracted and provided to a supervised classification scheme in order to obtain a semantically labeled 3D point cloud (*The respective implementation (Matlab, C++ and

binaries) is released with this paper and available at http://www.ipf.kit.edu/code.php).
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the nearest neighbors for each 3D point. This nearest neighbor
search can formally be described as follows: given a point set
P={Xj,...,Xy} in a 3-dimensional Euclidean vector space, those
points X e P that are nearest to a given query point X, should be
recovered efficiently. The commonly used approach for nearest
neighbor search is based on a Kd-tree [62] which represents a
compact, hierarchical data structure for point sets sampled from a
K-dimensional manifold. A point in a Kd-tree with N points can
thus be localized with an average complexity of O(log N) and, in
the worst case, with a complexity of O(N) [63]. In order to further
increase efficiency, an approximate nearest neighbor search has
been proposed [64] which can be much faster than the exact
nearest neighbor search with only little loss in accuracy since non-
optimal neighbors may be returned. For details on these
approaches, we refer to an extensive survey on data structures
[65]. Addressing the criteria of query time and accuracy, a power-
ful approach with public availability and fully automatic parameter
selection has been presented in the Fast Library for Approximate
Nearest Neighbors (FLANN) [66] which is based on either search-
ing hierarchical K-means trees with a priority search order or
using multiple randomized Kd-trees. Hence, we apply the FLANN
for nearest neighborhood search.

3.1.3. Optimal parameterization

Besides an efficient nearest neighbor search, it is desirable to
automatically find the optimal parameterization for the selected
neighborhood definition which is based on the k closest neighbors
in our case. When addressing this issue, we may also take into
account that the optimal choice of the parameter k (which is also
commonly referred to as scale) may vary within a dataset since k
certainly depends on the respective 3D structures and thus also on
the respective class label.

Seminal work addressing the selection of an optimal value for
the scale parameter k and thus the selection of the optimal
neighborhood size is based on fundamental geometric properties
of the point cloud data. For instance, the local surface variation (i.e.
the change of curvature) may be exploited since a critical neigh-
borhood size is indicated by a significant change of curvature
when successively increasing the neighborhood by adding the
next closest 3D point [47,48]. Furthermore, an iterative scheme
involving curvature, point density and noise of normal vector
estimation has been proposed [49,40]. Whereas these approaches
are tailored for smoothly varying surfaces, they may face severe
challenges when considering surfaces acquired with lidar systems
or dense matching. Consequently, we focus on the use of multiple
low-level geometric features which adequately capture the varia-
bility of natural environments.

Our approach is inspired by dimensionality based scale selec-
tion [41], where optimal neighborhood size selection is based on
the idea that the optimal neighborhood size favors one dimen-
sionality the most. More specifically, for describing the local 3D
structure around a 3D point X = Xy, the dimensionality features of
linearity L,, planarity P, and scattering S, are derived from the set
of neighboring 3D points X; with i=1,..,k by considering the
respective 3D covariance matrix

1 < T
C:m;}(xi—x)(xi—x) 1)
with
o 1 k
X:mgxi 2)

which is also known as the 3D structure tensor. This 3D structure
tensor C represents a symmetric positive-definite matrix. Conse-
quently, its eigenvalues exist, are non-negative and correspond to

an orthogonal system of eigenvectors. For the sake of generality,
we assume that there might not necessarily be a preferred
variation with respect to the eigenvectors. This results in the
general case of a structure tensor with rank 3 as well as
eigenvalues 1;, 1, and A3 with 11,145,413 e R and 1y > 1, > 43 >0.
Based on these eigenvalues, the dimensionality features are
defined as

LA,:;AZ pA:M S ]

g gy = 3)

and, as these features sum up to 1, they may be considered as the
probabilities of a 3D point to be labeled as 1D, 2D or 3D structure
[41]. Favoring one dimensionality the most thus corresponds to
minimizing a measure given by the Shannon entropy [67] as

Ep = —L; In(L;) = P; In(P;) - S; In(S,) (4)

across different scales k, and the optimal neighborhood size
corresponds to the respective k with the minimal Shannon
entropy. Instead of directly varying the scale parameter k as later
tested in [28], however, the respective radius has been taken into
account in [41]. Sampling the interval [ry,r;] between specified
radii r; and r, into 16 scales, where the radii are not linearly
increased since the radius of interest is usually closer to rq, the
optimal neighborhood size corresponds to the radius yielding the
minimal Shannon entropy. However, the two radii r; and rp
depend on various characteristics of the given data and are
therefore specific for each dataset [41].

In order to avoid strong assumptions on the presence of specific
geometric structures in the scene and to get rid of heuristic
parameter selection, a more general solution for optimal neighbor-
hood size selection has been proposed very recently [28] which
has proven to outperform dimensionality based scale selection.
Instead of exploiting the three dimensionality features, this
approach directly exploits the eigenvalues of the 3D structure
tensor which correspond to the principal components and thus
span a 3D covariance ellipsoid. Normalizing the three eigenvalues
A1, A2 and 3 by their sum X; yields normalized eigenvalues ey, e,
and ez summing up to 1. Thus, in analogy to the dimensionality
based scale selection, the measure of eigenentropy E, given by the
Shannon entropy according to

E;, = —ej In(e;)—e; In(ez) —e3 In(es) (5)

is calculated and minimized across different scales k which, in
turn, relates to minimizing the disorder of points within a 3D
covariance ellipsoid. The optimal neighborhood size finally corre-
sponds to the respective k with the minimal eigenentropy. For our
experiments, we consider relevant statistics to start with k; = 10 -
which is in accordance to [41] - and successively increase the scale
parameter k with a step size of Ak=1 up to an upper bound of
ks =100 as proposed in [28], which already represents a relatively
high number. Note that k, can be arbitrary, and hence we will later
focus on this issue in the experimental results.

The resulting optimal neighborhood size thus depends on
contextual information preserved in the spatial arrangement of
neighboring 3D points and may even be different for each
individual 3D point. Even though optimal neighborhood size
selection causes a higher computational effort with respect to
both processing time and memory consumption, it should be
taken into consideration since the classification accuracy is sig-
nificantly improved according to recent investigations [28].

3.2. Feature extraction
Since many of the publicly available 3D point cloud datasets

only contain information about the spatial 3D geometry in terms
of XYZ coordinates, we focus on the use of geometric features. Such
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geometric features typically rely on a local 3D neighborhood
which has already been derived in the previous step. Involving
the optimal neighborhood size for a respective 3D point, we may
assume that highly distinctive geometric features can be derived
from the set of 3D points within the neighborhood. Due to the
high point density of recently published lidar point cloud datasets,
the selected scale k tends to correspond to a relatively small
absolute size, and the respective local 3D structure can therefore
only be described with low-level geometric features. Such features
show a specific behavior for planar patches, ridges, edges and
vertices. By involving a 2D projection, we may also account for
structures with larger extent, e.g. in the vertical direction.

In order to define adequate low-level geometric features, we
follow the strategy involving a variety of geometric 3D and 2D
features [27], but we additionally increase their distinctiveness by
taking into account the optimal neighborhood size for each
individual 3D point [28]. In total, a set of 21 distinctive low-level
geometric features is thus calculated for each 3D point. For the
sake of clarity, we briefly describe the involved 3D and 2D features
in the following subsections. The respective code (Matlab, C++ and
binaries) is released with this paper.

3.2.1. 3D features

Obviously, a variety of 3D features can directly be derived by
describing basic geometric properties of the considered 3D neigh-
borhood such as the absolute height Z of the considered 3D point
X, the radius r,_yy of the sphere encompassing the local 3D
neighborhood, the local point density D defined as number of
points per unit volume and the verticality V which is based on the
vertical component of the local normal vector. Hereby, the local
normal vector is related to the eigenvector corresponding to the
smallest eigenvalue of the respective 3D structure tensor. Further-
more, all 3D points within the neighborhood may be considered in
order to calculate the maximum height difference AZ,_yy and the
standard deviation oz _ny Of height values.

Additionally, we take into account that the 3D structure tensor
encodes the general distribution of 3D points within the local
neighborhood. Consequently, the normalized eigenvalues e;, e
and e; of the 3D structure tensor may also be exploited to define
local 3D shape features. Besides the aforementioned dimension-
ality features of linearity L;, planarity P; and scattering S;, further
features are represented by omnivariance O,, anisotropy A,
eigenentropy E,, the sum X, of eigenvalues and the local surface
variation C;.

3.2.2. 2D features

Taking into account that urban areas are typically characterized
by an aggregation of man-made structures, specific geometric
relations in terms of symmetry and orthogonality are likely to
occur. In particular, we may face a large number of structures
which are oriented perpendicular to a horizontally oriented plane,
e.g. building facades, traffic signs or curbstone edges. Conse-
quently, a projection of the 3D point cloud onto a horizontally
oriented plane might reveal additional information and possibly
also clear evidence about the presence of specific structures in the
observed scene. Respective features which are based on this 2D
projection can easily be defined as 2D properties of the neighbor-
hood such as the radius ry_yy2p and the local point density Dap.

Furthermore, the coordinates resulting from the 2D projection
of all 3D points within the neighborhood may be exploited to
derive the 2D covariance matrix also known as the 2D structure
tensor. In analogy to the 3D case, the respective two eigenvalues
may be used to define characteristic features such as the sum X, 5p
of the eigenvalues and their ratio R; 5p.

230

Interestingly, the aforementioned 2D features are based on
spherical neighborhoods of relatively small absolute metric size,
whereas man-made structures tend to provide a similar behavior
across different height levels, i.e. across several meters of height.
Consequently, a discretization of the 2D projection in terms of a 2D
accumulation map [68] with discrete, quadratic bins (here with a
side length of 0.25 m) may provide further interesting properties
about local 3D structures which are not yet covered by the already
defined features. Respective features based on the accumulation
map have been proposed with the number M of points falling in
the respective bin as well as the maximum height difference AZ
and standard deviation 67 of height values within the respective
bin. Particularly, the feature M provides clear evidence on the
existence of building facades and, if the point density is sufficiently
high, also on the existence of curbstone edges. The detection of
such man-made structures, in turn, is important for urban acces-
sibility analysis which is one of the main intentions of current
research.

3.3. Supervised classification

For classification, we apply a standard supervised classification
scheme involving a set of training examples which, in turn,
encapsulate feature vectors as well as the respective class labels.
An adequate choice among a variety of classification strategies and
respective approaches, however, should directly address applic-
ability, reproducibility, and scalability in order to facilitate 3D
scene analysis in large-scale urban environments. In the following,
we first motivate our choice for the classifier and subsequently
address the issue of how to obtain suitable training data.

3.3.1. Classifier selection

Since we focus on the applicability and reproducibility of all
involved components, the involved classification strategy should
be easy-to-use without crucial parameter selection, and respective
implementations should be available in different software
packages. For this reason, we focus on individual point classifica-
tion based on a set of derived features. With the intention of
processing huge point clouds, it is mandatory to apply a powerful
but still computationally efficient classifier. In particular for scal-
ability towards huge datasets, combining a set of weak classifiers
such as decision trees via bootstrap aggregating which is com-
monly referred to as bagging [69] has proven to be successful.
Using bootstrapped replica of the training data, i.e. subsets of the
complete training data which are randomly drawn with replace-
ment [70], diversity is obtained by training a weak learner of the
same type for each subset of the training data.

The most popular example for bagging is represented by
Random Forests [71] which represent a modern discriminative
method and provide efficiency in case of a large amount of input
data. Efficiency in this context covers simplicity and a high degree
of parallelization which results in a fast classification scheme.
Additionally, robustness to outliers, noise and missing data is
provided. More specifically, a Random Forest represents an
ensemble of randomly trained decision trees and thus aggregates
hypotheses derived via decision trees which, in turn, are trained
over different distributions of the training data. Thereby, each
decision tree is constructed based on a top-down strategy succes-
sively selecting the variable which best splits the respective
training data. Consequently, a split function and a stopping
criterion have to be defined. Since, in the training phase, individual
decision trees are assumed to be trained on randomly selected
subsets of the given training data, the trees may be expected to be
randomly different from one another which results in a de-
correlation between individual tree predictions and thus improved
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generalization and robustness [72]. Once a Random Forest is
trained, the classification phase consists of letting each decision
tree vote for a single class and assigning the respective label
according to the majority vote of all decision trees. The parameters
to be specified are the number of involved decision trees and the
tree depth. In the experiments, we use a Random Forest with 100
trees and a tree depth of |vd], where d equals the number of
extracted features, i.e. d=21.

3.3.2. Training data

Given a set of training examples, we have to take into account
that an unbalanced distribution of training examples across all
classes may have a detrimental effect on the training process [72].
Consequently, we involve a class re-balancing in terms of ran-
domly selecting the same number of training examples for each
class. Alternatively, the known prior class distribution of the
training set could be used for weighting the contribution of
each class.

4. Extension towards large-scale urban point cloud
classification

Recent investigations clearly show that the use of individual
neighborhoods with optimal size has a significant, beneficial
impact on the classification results [28]. However, the additional
calculations cause a drastic increase in computational effort.
Consequently, the described methodology is suited to process
point clouds containing only up to a few millions of 3D points.
When considering huge point clouds at city scale with possibly
billions of points — which is the aim of recent effort in order to
obtain an adequate 3D model of a whole city like Paris - an
extension of the presented methodology has to be introduced.

The extension described in this paper does not affect the
quality of 3D scene analysis, but only the scalability of the
methodology in order to process larger datasets. Specifically, it
focuses on successively processing a huge point cloud by applying
a 2D sliding window function which is shifted within a horizon-
tally oriented plane in discrete steps and involves a small padding
region in order to avoid discontinuities at its borders. The size of
the window should be chosen in a way that, for each step, a still
reasonable number of 3D points is in consideration since the
window size is practically limited depending on the available
memory size. The partial results are subsequently merged together
to obtain the results for the full scene. Accordingly, the approach
represents a partitioning of the scene into subparts which, in turn,
are extended by small padding regions at the borders and can be
processed in parallel. For the sake of simplicity, we focus on two
specific scenarios and select the one which is suited best with
respect to the given data:

® For the more general scenario, we propose the use of a tiling
approach. Taking a defined area within a horizontally oriented
plane, e.g. a small quadratic area of 10 m x 10 m, allows a
successive processing of data and thus also the analysis of huge
point clouds at city-scale, where directly applying the metho-
dology is intractable due to the computational burden with
respect to computational effort and memory consumption.

® Without loss of generality, we may also take into account that
the recently published benchmark datasets describe straight
street sections with a length of approximately 160-200 m
[24,25]. Consequently, the tiling approach can be substituted
by a slicing approach, where the slices have a specified width,
e.g. a width of 10 m, along the street direction and infinite
extent along the two perpendicular directions.

Note that for both partitioning schemes, those 3D points within
the small padding around the considered tile or slice are also used
if they are within the neighborhood of other 3D points within the
considered part of the scene in order to avoid artifacts at
boundaries between tiles or slices. Due to the high point density
of recent point cloud datasets, a padding with a width of 0.50 m is
considered to be sufficient. As alternative to scene partitioning,
streaming methods could be applied [73].

Consequently, we may repeat the proposed workflow consist-
ing of (i) optimal neighborhood selection, (ii) feature extraction
and (iii) classification independently for each tile or for each slice.
Thus, large-scale urban 3D scene analysis is composed of succes-
sive steps which exploit the same methodology and could be
parallelized if respective hardware is available.

5. Datasets

Since we focus on the issue of urban 3D point cloud classifica-
tion and want to facilitate an objective comparison to other
methodologies, we consider two publicly available and labeled
3D point cloud datasets representing densely sampled urban
environments. Both datasets have been acquired in the city of
Paris, France, via mobile laser scanning (MLS) systems:

Paris-rue-Madame database' [24]: This 3D point cloud dataset
has been acquired with the mobile laser scanning system L3D2
[74] equipped with a Velodyne HDL32. It contains 20 million
points corresponding to a digitized street section with a length of
approximately 160 m. A respective annotation has been conducted
in a manually assisted way and includes both point-wise labels (26
different classes) and segmented objects (642 objects in total). This
annotation relies on an initial segmentation based on elevation
images [9] which is followed by a manual refinement [24].

Paris-rue-Cassette database [25]: This point cloud dataset has
been acquired with the mobile laser scanning system called
Stereopolis I [75] in January 2013. This system captures the local
3D geometry of the scene with two plane sweep lidars (Riegl LMS-
Q120i) placed on each side of the vehicle in order to mainly
observe the building facades with a centimeter accuracy and a 3D
lidar (Velodyne HDL-64E) to observe the bottom part in between.
The dataset contains 12 million points corresponding to a digitized
street section with a length of approximately 200 m, and a
manually assisted annotation is available which includes both
point-wise labels and segmented objects. The respective annota-
tion is based on recovering a regular 2D topology for the point
cloud stream during data acquisition and an offline human
interaction via a graph editing tool based on standard 2D image
segmentation techniques [76]. A further extension in the form of
10 different zones with a total number of about 100 million points
has been released in the scope of a recent contest [25].

6. Experimental results

In the following, we first provide an in-depth analysis addres-
sing the results of optimal neighborhood size selection for both
involved datasets. Afterwards, we focus on the respective results
for individual point classification and, finally, we demonstrate the
performance of the new approach with respect to computational
effort.

! Paris-rue-Madame database: MINES ParisTech 3D mobile laser scanner dataset
from Madame street in Paris. ©2014 MINES ParisTech. MINES ParisTech created this
special set of 3D MLS data for the purpose of detection-segmentation-classification
research activities, but does not endorse the way they are used in this project or the
conclusions put forward. The database is publicly available at http://cmm.ensmp.fr/
~serna/rueMadameDataset.html (last access: 30 August 2014).
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Fig. 2. Distribution of the assigned optimal neighborhood size k for all 3D points in
the Paris-rue-Madame database.
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Fig. 3. Distribution of the assigned optimal neighborhood size k for all 3D points in
the Paris-rue-Cassette database.

6.1. Optimal neighborhood size selection

In order to obtain more insights into the process of optimal
neighborhood size selection, we first focus on a detailed analysis of
the respective results. Note that each 3D point is assigned an
individual value for k and that all integer values in [ki,k;] with
ki1 =10 and k, =100 are taken into consideration. Since the upper
boundary k, has been selected for reasons of computational costs
and may principally be set to an arbitrary value, we first consider the
distribution of the parameter k across all 3D points. For this purpose,
the respective distributions of the assigned optimal neighborhood
size across all 3D points obtained for the Paris-rue-Madame database
with 20 million 3D points and the Paris-rue-Cassette database with
12 million 3D points are visualized as histograms in Figs. 2 and 3.
These figures clearly reveal a trend towards small values of k. Since
the last bin in the histograms (k, = 100) is likely to also represent
those 3D points which might have a higher value than k, =100, a
small increase can be observed. However, the percentage of 3D
points which are assigned an optimal neighborhood with less than k;
neighbors is 95.44% and 98.72% for the Paris-rue-Madame database
and the Paris-rue-Cassette database, respectively. This shows that our
selection of k; is appropriate.

A qualitative visualization of the distributions of the assigned
optimal neighborhood size across all 3D points of both involved
datasets is depicted in Figs. 4 and 5. For the Paris-rue-Cassette
database, a significantly smoother behavior can be observed.

6.2. Individual point classification

In order to assign a semantic label to each individual 3D point,
we exploit only those 3D points with labels corresponding to the
most dominant semantic classes facade, ground, cars, motorcycles|
2 wheelers, traffic signs/road inventory, pedestrians and vegetation
(Table 1), which represent a fraction of 99.81% of the Paris-rue-
Madame database and 99.56% of the Paris-rue-Cassette database.
All 3D points belonging to the other classes are removed since the
respective number of samples per class is not considered to be
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Fig. 4. Qualitative distribution of the assigned optimal neighborhood size k for all
3D points in the Paris-rue-Madame database.
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Fig. 5. Qualitative distribution of the assigned optimal neighborhood size k for all
3D points in the Paris-rue-Cassette database.

representative. For training, we randomly select a small, balanced
training set X with 1,000 training examples per class, and the
remaining data is used as test set ).

In order to allow a comparison to recent work, we design the
evaluation scheme in analogy to [28]. Thus, our evaluation is based
on (i) overall accuracy which indicates the performance of the
classifier on the test set, (ii) recall which represents a measure of
completeness or quantity, (iii) precision which represents a mea-
sure of correctness or quality, (iv) F;-score which combines recall
and precision with equal weights, (v) mean class recall which
represents an averaged measure of completeness/quantity across
all classes and (vi) a visual inspection of the derived results.

Evaluating our approach on both datasets, the overall accuracy
is 88.82% for the Paris-rue-Madame database and 89.60% for the
Paris-rue-Cassette database. The resulting recall and precision
values as well as the corresponding F;-scores are provided in
Tables 2 and 3. Accordingly, mean class recall values of 83.53% and
81.78% are obtained for the Paris-rue-Madame database and the
Paris-rue-Cassette database, respectively. Finally, a visual impres-
sion on the quality of the derived results for individual point
classification is depicted in Figs. 6 and 7.

6.3. Computational effort

The experiments have been conducted on an Intel Core i7-3820
with 3.6 GHz and 64GB RAM. We use the proposed slicing approach,
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Table 1
Number of points in the most dominant classes. These classes cover 99.81% of the
Paris-rue-Madame database and 99.56% of the Paris-rue-Cassette database.

Paris-rue-Cassette
database [25]

Class Paris-rue-Madame
database [24]

Facade 9,978,435 7,026,016
Ground 8,024,295 4,228,639
Cars 1,835,383 367,271
Motorcycles/ 98,867

2 wheelers 39,331
Traffic signs/ 15,480

road inventory 45,105
Pedestrians 10,048 22,999
Vegetation - 211,131

Table 2

Recall, precision and F;-scores for the Paris-rue-Madame database.

Paris-rue-Madame Recall Precision Fy

Facade 0.9527 0.9620 0.9573
Ground 0.8650 0.9782 0.9182
Cars 0.6476 0.7948 0.7137
Motorcycles 0.7198 0.0980 0.1725
Traffic signs 0.9485 0.0491 0.0934
Pedestrians 0.8780 0.0163 0.0320

Table 3

Recall, precision and F;-scores for the Paris-rue-Cassette database.

Paris-rue-Cassette Recall Precision Fy

Facade 0.8721 0.9928 0.9285
Ground 0.9646 0.9924 0.9783
Cars 0.6112 0.6767 0.6423
2 wheelers 0.8285 0.1774 0.2923
Road inventory 0.7657 0.1495 0.2501
Pedestrians 0.8225 0.0924 0.1661
Vegetation 0.8602 0.2566 0.3953

Fig. 6. Paris-rue-Madame database: classified point cloud with assigned semantic
labels (fagade: gray, ground: brown, cars: blue, motorcycles: yellow, traffic signs:
red, pedestrians: pink). The points represented in cyan are those points which are
not considered as the respective classes are not covered representatively. The noisy
appearance results from individual point classification. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this article.)

where the slices have a width of 10 m and the padding has a width of
0.50 m. Whereas the prototype released with [28] is based on a full
and straightforward Matlab implementation, our investigations
revealed that a significant speedup can be achieved in two ways.
Firstly, for the considered small point sets formed by up to k; = 100
neighboring 3D points, a considerable speedup in the calculation of
the respective 3D covariance matrices results from simply replacing

Fig. 7. Paris-rue-Cassette database: classified point cloud with assigned semantic
labels (facade: gray, ground: brown, cars: blue, 2 wheelers: yellow, road inventory:
red, pedestrians: pink, vegetation: green). The points represented in cyan are those
points which are not considered as the respective classes are not covered
representatively. The noisy appearance results from individual point classification.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

Table 4

Computational effort for processing the Paris-rue-Cassette database: the required
processing times t; for optimal neighborhood size selection, t, for feature extrac-
tion, t3 for training on the small training set and t4 for testing on the respective test
set are listed for different approaches. Note that t; and t, correspond to a successive
processing of all slices, and that t; and t4 do not change since they are not affected
by our optimization.

Time Prototype [28] Optimized Matlab version Proposed approach

ty 2745h 10.90 h 211h
ty 11.84h 10.75h 4.28h
t3 ~1-2s ~1-2s ~1-2s
ty ~90s ~90s ~90s

the internal Matlab function cov with the respective vectorized
straightforward implementation. Secondly, our new optimized
approach can be used which has been implemented in C++ and,
for comparison, we used the respective binaries in the test environ-
ment in Matlab. We consider both approaches. For the example
involving the Paris-rue-Cassette database, the respective speedup
achieved with the latter implementation clearly becomes visible in
Table 4, where the processing times for the different subtasks are
listed. Since the training phase will not change with larger datasets,
the respective classification will only remain a question of computa-
tional and not human effort.

Taking a tile of defined size as a reference area would even
allow us to extrapolate the resulting computational effort for data
processing (which also accounts for those points in the padding).
Thus, we would even be able to extrapolate the computational
effort to full cities.

7. Discussion

In the experiments, it becomes apparent that particularly for
the smaller classes a decrease in performance can be observed
(Tables 2 and 3). This might indicate that those classes are still not
covered representatively for the complexity of urban 3D scenes.
However, the derived mean class recall values for both datasets
indicate that completeness/quantity across all classes is relatively
high compared to other approaches focusing on individual point
classification [27,28]. Thus, the methodology is less prone to
overfitting. Consequently, the decrease in performance might
mainly arise from the similarity of local 3D structures belonging
to respective classes. Additionally, for the Paris-rue-Cassette data-
base, we can observe that vegetation is detected at the balconies
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which is in contradiction to the reference labels, but maybe not
always in contradiction to the real scene (Fig. 7). Note that the
Paris-rue-Madame database contains more noise than the Paris-
rue-Cassette database (Figs. 4 and 5) which might be a further
reason for relatively low precision values obtained for the respec-
tive smaller classes (Table 2). In order to increase the precision
values, introducing further features and/or multi-scale considera-
tions seem to be necessary. Furthermore, due to the individual
point classification, a noisy labeling can be expected which indeed
can be observed in Figs. 6 and 7.

Concerning the computational complexity, we may consider
the computation times required for processing different numbers
of points. In Figs. 8 and 9, this is done for the separate slices (with
the respective padding) as well as separately for optimal neighbor-
hood size selection and feature extraction. It becomes apparent
that optimal neighborhood size selection has a linear complexity
for increasing numbers of considered 3D points, whereas feature
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1,000 || ® Paris-rue-Cassette database .. -
£ 750 . " 8

£ i -
< 500} on g
250 g - 7
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Fig. 8. Required computation times per slice for optimal neighborhood size
selection: a linear behavior can be observed for increasing numbers of points.
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Fig. 9. Required computation times per slice for feature extraction: a non-linear
behavior can be observed for increasing numbers of points.
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extraction shows a non-linear dependency. In this case, we have a
superposition of (i) a linear behavior for calculating 3D features in
terms of basic geometric properties or eigenvalue-based features,
(ii) a linear behavior for 2D features in terms of basic geometric
properties or eigenvalue-based features and (iii) a non-linear
behavior for 2D features based on the accumulation map.

The most crucial issue of the whole methodology remains an
appropriate selection of the scale parameter k. The motivation of
the applied approach is to avoid the use of empiric or heuristic
knowledge on the scene with respect to neighborhood size and to
obtain an automated, appropriate selection instead. Consequently,
the approach is generally applicable and not tailored to a specific
dataset. The consideration of individual neighborhoods even
accounts for the idea that an optimal neighborhood size depends
on the respective 3D structure and thus varies within a dataset. In
order to provide further insights in addition to the clear trend of
the scale parameter towards smaller values (Figs. 2 and 3), the
behavior for the different classes is visualized in Fig. 10. Even
though the analysis per class reveals a slight difference between
the different classes, there is no clear indication of a characteristic
which is specific for a certain class. Furthermore, we may state that
the behavior of individual neighborhoods across a dataset indi-
cates the quality of a dataset, since a much smoother behavior can
be observed for the dataset with less noise (Figs. 4 and 5).

8. Conclusions

In this paper, we have presented a methodology for automated
3D scene analysis and its extension towards huge point clouds. The
methodology generally requires a higher computational effort due
to the consideration of individual 3D neighborhoods of optimal
size which, in turn, is justified as it significantly improves the
classification results in comparison to state-of-the-art approaches
[28] and furthermore avoids human interaction guided by empiric
or heuristic knowledge. Specifically, involving such optimal neigh-
borhoods for feature extraction results in distinctive low-level
geometric 3D and 2D features as important prerequisites for
obtaining appropriate classification results. The further extension
towards data-intensive processing via scene partitioning over-
comes the limitation with respect to the computational burden
and also allows large-scale 3D scene analysis. For two recently
published point cloud datasets captured in urban areas, the
derived results clearly reveal the potential of our methodology.
For future work, we plan to involve spatial smoothing techniques,
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Fig. 10. Distribution of the assigned optimal neighborhood size k for different classes of the Paris-rue-Cassette database.
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since neighboring 3D points tend to have correlated labels.
Furthermore, an extended analysis up to object level would be
desirable.
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ABSTRACT:

3D scene analysis by automatically assigning 3D points a semantic label has become an issue of major interest in recent years. Whereas
the tasks of feature extraction and classification have been in the focus of research, the idea of using only relevant and more distinctive
features extracted from optimal 3D neighborhoods has only rarely been addressed in 3D lidar data processing. In this paper, we focus on
the interleaved issue of extracting relevant, but not redundant features and increasing their distinctiveness by considering the respective
optimal 3D neighborhood of each individual 3D point. We present a new, fully automatic and versatile framework consisting of four
successive steps: (i) optimal neighborhood size selection, (ii) feature extraction, (iii) feature selection, and (iv) classification. In a
detailed evaluation which involves 5 different neighborhood definitions, 21 features, 6 approaches for feature subset selection and 2
different classifiers, we demonstrate that optimal neighborhoods for individual 3D points significantly improve the results of scene

interpretation and that the selection of adequate feature subsets may even further increase the quality of the derived results.

1 INTRODUCTION

The automatic interpretation of 3D point clouds represents a fun-
damental issue in photogrammetry, remote sensing and computer
vision. Nowadays, different subtopics are in the focus of research
such as point cloud classification (Hu et al., 2013; Niemeyer et
al., 2014; Xu et al., 2014), object recognition (Pu et al., 2011;
Velizhev et al., 2012), creation of large-scale city models (La-
farge and Mallet, 2012) or urban accessibility analysis (Serna and
Marcotegui, 2013). For all of them, it is important to cope with
the complexity of 3D scenes caused by the irregular sampling
and very different types of objects as well as the computational
burden arising from both large 3D point clouds and a variety of
available features.

For scene interpretation in terms of uniquely assigning each 3D
point a semantic label (e.g. ground, building or vegetation), the
straightforward approach is to extract respective geometric fea-
tures from its local 3D structure. Thus, the features rely on a
local 3D neighborhood which is typically chosen as spherical
neighborhood with fixed radius (Lee and Schenk, 2002), cylin-
drical neighborhood with fixed radius (Filin and Pfeifer, 2005)
or spherical neighborhood formed by a fixed number of the &k
closest 3D points (Linsen and Prautzsch, 2001). Once features
have been calculated, the classification of each 3D point may be
conducted via standard supervised learning approaches such as
Gaussian Mixture Models (Lalonde et al., 2005), Support Vec-
tor Machines (Secord and Zakhor, 2007), AdaBoost (Lodha et
al., 2007), a cascade of binary classifiers (Carlberg et al., 2009),
Random Forests (Chehata et al., 2009) and Bayesian Discrimi-
nant Classifiers (Khoshelham and Oude Elberink, 2012). In con-
trast, contextual learning approaches also involve relationships
among 3D points in a local neighborhood' which have to be in-
ferred from the training data. Respective methods for classifying

LThis local neighborhood is typically different from the one used for
feature extraction.

Figure 1: 3D point cloud with assigned labels (wire: blue,
pole/trunk: red, facade: gray, ground: brown, vegetation: green).

point cloud data have been proposed with Associative and non-
Associative Markov Networks (Munoz et al., 2009a; Shapovalov
et al., 2010), Conditional Random Fields (Niemeyer et al., 2012),
multi-stage inference procedures focusing on point cloud statis-
tics and relational information over different scales (Xiong et al.,
2011), and spatial inference machines modeling mid- and long-
range dependencies inherent in the data (Shapovalov et al., 2013).

Since the semantic labels of nearby 3D points tend to be cor-
related (Figure 1), involving a smooth labeling is often desir-
able. However, exact inference is computationally intractable
when applying contextual learning approaches. Instead, either
approximate inference techniques or smoothing techniques are
commonly applied. Approximate inference techniques remain
challenging as there is no indication towards an optimal inference
strategy, and they quickly reach their limitations if the considered
neighborhood is becoming too large. In contrast, smoothing tech-
niques may provide a significant improvement concerning classi-
fication accuracy (Schindler, 2012). All of these techniques ex-
ploit either the estimated probability of a 3D point belonging to
each of the defined classes or the direct assignment of the respec-
tive label, and thus the results of a classification for individual 3D
points. Consequently, it seems desirable to investigate sources for
potential improvements with respect to classification accuracy.

One potential improvement may address the design of utilized
features as, despite the different neighborhood definitions, the pa-
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rameterization of the neighborhood is still typically selected with
respect to empirical a priori knowledge on the scene and identi-
cal for all 3D points. This raises the question about estimating
the optimal neighborhood for each individual 3D point and thus
increasing the distinctiveness of derived features. Respective ap-
proaches addressing this issue are based on local surface variation
(Pauly et al., 2003; Belton and Lichti, 2006), iterative schemes
relating neighborhood size to curvature, point density and noise
of normal estimation (Mitra and Nguyen, 2003; Lalonde et al.,
2005), or dimensionality-based scale selection (Demantké et al.,
2011). Instead of mainly focusing on optimal neighborhoods, fur-
ther approaches extract features based on different entities such
as points and regions (Xiong et al., 2011; Xu et al., 2014). Al-
ternatively, it would be possible to calculate features at different
scales and later use a training procedure to define which com-
bination of scales allows the best separation of different classes
(Brodu and Lague, 2012).

Considering the variety of features which have been proposed for
classifying 3D points, it may further be expected that there are
more and less suitable features among them. For compensating
lack of knowledge, however, often all extracted features are in-
cluded in the classification process, and a respective feature se-
lection has only rarely been applied in 3D point cloud process-
ing. The main idea of such a feature selection is to improve the
classification accuracy while simultaneously reducing both com-
putational effort and memory consumption (Guyon and Elisseeff,
2003; Liu et al., 2010). Respective approaches allow to assess
the relevance/importance of single features, rank them according
to their relevance and select a subset of the best-ranked features
(Chehata et al., 2009; Mallet et al., 2011; Khoshelham and Oude
Elberink, 2012; Weinmann et al., 2013).

In this paper, we use state-of-the-art approaches for classifying
3D points and focus on the interleaved issue of deriving an op-
timal subset of relevant, but not redundant, features extracted
from individual neighborhoods with optimal size. In compari-
son to seminal work addressing optimal neighborhood size selec-
tion (Pauly et al., 2003; Mitra and Nguyen, 2003; Demantké et
al., 2011), we directly assess the order/disorder of 3D points in
the local neighborhood from the eigenvalues of the 3D structure
tensor. In comparison to recent work on feature selection for 3D
lidar data processing (Mallet et al., 2011; Weinmann et al., 2013),
we exploit entropy-based measures for (i) determining the opti-
mal neighborhood size for each 3D point and (ii) removing irrele-
vant and redundant features in order to derive an adequate feature
subset. Both of these issues are crucial for the whole processing
chain, and it is therefore of great importance to avoid parameters
or thresholds which are explicitly selected by human interaction
based on empiric or heuristic knowledge.

In summary, the main contribution of our work is a fully auto-
matic versatile framework which is based on

e determining the optimal neighborhood size for each individ-
ual 3D point by considering the order/disorder of 3D points
within a covariance ellipsoid,

e extracting optimized 3D and 2D features from the derived
optimal neighborhoods in order to optimally describe the lo-
cal structure for each 3D point,

e selecting a compact and robust feature subset by address-
ing different intrinsic properties of the given training data
via multivariate filter-based feature selection (based on both
feature-class and feature-feature relations) in order to re-
move feature redundancy, and

e improving the classification accuracy by exploiting the de-
rived feature subsets and state-of-the-art classifiers.
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Our framework is generally applicable for interpreting 3D point
cloud data acquired via airborne laser scanning (ALS), terrestrial
laser scanning (TLS), mobile laser scanning (MLS), range imag-
ing by 3D cameras or 3D reconstruction from images. While the
selected feature subset may vary with respect to different datasets,
the beneficial impact of both optimal neighborhood size selection
and feature selection remains. Further extensions of the frame-
work by involving additional features such as color/intensity or
full-waveform features can easily be taken into account.

The paper is organized as follows. In Section 2, we explain the
single components of our framework in detail. Subsequently, in
Section 3, we evaluate the proposed methodology on MLS data
acquired within an urban environment. The derived results are
discussed in Section 4. Finally, in Section 5, concluding remarks
are provided, and suggestions for future work are outlined.

2 METHODOLOGY

For semantically interpreting 3D point clouds, we propose a new
methodology which involves neighborhood selection with opti-
mal neighborhood size for each individual 3D point (Section 2.1),
3D and 2D feature extraction (Section 2.2), feature subset se-
lection via feature-class and feature-feature correlation (Section
2.3), and supervised classification of 3D point cloud data (Sec-
tion 2.4). A visual representation of the whole framework and its
components is provided in Figure 2.

3D Point
Cloud Data
\/
Neughborhoqu Ne|ghb0(hood 5 Strategies
of optimal size Selection
\
Distinctive Feature 21 Features
features Extraction catures
\
Relevant, but Eeatire
not redundant <€ . 6 Approaches
Selection
features
\
Classification 2 Classifiers

\Z

Figure 2: The proposed framework: the contributions are high-
lighted in red, and the quantity of attributes/approaches used for
evaluation is indicated in green.

2.1 Neighborhood Selection

In general, we may face a varying point density in the captured
3D point cloud data. Since we do not want to assume a priori
knowledge on the scene, we exploit the spherical neighborhood
definition based on a 3D point and its &k closest 3D points (Lin-
sen and Prautzsch, 2001), which allows more flexibility with re-
spect to the geometric size of the neighborhood. In order to avoid
heuristically selecting a certain value for the parameter k, we fo-
cus on automatically estimating the optimal value for k.

Assuming a point cloud formed by a total number of N 3D points
and a given value k£ € N, we may consider each individual 3D
point X = (X,Y,Z )T € R? and the respective k neighbors
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defining its scale. For describing the local 3D structure around
X, the respective 3D covariance matrix also known as 3D struc-
ture tensor S € R3*3 is derived which is a symmetric positive-
definite matrix. Thus, its three eigenvalues A1, A2, A3 € R ex-
ist, are non-negative and correspond to an orthogonal system of
eigenvectors. Since there may not necessarily be a preferred vari-
ation with respect to the eigenvectors, we consider the general
case based on a structure tensor with rank 3. Hence, it follows
that A\; > A2 > A3 > 0 holds for each 3D point X.

From the eigenvalues of the 3D structure tensor, the surface vari-
ation C'y (i.e. the change of curvature) with

A3

Ch=—"3 _
LD VINES VNS W

(e))
can be estimated. For an increasing neighborhood size, the heuris-
tic search for locations with significant increase of C'y allows to
find the critical neighborhood size and thus to select a respec-
tive value for k (Pauly et al., 2003). This procedure is motivated
by the fact that occurring jumps indicate strong deviations in the
normal direction. As alternative, it has been proposed to select
the neighborhood size according to a consistent curvature level
(Belton and Lichti, 2006).

Further investigations focus on extracting the dimensionality fea-
tures of linearity Ly, planarity Py and scattering S according

to
)\1 - AQ )\2 - )\3 A3
- p 2= =238
A1 A1 A1

which represent 1D, 2D and 3D features. As these features sum
up to 1, they may be considered as the probabilities of a 3D
point to be labeled as 1D, 2D or 3D structure (Demantké et al.,
2011). Accordingly, a measure Egin of unpredictability given by
the Shannon entropy (Shannon, 1948) as

Ly Sx 2

Edim = —L)\ln(L)\) — P)\ln(PA) - SAh’l(S)\) (3)

can be minimized across different scales & to find the optimal
neighborhood size which favors one dimensionality the most. For
this purpose, the radius has been taken into account, and the inter-
val [7min, Tmax] has been sampled in 16 scales, where the radii are
not linearly increased since the radius of interest is usually closer
to Tmin. The values 7nin and 7max depend on various characteris-
tics of the given data and are therefore specific for each dataset.
However, the results are based on the assumption of particular
shapes being present in the observed scene.

In order to avoid assumptions on the scene, we propose a more
general solution to optimal neighborhood size selection. Since
the eigenvalues correspond to the principal components, they span
a 3D covariance ellipsoid. Consequently, we may normalize the
three eigenvalues by their sum X and consider the measure of
eigenentropy E\ given by the Shannon entropy according to

EA = —elln(el) — 621[1(62) — Egln(fig) (4)

where the e; with e; = \; /Xy for ¢ € {1,2,3} represent the
normalized eigenvalues summing up to 1. The eigenentropy thus
provides a measure of the order/disorder of 3D points within the
covariance ellipsoid®>. Hence, we propose to select the param-
eter £ by minimizing the eigenentropy E\ over varying values
for k. For this purpose, we consider relevant statistics to start
with kmin = 10 samples which is in accordance to similar in-
vestigations (Demantké et al., 2011). As maximum, we select a

2Note that the occurrence of eigenvalues identical to zero has to be
avoided by adding an infinitesimal small value .

relatively high number of Kknax = 100 samples, and all integer
values in [Kmin, kmax] are taken into consideration.

2.2 Feature Extraction

For feature extraction, we follow the strategy of deriving a va-
riety of both 3D and 2D features (Weinmann et al., 2013), but
we optimize their distinctiveness by taking into account the op-
timal neighborhood size of each individual 3D point. Based on
the normalized eigenvalues e1, e2 and es of the 3D structure ten-
sor S, we extract a feature set consisting of 8 eigenvalue-based
features for each 3D point X (Table 1). Additionally, we derive
6 further 3D features for characterizing the local neighborhood:
absolute height Z, radius ri.nn of the spherical neighborhood,
local point density D, verticality V' which is derived from the
vertical component of the normal vector, and maximum height
difference AZy.nn as well as height variance oz ,-nn Within the
local neighborhood.

: e _ e1—ep
Linearity: Ly ==
U — €2—e3
Planarity: Py ==
Scattering: Sy=2
Omnivariance: Ox = Jerexes
H . —_ €e1—e3
Anisotropy: Ax =22
3
Eigenentropy: Ey=—-) eiln(e;)
i=1
Sum of eigenvalues: X\ =e; +e2 +e3
. — €3
Change of curvature:  Cx = 22—

Table 1: Eigenvalue-based 3D features.

Finally, we consider 7 features arising from the 2D projection
of the 3D point cloud data onto a horizontally oriented plane.
Four of them are directly derived: radius 7.xn,2p, local point
density Dop and sum X 2p as well as ratio R 2p of eigenval-
ues. The other three features are derived via the construction of a
2D accumulation map with discrete, quadratic bins of side length
0.25 m as number M of points, maximum height difference AZ
and height variance oz within the respective bin.

2.3 Feature Selection

The definition of adequate feature vectors remains a common and
crucial issue for classification problems. Hence, the interest in
feature selection techniques emerged for finding compact and ro-
bust subsets of relevant and informative features in order to gain
predictive accuracy, improve computational efficiency with re-
spect to both time and memory consumption, and retain mean-
ingful features (Guyon and Elisseeff, 2003; Liu et al., 2010). By
definition, a feature is statistically relevant if its removal from
a feature set will reduce the prediction power. In general, fea-
ture selection methods can be categorized into filter-based meth-
ods, wrapper-based methods and embedded methods. As both
wrapper-based and embedded feature selection methods involve
a classifier, they generally yield a better performance than filter-
based methods. In particular, embedded methods provide the ca-
pability of dealing with exhaustive feature sets as input and let-
ting the classifier internally select a suitable feature subset during
the training phase (Chehata et al., 2009; Tokarczyk et al., 2013).
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However, they face a relatively high computational effort and pro-
vide feature subsets which are only optimized with respect to the
applied classifier. Hence, we focus on a filter-based method.

Due to their simplicity and efficiency, such filter-based methods
are commonly applied. These methods are classifier-independent
and only exploit a score function directly based on the training
data. Univariate filter-based feature selection methods rely on
a score function which evaluates feature-class relations and thus
the relation between the values of each single feature across all
observations and the respective label vector. In general, the score
function may address different intrinsic properties of the given
training data such as distance, information, dependency or con-
sistency. Accordingly, a variety of possible score functions ad-
dressing a specific intrinsic property (Guyon and Elisseeff, 2003;
Zhao et al., 2010) as well as a general relevance metric addressing
different intrinsic properties (Weinmann et al., 2013) have been
proposed. Multivariate filter-based feature selection methods rely
on both feature-class and feature-feature relations in order to dis-
criminate between relevant, irrelevant and redundant features.

Defining random variables X for the feature values and C' for

the classes, we can apply the general definition of the Shannon
entropy E'(X) indicating the distribution of feature values z, as

E(X) ==Y P(za)In P(z.) )

and the Shannon entropy £(C') indicating the distribution of (se-
mantic) classes cp as

E(C) ==Y P(cs)InP(cs) (6)
b
respectively. The joint Shannon entropy results in
E(X,C) == P(ta,c) In P(za, cs) %)
a,b

and can be used for deriving the mutual information

MI(X,C) = E(X)+E(C)-EX,C) ®)
—  B(X) - E(X|0) ©)
— B(C) - E(C|X) (10)
= IG(X|C) (1)
= IG(C|X) (12)

which represents a symmetrical measure defined as information
gain (Quinlan, 1986). Thus, the amount of information gained
about C' after observing X is equal to the amount of information
gained about X after observing C. Following the definition, a
feature X is regarded as more correlated to the classes C' than a
feature Y if IG(C|X) > IG(C|Y). For feature selection, in-
formation gain is evaluated independently for each feature and
features with a high information gain are considered as relevant.
Consequently, those features with the highest values may be se-
lected as relevant features. Information gain can also be derived
via the conditional entropy, e.g. via E(X|C) which quantifies
the remaining uncertainty in X given that the value of the ran-
dom variable C' is known.

However, information gain is biased in favor of features with
greater numbers of values since these appear to gain more infor-
mation than others, even if they are not more informative (Hall,
1999). The bias can be compensated by considering the measure

MI(X,C)

SU(X,C) =2 EX 15

13)
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defined as symmetrical uncertainty (Press et al., 1988) with val-
ues in [0, 1]. Information gain and symmetrical uncertainty how-
ever are only measures for ranking features according to their
relevance to the class and do not eliminate redundant features.

In order to remove redundancy, Correlation-based Feature Selec-
tion (CFS) has been proposed (Hall, 1999). Considering a subset
of n features and taking the symmetrical uncertainty as correla-
tion measure, we may define px ¢ as average correlation between
features and classes as well as px x as average correlation be-
tween different features. The relevance R of the feature subset
results in

R(X1..,C) = —PXC (14)

Vit n(n = Dpxx

which can be maximized by searching the feature subset space
(Hall, 1999), i.e. by iteratively adding a feature to the feature
subset (forward selection) or removing a feature from the feature
subset (backward elimination) until R converges to a stable value.

For comparison only, we also consider feature selection exploit-
ing a Fast Correlation-Based Filter (FCBF) (Yu and Liu, 2003)
which involves heuristics and thus does not meet our intention
of a fully generic methodology. For deciding whether features
are relevant to the class or not, a typical feature ranking based on
symmetrical uncertainty is conducted in order to determine the
feature-class correlation. If the symmetrical uncertainty is above
a certain threshold, the respective feature is considered to be rele-
vant. For deciding whether a relevant feature is redundant or not,
the symmetrical uncertainty among features is compared to the
symmetrical uncertainty between features and classes in order to
remove redundant features and only keep predominant features.

2.4 Classification

Based on given training data, a supervised classification of indi-
vidual 3D points can be conducted by using the training data to
train a classifier which afterwards should be able to generalize
to new, unseen data. Introducing a formal description, the train-
ing set X = {(x;,l;)} with i = 1,..., Nx consists of Nx
training examples. Each training example encapsulates a fea-
ture vector x; € R? in a d-dimensional feature space and the
respective class label I; € {1,..., Nc}, where N¢ represents
the number of classes. In contrast, the test set J = {x;} with
j =1,..., Ny only consists of [Ny feature vectors x; € Re If
available, the respective class labels may be used for evaluation.
For multi-class classification, we apply different classifiers. Fol-
lowing recent work on smooth image labeling (Schindler, 2012),
we apply a classical (Gaussian) maximum-likelihood (ML) clas-
sifier as well as Random Forest (RF) classifier as representative
of modern discriminative methods.

The classical ML classifier represents a simple generative model
— the Gaussian Mixture Model (GMM) — which is based on the
assumption that the classes can be represented by different Gaus-
sian distributions. Hence, in the training phase, a multivariate
Gaussian distribution is fitted to the given training data. For each
new feature vector, the probability of belonging to the different
classes is evaluated and the class with maximum probability is
assigned. Since the decision boundary between any two classes
in such a model represents a quadratic function (Schindler, 2012),
the resulting classifier is also referred to as Quadratic Discrimi-
nant Analysis (QDA) classifier.

A Random Forest (Breiman, 2001) is an ensemble of randomly
trained decision trees. In the training phase, individual trees are
trained on randomly selected feature subsets of the given training
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data. Thus, the trees are all randomly different from one another
which results in a de-correlation between individual tree predic-
tions and thus improved generalization and robustness (Criminisi
and Shotton, 2013). For a new feature vector, each tree votes for
a single class and a respective label is subsequently assigned ac-
cording to the majority vote of all trees. We use a RF classifier
with 100 trees and a tree depth of |/d |, where d is the dimension
of the feature space.

Since we may often face an unbalanced distribution of training
examples per class in the training set, which may have a detrimen-
tal effect on the training process (Criminisi and Shotton, 2013),
we apply a class re-balancing which consists of resampling the
training data in order to obtain a uniform distribution of randomly
selected training examples per class. The alternative would be to
exploit the known prior class distribution of the training set for
weighting the contribution of each class.

3 EXPERIMENTAL RESULTS

We demonstrate the performance of the proposed methodology
for two publicly available MLS benchmark datasets which are
described in Section 3.1. The conducted experiments are outlined
in Section 3.2. A detailed evaluation and a comparison of single
approaches are presented in Section 3.3.

3.1 Datasets

For our experiments, we use the Oakland 3D Point Cloud Dataset®
(Munoz et al., 2009a) which is a labeled benchmark MLS dataset
representing an urban environment. The dataset has been ac-
quired with a mobile platform equipped with side looking SICK
LMS laser scanners used in push-broom mode. A separation
into training set X', validation set V' and test set ) is provided,
and each 3D point is assigned one of the five semantic labels
wire, pole/trunk, facade, ground and vegetation. After class re-
balancing, the reduced training set encapsulates 1,000 training
examples per class. The test set contains 1.3 million 3D points.

Additionally, we apply our framework on the Paris-rue-Madame
database” (Serna et al., 2014) acquired in the city of Paris, France.
The point cloud data consists of 20 million 3D points and corre-
sponds to a street section with a length of approximately 160 m.
For data acquisition, the Mobile Laser Scanning (MLS) system
L3D2 (Goulette et al., 2006) equipped with a Velodyne HDL32
was used, and annotation has been conducted in a manually as-
sisted way. Since the annotation includes both point labels and
segmented objects, the database contains 642 objects which are
in turn categorized in 26 classes. We exploit the point labels of
the six dominant semantic classes facade, ground, cars, motor-
cycles, traffic signs and pedestrians. All 3D points belonging to
the remaining classes are removed since the number of samples
per class is less than 0.05% of the complete dataset. For class re-
balancing, we take into account that the smallest of the selected
classes comprises little more than 10,000 points. In order to pro-
vide a higher ratio between training and testing samples across all

3The Oakland 3D Point Cloud Dataset is available online at
http://www.cs.cmu.edu/~vmr/datasets/oakland_3d/cvpr09/doc/ (last ac-
cess: 30 March 2014).

4Paris-rue-Madame database: MINES ParisTech 3D mobile laser
scanner dataset from Madame street in Paris. (©2014 MINES Paris-
Tech. MINES ParisTech created this special set of 3D MLS data
for the purpose of detection-segmentation-classification research ac-
tivities, but does not endorse the way they are used in this project
or the conclusions put forward. The database is publicly available
at http://cmm.ensmp.fr/~serna/rueMadameDataset.html (last access: 30
March 2014).

classes, we randomly select a training set X’ with 1,000 training
examples per class, and the remaining data is used as test set ).

3.2 Experiments

In the experiments, we first consider the impact of five different
neighborhood definitions on the classification results:

e the neighborhood Nj¢ formed by the 10 nearest neighbors,

o the neighborhood N5 formed by the 50 nearest neighbors,

o the neighborhood Nigo formed by the 100 nearest neigh-
bors,

e the optimal neighborhood Nopiaim for each individual 3D
point when considering dimensionality features, and

o the optimal neighborhood ./\fop‘,  for each individual 3D point
when considering our proposed approach’.

The latter two definitions involving optimal neighborhoods are
based on varying the scale parameter £ between knin = 10 and
kmax = 100 with a step size of Ak = 1, and selecting the value
with minimum Shannon entropy of the respective criterion. Sub-
sequently, we focus on testing six different feature sets for each
neighborhood definition:

e the whole feature set Sy with all 21 features,

e the feature subset Sgim covering the three dimensionality
features Ly, Py and S,

o the feature subset Sy 3p covering the 8 eigenvalue-based 3D
features,

o the feature subset S5 consisting of the five features R 2p,
V, Cx, AZy.xn and oz i-nn proposed in recent investiga-
tions (Weinmann et al., 2013),

o the feature subset Scrs derived via Correlation-based Fea-
ture Selection, and

o the feature subset Spcpr derived via the Fast Correlation-
Based Filter.

The latter three feature subsets are based on either explicitly or
implicitly assessing feature relevance. In case of combining fea-
ture subsets with RF-based classification, the tree depth of the
Random Forest is determined as max{|v/d], 3}, since at least 3
features are required for separating 5 or 6 classes. Note that the
full feature set only has to be calculated and stored for the train-
ing data, whereas a smaller feature subset automatically selected
during the training phase has to be calculated for the test data.

All implementation and processing was done in Matlab. In the
following, the main focus is put on the impact of both optimal
neighborhood size selection and feature selection on the classi-
fication results. We may expect that (i) optimal neighborhoods
for individual 3D points significantly improve the classification
results and (ii) feature subsets selected according to feature rele-
vance measures provide an increase in classification accuracy.

3.3 Results and Evaluation

For evaluation, we consider five commonly used measures: (i)
precision which represents a measure of exactness or quality, (ii)
recall which represents a measure of completeness or quantity,
(iii) Fy-score which combines precision and recall with equal
weights, (iv) overall accuracy (OA) which reflects the overall per-
formance of the respective classifier on the test set, and (v) mean
class recall (MCR) which reflects the capability of the respective
classifier to detect instances of different classes. Since the results
for classification may slightly vary for different runs, the mean

5The code is publicly available at http://www.ipf.kit.edu/code.php
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Figure 3: Fi-scores for QDA-based classification.

values across 20 runs are used in the following in order to allow
for more objective conclusions. Additionally, we consider that,
for CFS and FCBEF, the derived feature subsets may vary due to
the random selection of training data, and hence determine them
as the most often occurring feature subsets over 20 runs.

First, we test our framework on the Oakland 3D Point Cloud
Dataset. Since the upper boundary £ = 100 has been selected
for reasons of computational costs, we have to take into account
that it is likely to also represent 3D points which might favor
a higher value. Accordingly, we consider the percentage of 3D
points which are assigned neighborhoods with k£ < 100 neigh-
bors which is 98.12% and 98.08% for Nopidim and Nop,x. For
QDA-based classification based on all 21 features, the derived
recall and precision values for different neighborhood definitions
are provided in Table 2 and Table 3, and the respective I -scores
are visualized in Figure 3. The recall and precision values when
using a RF classifier are provided in Table 4 and Table 5, and the
respective Fi-scores are visualized in Figure 4. For both clas-
sifiers, it becomes visible that introducing an optimal neighbor-
hood size for each individual 3D point has a beneficial impact on
both recall and precision values, and consequently also on the F -
score. Exemplary results for RF-based classification using /\/op,’ N
and all 21 features are illustrated in Figure 1 and Figure 5.

Oakland ‘ wire pole/trunk facade ground vegetation
Nio 0.662 0.522 0.434 0.882 0.616
Nso 0.667 0.507 0.473 0.916 0.788
Nioo 0.606 0.417 0.472 0.916 0.767

opt.dim 0.754 0.750 0.543 0.890 0.778
OpLA 0.791 0.765 0.519 0.906 0.829

Table 2: Recall values for QDA-based classification using all fea-
tures and different neighborhood definitions.

Oakland ‘ wire pole/trunk facade ground vegetation
Nio 0.054 0.079 0.786 0.970 0.946
Nso 0.048 0.196 0.845 0.979 0.942
Nioo 0.041 0.134 0.742 0.980 0.938
Noptdim 0.080 0.219 0.832 0.976 0.950

opt A 0.091 0.236 0.846 0.972 0.959

Table 5: Precision values for RF-based classification using all

features and different neighborhood definitions.
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Figure 5: 3D point cloud with semantic labels assigned by the
RF classifier (wire: blue, pole/trunk: red, facade: gray, ground:
brown, vegetation: green).

Table 7 for QDA-based classification. The respective values for
RF-based classification are provided in Table 8 and Table 9. Here,
Scrs contains between 12 and 14 features, whereas Sgcpr con-
tains between 6 and 8 features. For both subsets, the respective
features are distributed across all types of 3D and 2D features.
The derived results clearly reveal that the feature subset Sgim is
not sufficient for obtaining adequate classification results. In con-
trast, using the feature subsets Ss, Scrs and Sgepr Which are all
based on feature relevance assessment yields classification results
of better quality and, in particular when using a RF classifier, par-
tially even a higher quality than the full feature set Sa.

Oakland | wire pole/trunk fagade ground vegetation
Nio 0.032 0.037 0.614 0.967 0.812
Nso 0.035 0.079 0.832 0.977 0.805
Nioo 0.033 0.082 0.659 0.979 0.791
Nopt.dim 0.048 0.187 0.793 0.966 0.701

opt A 0.065 0.181 0.829 0.966 0.742

Table 3: Precision values for QDA-based classification using all
features and different neighborhood definitions.

Oakland | S Sdim Sx3p Ss Scrs SrcBR
Nio 0.788 0.689 0.741 0.867 0.667 0.678
Nso 0.850 0.771 0.822 0.927 0.725 0.762
Nioo 0.845 0.758 0.823 0.924 0.713 0.903

opt.dim 0.837 0.371 0.798 0.910 0.715 0.687
opt. A 0.857 0.480 0.801 0.920 0.851 0.723

Table 6: Overall accuracy for QDA-based classification using dif-
ferent neighborhood definitions and different feature sets.

Oakland | S Sdim Sx,3p Ss Scrs SrcBF
Nio 0.623 0.365 0.454  0.583 0.570 0.618
Nso 0.670 0.509 0.588 0.673 0.633 0.699
Nioo 0.636 0.474 0.555 0.668 0.600 0.708
NopLdlm 0.743 0.440 0.561 0.666 0.694 0.703

opt.A 0.762 0.477 0.576 0.704 0.755 0.739

Oakland ‘ wire pole/trunk facade ground vegetation
Nio 0.705 0.684 0.503 0.981 0.668
50 0.578 0.617 0.679 0.988 0.779
Nioo 0.513 0.579 0.631 0.987 0.724
Noptdim 0.850 0.791 0.659 0.985 0.794
opt.A 0.862 0.798 0.672 0.985 0.809

Table 4: Recall values for RF-based classification using all fea-
tures and different neighborhood definitions.

If, besides the neighborhood definitions, the different feature sets
are also taken into account, we get a total number of 30 possible
combinations. For each combination, the resulting overall ac-
curacy and mean class recall value are provided in Table 6 and
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Table 7: Mean class recall values for QDA-based classifica-
tion using different neighborhood definitions and different feature
sets.

Since the RF classifier in combination with our approach for op-
timal neighborhood size selection (Nopy,») yields high values for
both overall accuracy and mean class recall, we select this combi-
nation for a test on the Paris-rue-Madame database. The obtained
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Oakland Sanl Sdim Sx3p Ss Scrs SkcBr
Nio 0.875 0.579 0.742 0.887 0.873 0.857
Nso 0.917 0.734 0.805 0.912 0.916 0.924
Nioo 0.901 0.728 0.814 0.901 0.902 0.920
Nop[;dim 0.918 0.696 0.773 0.915 0.918 0.907
NopLA 0.922 0.628 0.851 0.911 0.924 0.923

Table 8: Overall accuracy for RF-based classification using dif-
ferent neighborhood definitions and different feature sets.

Oakland San Sdim Sx.3p Ss Scrs SECBE
Nio 0.708 0.483 0.598 0.686 0.699 0.702
Nso 0.728 0.544 0.642 0.655 0.728 0.742
Nioo 0.687 0.504 0.612 0.638 0.693 0.697
Noptdim 0.816 0.615 0.676 0.754  0.812 0.808
Noptr 0.825 0.596  0.692 0.759  0.827  0.825

Table 9: Mean class recall values for RF-based classification us-
ing different neighborhood definitions and different feature sets.

recall and precision values using the feature sets Sui and Scrs are
provided in Table 10 as well as the resulting F;-scores. Based on
the full feature set Sy, the RF classifier provides an overall accu-
racy of 90.1% and a mean class recall of 77.6%, whereas based
on the feature subset Scrs, a slight improvement to an overall
accuracy of 90.5% and a mean class recall of 77.8% can be ob-
served. A visualization for RF-based classification using ,/\/},p,)\
and all 21 features is provided in Figure 6.

Paris | R p A | R p P

facade 0.957  0.962 0.960 0.958 0.964 0.961
ground 0.902 0.964 0.932 0.911 0.960 0.935
cars 0.606  0.755 0.672 | 0.603 0.768 0.676
motorcycles | 0.639  0.123  0.206 | 0.657 0.136  0.225
traffic signs 0.974 0.055 0.105 | 0.978 0.058  0.109
pedestrians 0.575 0.019 0.036 0.559 0.020 0.038

Table 10: Recall (R), precision (P) and Fi-score for RF-based
classification involving all 21 features (left) and only the features
in Scrs (right).

Figure 6: 3D point cloud with semantic labels assigned by the RF
classifier (fagade: gray, ground: brown, cars: blue, motorcycles:
green, traffic signs: red, pedestrians: pink).

4 DISCUSSION

Certainly, a huge advantage of the proposed methodology is that
it avoids the use of empiric or heuristic a priori knowledge on
the scene with respect to neighborhood size. For the sake of gen-
erality, involving such data-dependent knowledge should not be
an option and the optimal neighborhood of each individual 3D
point should be considered instead. This is in accordance with the
idea that the optimal neighborhood size may not be the same for
different classes and furthermore depend on the respective point
density. In the provided Tables 2-5, the class-specific classifica-
tion results clearly reveal that the suitability of all three neighbor-
hood definitions based on a fixed scale parameter may vary from
one class to the other. Instead, the approaches based on optimal
neighborhood size selection address this issue and hence provide
a significant improvement in recall and precision, and thus also
in the F'i-score over all classes (Figure 3 and Figure 4).

In particular, the detailed evaluation provides a clear evidence
that the proposed approach for optimal neighborhood size selec-
tion is beneficial in comparison to the other neighborhood defini-
tions, since it often yields a significant improvement with respect
to performance and behaves close to the best performance oth-
erwise. A strong indicator for the quality of the derived results
has been defined by the mean class recall, as only a high overall
accuracy may not be sufficient for analyzing the derived results.
For the Oakland 3D Point Cloud Dataset, for instance, we have
an unbalanced test set and an overall accuracy of 70.5% can be
obtained if only the instances of the class ground are correctly
classified. This clear trend to overfitting becomes visible when
considering the respective mean class recall of only 20.0%.

In comparison to other recent investigations based on a fixed scale
parameter k& (Weinmann et al., 2013), the recall values are signif-
icantly increased, and a slight improvement with respect to the
precision values can be observed. Even in comparison to inves-
tigations involving approaches of contextual learning (Munoz et
al., 2009b), our methodology yields higher precision values with
approximately the same recall values over all classes.

Considering the different feature sets (Tables 6-9), it becomes
visible that the feature subset Sgim Of the three dimensionality
features Ly, Py and S} is not sufficient for 3D scene interpreta-
tion. This might be due to ambiguities, since the classes wire and
pole/trunk provide a linear behavior, whereas the classes facade
and ground provide a planar behavior. This can only be ade-
quately handled by considering additional features. Even when
only using the feature subset Sy 3p of the eigenvalue-based 3D
features, the results are significantly worse than when using the
full feature set S,;. In contrast, the feature subsets derived via
the three approaches for feature selection provide a performance
close to the full feature set Sy or even better. In particular, the
feature subset Scrs derived via Correlation-based Feature Selec-
tion provides a good performance without being based on manu-
ally selected parameters such as the feature subset Srcgr derived
via the Fast Correlation-Based Filter.

5 CONCLUSIONS AND FUTURE WORK

In this paper, we have addressed the interleaved issue of optimally
describing 3D structures by geometrical features and selecting
the best features among them as input for classification. We have
presented a new, fully automatic and versatile framework for se-
mantic 3D scene interpretation. The framework involves optimal
neighborhood size selection which is based on minimizing the
measure of eigenentropy over varying scales in order to derive
optimized features with higher distinctiveness in the subsequent
step of feature extraction. Further applying the measure of en-
tropy for feature selection, irrelevant and redundant features are
recognized based on a relatively small training set and, conse-
quently, these features do not have to be calculated and stored for
the test set. In a detailed evaluation, we have demonstrated the
significant and beneficial impact of optimal neighborhood size
selection, and that the selection of adequate feature subsets may
even further increase the quality of 3D scene interpretation.

For future work, we plan to address the step from individual 3D
point classification to a spatially smooth labeling of nearby 3D
points. This could be based on probabilistic relaxation or smooth
labeling techniques adapted from image processing.
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ABSTRACT:

Laser range data is of high interest in photogrammetry. However, compared to passive imagery, it usually has a lower image
resolution, making geometry extraction and modeling challenging. A method to overcome this handicap using a laser scanner
capable of full waveform analysis is proposed. The recorded pulse waveform is analyzed to find range and intensity values for all of
the surfaces in the beam footprint. Sub-pixel edge localization is implemented and tested for straight edges of man-made objects,
allowing a much higher precision of geometry extraction in urban areas. The results show that it is possible to find edges with an

accuracy of at least one tenth of a pixel.
1. INTRODUCTION

The automatic generation of 3-d models for a description of
man-made objects, like buildings, is of great interest in
photogrammetric research. In photogrammetry, a spatial surface
is classically measured by triangulation of corresponding image
points from two or more pictures of the surface. The points are
manually chosen or automatically detected by analyzing image
structures. Besides this indirect measurement using object
characteristics dependant on natural illumination, active laser
scanner systems allow a direct and illumination-independent
measurement of range. Laser scanners capture the range of 3-d
objects in a fast, contactless and accurate way. Overviews for
laser scanning systems are given in (Huising & Pereira, 1998;
Wehr & Lohr, 1999; Baltsavias, 1999).

For the task of automatic model generation, a precise
measurement of the edges and vertices of regularly shaped
objects is paramount. Often, the spatial resolution of laser
scanners used in urban surveying is not sufficient for this. In
this case, an approach to locate the edges with sub-pixel
accuracy is desirable. To achieve this, as much information as
possible should be gained per pixel' to offset the low number of
pixels in the image.

Current pulsed laser scanner systems for topographic mapping
are based on time-of-flight ranging techniques to determine the
range of the illuminated object. The signal analysis to determine
the elapsed time between the emitted and backscattered laser
pulses typically operates by analogous threshold detection.
Some systems capture multiple reflections caused by objects
which are smaller than the footprint located in different ranges.
Such systems usually record the first and the last backscattered
laser pulse (Baltsavias, 1999).

First pulse as well as last pulse exploitation is used for different
applications like urban planning or forestry surveying. While
first pulse registration is the optimum choice to measure the
hull of partially penetrable objects (e.g. canopy of trees), last
pulse registration should be chosen to measure non-penetrable
surfaces (e.g. ground surface). Due to multiple pulse reflection
at the boundary of buildings and the processing by first or last

! Note that in this paper the label pixel describes the conical region in space
illuminated by a single laser beam. During visualization, this region is
compressed into a single pixel of a displayed image, hence the name.
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pulse mode, building areas dilate or erode. For visualizing the
various sizes of the building footprints in first and last pulse
images a difference image can be calculated. The actual
building edges are then expected within the bright areas in this
image (Figure 1).

Apart from the range measurement of laser scanner systems
some systems deliver a single reflectance value derived from
the intensity or the power of the backscattered laser light. The
intensity is determined by the signal maximum and the power
by signal integration of the measured laser light and gives
radiometric information about the surveyed area. This intensity
(power) value can be used for separating segments of artificial
objects from vegetation (Hug & Wehr, 1997; Maas, 2001).

One step further, the complete waveform of the recorded signal
might be of interest, because it includes the backscattering
characteristic of the illuminated field. Investigations on
analyzing the waveform were done to explore the vegetation
concerning the bio mass, foliage or density (e.g. trees, bushes,
and ground). Recent laser scanner system developments provide
commercial airborne laser scanning systems that allow
capturing the waveform: RIEGL LMS-Q560, LITEMAPPER
5600, OPTECH ALTM 3100, TOPEYEIl. To interpret the
backscattered waveform, a better understanding of the physical
principles is important and has to be developed. The physical
measurement process and the influence of the surface on the
emitted waveform are discussed by (Jutzi & Stilla, 2002;
Wagner et al., 2004).

By analyzing the backscattered waveform for the received
pulses it is possible to determine specific surface properties for
each received pulse. Typical surface properties of interest can
be distance, roughness, reflectance and number of surface
responses. The estimates of these properties can be used for
further processing. Vosselman (2002) suggested considering the
reflectance strength of the laser beam response to estimate and
improve the accuracy of reflectance edge positions. Besides the
edge positions of planimetric offsets, the estimation of edges in
different heights is investigated by considering the reflectance
strength to increase the accuracy of boundaries at plane
surfaces, where the height data captured with laser scanner
systems generally suffers by unresolved ambiguity.

In this paper we describe investigations for a detailed analysis
of laser pulses. In Section 2, our method for generation of
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d
Figure 1. Sections of an urban scene (Test area Karlsruhe,
Germany).

a) elevation images captured by first pulse mode,

b) elevation images captured by last pulse mode,

c) difference image of first and last pulse mode,

d) section of the difference image (building
boundary).

synthetic test data is discussed. A description of the general
waveform analysis, image segmentation and surface boundary
extraction can be found in Section 3. The actual sub-pixel edge
localization algorithms are developed in Section 4. Section 5
presents results and a discussion of the merits and flaws of the
method.

2. DATA GENERATION

To simulate the temporal waveform of the backscattered pulses
a scene model (i) and a sensor model (ii) is required (Jutzi &
Stilla, 2004).

2.1 Scene modeling

2.1.1  Scene representation

For a 3-d scene representation, our simulation setup considers
geometric and radiometric features of the illuminated surface in
the form of a 3-d object model with homogeneous surface
reflectance.

2.1.2  Sampling

The object model with homogeneous surface reflectance is then
sampled at a higher spatial resolution than the scanning grid we
simulate and process, to enable us to simulate the spatial
distribution of the laser beam. Considering the position and
orientation of the sensor system we receive high-resolution
range and intensity images (45-fold oversampling, i.e. one
image pixel is produced by averaging over 45x45 high-
resolution sub-pixels. The oversampling window size does not
have any practical relevance if it is sufficiently large to not
induce errors in a higher magnitude as those incurred by our
discretized beam profile). Depending on the predetermined
position and orientation of the sensor system, various range
images can be captured.

110

2.2 Sensor modeling

The sensor modeling takes into account the specific properties
of the sensing process: the position and orientation of the
sensor, the laser pulse description, scanning and the receiver
properties.

2.2.1 Orientation

To simulate varying perspectives, a description of the extrinsic
orientation of the laser scanning system with the help of a
GPS/INS system is used.

2.2.2 Laser pulse description

The transmitted laser pulse of the system is characterized by
specific pulse properties (Jutzi et al,, 2002). We assume a
Gaussian pulse energy distribution in both space and time, the
spatial distribution thus being radially symmetric. With real
data, the sampled actual pulse distribution depending on the
used laser type can be used to model the edge appearance in the
image (q.v. Section 4.1).

2.2.3  Scanning

Depending on the scan pattern of the laser scanner system, the
grid spacing of the scanning, and the divergence of the laser
beam, a sub-area of the high-resolution range image is
processed. By convolving this sub-area with the temporal
waveform of the laser pulse, we receive a high-resolution
intensity cube. Furthermore, the corresponding sub-area of the
high-resolution intensity image is weighted with the spatial
energy distribution of the laser beam, where the grid spacing is
taken to be 60 of the spatial beam energy distribution (i.e. the
grid lines are at +3c relative to the beam center) to take into
account the amount of backscattered laser light for each
reflectance value. Then we have a description of the
backscattered laser beam with a higher spatial resolution than
necessary for processing.

2.2.4 Receiver

By focusing the beam with its specific properties on the
detector of the receiver, the spatial resolution is reduced and
this is simulated with a spatial undersampling of the sub-areas.

Finally we receive an intensity cube spaced with the scanning
width of the simulated laser scanner system and containing the
temporal description of the backscattered signal. Because each
intensity value in the sub-area is processed by undersampling,
multiple reflections can be observed in the backscattered signal.

3. DATA ANALYSIS

Algorithms are developed and evaluated with simulated signals
of synthetic objects. First, a signal preprocessing of the
intensity cube with a matched filter is implemented to improve
the detection rate. These results are used to analyze the
waveform of each pulse for gaining the surface properties:
range, reflectance and number of peaks. Then the surface
properties are processed with a region based segmentation
algorithm. By the use of images the region boundary pixels
derived from multiple reflections at the same spatial position
are shared by separate regions.

3.1 Pulse property extraction

Depending on the size of the observed surface geometry in
relation to the laser beam (footprint and wavelength) different
properties can be extracted (Jutzi & Stilla, 2003). In this paper
we focus on the pulse properties average time value, maximum
intensity and number of peaks.
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e The average time value is processed to determine the

distance from the system to the illuminated surface.

The maximum intensity value is computed to get a
description for the reflectance strength of the illuminated
area.

e Multiple peaks in one signal indicate multiple surfaces at
differing ranges illuminated by the beam. Therefore, they
are clues to object boundaries.

For determining the property values for each pulse of the whole
waveform the intensity cube is processed in different ways.
First, the pulse has to be detected in the signal profile by using a
matched filter. Then, a neighborhood area of interest in the
temporal waveform is selected for temporal signal analysis.

For obtaining surface characteristics, each waveform of the
cube is analyzed for pulse property values. For pulse detection
it is necessary to separate each single pulse from the
background noise. The number of detected pulses depends
critically on this separation method. Therefore the signal
background noise is estimated, and where the intensity of the
waveform is above three times the noise standard deviation for
a duration of at least 5ns (full-width-half-maximum of the
pulse), a pulse is assumed to have been found and a waveform
interval including the pulse is accepted for further processing.

Typical surface features we wish to extract from a waveform
are range, roughness, and reflectance. The corresponding pulse
properties of these surface features are: time, width and
intensity. Because of the strong fluctuations of the waveform,
extracting the relevant properties of the waveform can be
difficult. Therefore, the recorded waveform is approximated by
a Gaussian to get a parametric description. Fitting a Gaussian to
the complete waveform instead of quantizing a single value of
the waveform has the advantage of decreasing the influence of
noise and fluctuation. To solve the Gaussian mixture problem,
the Gauss-Newton method (Hartley & Zisserman, 2000) with
iterative parameter estimation is used. The estimated parameters
for pulse properties are the averaged time value 7, standard
deviation o and maximum intensity a:

(1-7)

wt—7)= =

) Q)

a
exp(—
N e

To start the iteration, we use the actual parameter values (time
at pulse maximum, width of signal at half pulse height, and
pulse maximum) of the original waveform.

The averaged time value 7 of the estimated waveform is used to
exploit the temporal form of the received pulses. The averaged
range value r can then easily be determined by

2

where c is the speed of light.
3.2 Segmentation

General approaches for segmenting laser range data, as those
described by Besl (1988), usually do not take into account the
additional information acquired by full waveform processing
and therefore have to be expanded upon.

By using waveform processing, we are not only generating a
range image, but in fact a whole set of data for each pixel. For
the purposes of this paper, the features of particular importance
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will be: range for each return pulse, intensity for each return
pulse, and number of return pulses. The number of return pulses
is used as a clue to region boundaries, while range and intensity
further facilitate identifying homogeneous regions inside these
boundaries. Without these multiple pulse clues, the region
boundaries can not reliably be pinpointed with pixel accuracy.
Since the sub-pixel localization scheme works on the intensity
of pixels partially covering a surface, this pixel precision is
necessary for the accuracy of the resulting edges.

Proceeding from these boundary clues, an iterative region
growing algorithm examines the range properties of all pulses
in the spatial neighborhood: if the range difference of a pulse
and the proofing pulse is below a given threshold, then the
pulse is connected and grouped as a new element to this region.

The segmentation leads to a description of image pixels as
region interior or region boundary. The region interior is
characterized by single reflections and fills up the region to the
boundary. For each homogeneous region found in this manner,
the average return pulse power P, inside this region is
calculated and stored. The region boundary pixels are
connected in a 4-neighbor fashion, i.e. each boundary pixel has
at least one neighbor in horizontal or vertical direction which
also belongs to the boundary.

4. BOUNDARY REFINEMENT

To achieve a higher precision for object localization and
reconstruction, it is desirable to further refine these
measurements (Figure 2a). Standard sub-pixel edge localization
approaches use the intensity of grayscale images to obtain
improved edge information. The intensity values acquired may
form a grayscale image and thus permit the application of these
algorithms to our data. But we will go one step further since the
full waveform laser data has several advantages over passive
optical images for this purpose.

For precise edge localization, it is important to know the
properties of the data acquisition unit very well and be able to
model the effects of a beam being only partially reflected by a
given surface. This modeling will be explained in the first
subsection. In the second subsection, we will show how this
model enables us to determine the sub-pixel location of an edge
in each pixel. The third subsection will examine a
straightforward approach to determine edge direction using
neighborhood information. Then we will detail our proposed
scheme to use the complete edge information to fortify the edge
estimate in the fourth subsection. The last subsection will deal
with vertices and the problem of their precise localization in the
image.

For the purposes of this paper, we will call the measured edge
pixels of the image boundary pixels, or corners, if they do not
belong to a straight edge. Furthermore, let the true geometry be
denoted by edges and vertices, to clear up the description of our
approach.

4.1 Modeling the rasterized edge intensity profile

As shown in the introduction to this Section, it is necessary to
be aware of the meaning of the intensity values acquired
alongside the range measurements. Therefore we will examine
the results of a beam hitting a homogeneous surface
perpendicular to the beam propagation direction assuming
uniform reflectance for the surface.

An analysis of the spatial beam profile (Jutzi et al., 2002) has
shown that it can be approximated by a radially symmetric
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Figure 2. Edge estimation (Pixels labelled / are inner region pixels, O are outside pixels, and B are boundary pixels):
a) sample of edges &, & and &, b)estimated edges by considering the distance from the beam center d,
¢) possible edges tangential to two circles, d) final edge by using the signs of d;

Gaussian distribution for the sake of simplicity. For the case of
the beam partially hitting the surface, we assume the object
edge to be straight. In reality, this is not a very strong demand,
since the edge has to be essentially straight only for the extent
of the beam. Furthermore, we let the edge be parallel to the y-
coordinate axis. Because of the radial symmetry of the beam
profile, the results can then be generalized to arbitrary edge
orientations. If we let d the distance of the surface edge to the
beam center, o the standard deviation of the beam profile and P,
the average beam power inside the region (q.v. Section 3.2), we
find the reflected beam power to be

??e dxay:%dje’%dx 3)
—0 O

This integral can be described by the complementary error
function

P4y

o2

L

2

Fy(d)=

P d
By(d)=—erfe(——) “
2 o
Figure 3a shows a plot of the beam intensity versus the edge
offset. Here, the grid spacing is 2f'and the standard deviation of
the Gaussian used to model the beam profile is f/3.

4.2 Sub-pixel edge localization in each pixel

Looking at a boundary pixel, we can easily acquire the edge
distance from the beam center ds by inverting the above
relationship (using standard numerical procedures) and
applying it to the measured return pulse power Pg. However, it
is impossible to estimate the edge orientation using only a
single pixel (Figure 2b). Therefore we now have a circle with
radius dg around the beam center and know that the edge has to
be a tangent to this circle (Figure 3b).

To determine the orientation of this tangent, and along with it
the orientation of the edge, we have to use neighborhood
information to further restrict the edge hypotheses.

4.3 Estimating tangents in 2 neighborhood edge pixels

A very simple approach consists of using a neighborhood
boundary pixel to reduce the problem’s degrees of freedom. If
we have hints that both of these pixels belong to the same
straight object edge, we can use their combined information to
estimate the edge. We are looking for a line that is tangential to
two circles (radii d; and d, respectively). This problem
generally has four different solutions (Figure 2c),
mathematically. From the intensity response, we know which
side of the beam center the tangent passes through, since we
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actually get a signed result for d; and d,, corresponding to the
measured intensity being smaller or larger than 50% of the
intensity inside the region (Figure 3a & b). If the signs of these
two radii are different, the correct edge solution is one of the
two tangents crossing between the circles, else one of the outer
tangents.

From the segmentation step it is already known which side is
the inner and which is the outer side of the boundary, i.e. we
know where the boundary is connected to the region. Again,
watching the signs of d; and d,, we know which of the two
remaining solutions to choose (Figure 2d, in this case both of
the signs are negative).

However, this straightforward approach is very sensitive to
noisy data, since it does not use an over-determined system of
equations. We will be applying our method to urban areas,
where we assume much longer edges to be present. This full
edge information can be used to gain higher precision results.

Py (d)
A
Po 1 pycdy
& py2 p
S
b

Figure 3. a) Edge ¢ with distance ds, b) Integration over the

spatial beam profile (the grid spacing is 2f)
4.4 Complete edge localization

To use the complete information available for any given edge,
we first have to determine the set of boundary pixels belonging
to that edge. In the description of the segmentation algorithm,
we already explained how to find region boundaries (Section
3.3). This boundary is transformed into a polygon, at first
taking each pixel as a vertex (solid line in Figure 4). If there are
any pixels in this list occurring more than once, all of their
instances are removed. We do this because we assumed each
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pixel to belong to only one edge, therefore mixed pixels are not
allowed to appear in our calculation.

This vertex list is then pruned by removing all vertices not
significantly affecting the polygon contour. This is achieved by
tentatively removing each vertex in turn from the contour
(dashed line) and calculating the distance of the new polygon
(dotted line) to all boundary pixels along this edge. If the largest
of these distances g is smaller than one half pixel, the vertex is
removed permanently. This step is repeated until no more
vertices can be removed.

Figure 4.

Region boundary simplification

The last polygon found in this fashion is now a pixel-precise
estimate of the region boundary, composed of a minimal
number of vertices and edges of maximal length. To increase
the precision of our estimates for each of these edges, we select
the set of all boundary pixels along this edge, leaving out the
vertices themselves because of our assumption of pixels fully
belonging to straight edges.

For this set of k points,

= 2
(pi)ie¢l,2,3,....k} cR )
we calculate the edge distances d; from the pixel intensity and
solve the optimization problem

1 k
J=—>(ip. —c—d)’ (6)
Zk;(npl c—d)

for the edge normal7 and the edge offset to the coordinate
origin c.

As we see, the functional connection between Py and d does not
appear in the formula. Therefore the above problem is a fairly
standard optimization problem. Going back to the image, if we
replace each intensity value Py by the associated value d,
Equation 6 corresponds to a standard edge localization problem
in grayscale images. However, we now have the advantage of
knowing our edge models exactly and can present a finer
solution than those typically found for passive imagery.
Parameterizing the edge normal 7 by its direction (7 = (cos ¢,
sin ¢)), we have a simple two-dimensional optimization
problem, though it is nonlinear in ¢. We solve for ¢ using the
trust region approach by Coleman & Li (1996). The edge offset
to the origin ¢ can then be estimated by

k —_  —
> (ip,~d)=iip-d ™)

i=1

.1
c=—
k
which is very simple to solve.

4.5 Estimating vertices

Due to the modeling approach, our edge model is correct only
for straight edges and incorrect for vertices or curves. Therefore
we have been explicitly leaving out corner pixels in the edge
localization step. Do determine the vertices of the depicted
geometry, we calculate the intersections of every pair of
neighboring edges.
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We chose this approach since the connection of vertex location
with the measured intensity is very ambiguous. Furthermore,
corners are usually darker and thus more strongly affected by
the detector noise. Tying their information in to our
optimization problem would complicate matters, remove the
independence of neighboring edge localization problems, and
does not promise much gain.

5. EXPERIMENTAL VALIDATION

To test the algorithms, we created several images with various
resolutions, by the method described in Section 2. The example
presented here has a size of ten by ten pixels. In all of the
images, the solid line is the ground truth geometry used for
image generation, whereas the dashed line shows the result of
the individual processing steps.

The range image depicted in Figure 5a is actually a range
segmentation result, i.e. the white pixels designate returns from
the examined surface. Figure 5b shows the intensity
measurement at the range of the surface. The image was
brightened to enhance the visibility of the overlay lines — the
darkest gray actually stands for zero measured intensity.

The boundary segmentation algorithm presented in Section 3.3
results in the boundary polygon shown in Figure S5c. The
boundary simplification method (Section 4.4) reduces this
polygon to the correct five vertices, resulting in Figure 5d.
These two images are typical results using only pixel-precise
edge localization (for example, if no intensity information is
available).

The next image (Figure 5e) shows the corner and boundary
masks used for the sub-pixel edge localization algorithm. The
black pixel [3]2] is a boundary pixel, but it was not used for
boundary simplification and edge localization, since it belongs
to two of our edges (compare Figure 5c). The image in
Figure 5f shows the result of the sub-pixel edge localization.

Figure 6a and b show two tests with noisy images. For both of
these images, it has been assumed that the proper region
boundary pixels can still be extracted from the waveform
information. For Figure 6a, Gaussian noise with standard
deviation 0.1 has been applied to the image. Figure 6b shows
the limits of the algorithm at a noise level of 0.3.

Orientation error [°] A B C D E
Noiseless case 0.00 | 0.64 | 1.21 | 0.04 | 0.00
Noise 0.1 233 | 1.86 | 0.19 | 0.13 | 2.77
Noise 0.3 12.6 | 0.34 | 39.7 | 159 | 1.84

Table 1. Edge orientation errors in degrees; Edge A is the
horizontal edge at the top of the image, the remaining
edges follow clockwise.

Localization error [pixels] | A B C D E

Noiseless case 0.09 | 0.05 | 0.06 | 0.05 | 0.03
Noise 0.1 0.24 1 0.20 | 0.13 | 0.12 | 0.21
Noise 0.3 0.72 1 0.30 | 1.04 | 0.68 | 0.09

Table 2. Edge localization errors in pixels; The localization
error measures the maximum distance of the vertices
of the edge estimate to the straight line extension of
the ground truth edge.

The results of the edge localization are very accurate, despite
the low resolution. The vertex positions are generally precise up
to about a tenth to a twentieth of a pixel. Tables 1 and 2 give a
detailed result of the errors acquired for the edges. While the
performance of the algorithm degrades with noisy data, it is
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e
Figure 5. 10x10 source images and results:

a) Range image with overlaid ground truth
geometry

b) Brightened intensity image with ground truth

¢) Boundary extraction result

d) Boundary simplification result (dashed) versus
ground truth (solid)

e) Boundary and corner masks

f) Result of sub-pixel edge localization

evident that longer edges serve to stabilize the results. Edge B,
being the longest edge in the test image, gets quite acceptable
results even at very high noise levels.

In this work we only considered plane surfaces, fully ignoring
the range information except for segmentation purposes. The
problems of edge localization in lateral and in range direction
are independent of each other and can therefore be tackled
separately. Especially in the case of roofs, where the ridge can
sometimes not be extracted in the intensity image, a further
examination of the geometry in range direction is important.

Also, adjoining surfaces sharing a common edge should be
investigated. In this case, we might want to determine one edge
using the information from both surfaces instead of two
different edges. A typical example for this is a building roof
edge, which is usually exactly above an edge between the wall
of the building and the ground.

6. CONCLUSION

We have presented a scheme to extract the geometry of man-
made objects from laser scanning images under the
consideration of the intensity value for each received laser
pulse. We have shown that using a laser scanner capable of full
waveform processing, edge localization precision can be
increased by a factor of at least ten. For the actual sub-pixel
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Figure 6. Noisy source images and results:
a) Noise standard deviation 0.1
b) Noise standard deviation 0.3

localization algorithm the knowledge of a first pulse intensity
image would be sufficient. However, the additional information
leads to a much more stable segmentation and consequently
higher precision edges. The data generation and analysis we
carried out are general investigations for a laser system which
records the waveform of laser pulses. The method remains to be
tested with real data, and expanded to handle more complex
geometries (e.g. vehicles, buildings).
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Abstract

The latest developments in laser scanners allow capturing and digitizing of the full waveform of the backscattered pulse. The
waveform can be analyzed for measurement features such as range, reflectance values and spreading of the pulse. These features
are used to distinguish between locally planar surface elements and partly penetrable objects caused by partial occlusions. This pre-
segmentation and the derived range values are used to automatically generate surface primitives in the form of planes. This allows
refining each range value taking the surface geometry in a close neighborhood into account. To refine the modeling of the surface,
partly occluded surface areas are extended by prediction of the expected range values. This prediction is further improved by
considering the surface slope for the estimated received waveform. Then the point cloud associated with the surface is enhanced by
additional range values that were missed in the first processing step due to weak signal response. This procedure is repeated several
times until all useful range values are considered to estimate the surface.
© 2007 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V. All rights reserved.

Keywords: Laser scanning; Waveform analysis; Feature extraction

1. Introduction

The generation of accurate 3D models from laser
scanning data for a description of man-made objects is of
great interest in photogrammetric research. Detailed
description of objects such as buildings requires sampling
the surface as a point cloud as dense and complete as
possible. However, depending on the scene and the point
of view of the laser scanning system, foreground objects
like trees in the line of sight of the laser beam interrupt the
uniform sampling of the surfaces. These gaps in the
sampling of the surface are called partly occluded regions.
Maas (2000) included a discussion about partly occluded

* Corresponding author. Tel.: +49 7243 992 213; fax: +49 7243 992
299.
E-mail address: kirchhof@fom.fgan.de (M. Kirchhof).

regions in his work on TIN (Triangulated Irregular
Network) structures and least-squares matching. A
different strategy to handle gaps in the point cloud is the
application of morphological operations (Gorte and
Pfeifer, 2004). Morphological operations can also be
used in the case that no reflections of the region can be
measured due to total occlusion by an impervious object.
However, vegetation often shows a semi-penetrable
property.

State of the art laser scanning systems allow recording
the first and last pulse or a given number of pulses. While
first pulse registration is the optimum choice to measure
the hull of partially penetrable objects, e.g. canopy of
trees, last pulse registration should be chosen to measure
impenetrable surfaces, e.g. ground surface below vegeta-
tion for airborne applications or a building behind
vegetation for terrestrial applications.

0924-2716/$ - see front matter © 2007 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier B.V.

All rights reserved.
doi:10.1016/j.isprsjprs.2007.08.006
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Recent developments in commercial airborne laser
scanning systems have led to systems such as OPTECH
ALTM 3100, TOPEYE MK II, and TOPOSYS HAR-
RIER 56 (based on RIEGL LMS-Q560) that allow
capturing the waveform:. These systems are specified to
operate with a transmitted pulse width of 4—10 ns at full-
width-at-half-maximum (FWHM) and allow digitization
and acquisition of the waveform with approximately
0.5—1 GSample/s. Detailed overviews for laser scanning
systems are given in (Huising and Gomes Pereira, 1998;
Wehr and Lohr, 1999; Baltsavias, 1999).

In contrast to airborne systems, the prototype of the
terrestrial laser scanning system ECHIDNA (Lovell
et al., 2003) allows to capture the waveform of the
backscattered pulse. Terrestrial applications often show
a distribution of objects that range from several meters
in the foreground to hundreds of meters in the back-
ground. Multiple reflections of objects within the beam
corridor can be extracted from the full waveform data
(Reitberger et al., 2006; Ullrich and Reichert, 2005).

Assuming that waveforms are sampled with suffi-
ciently high frequency, techniques of digital signal
processing can be applied. Comparing the transmitted
and the received waveform by the cross-correlation
function can improve the range estimation. The argument
of the maximum of the cross-correlation function esti-
mates the range value with higher reliability and accuracy
than the amplitude of the received waveform alone. De-
tails of the improvement can be found in Hofton and Blair
(2002), Jutzi and Stilla (2005), and Thiel et al. (2005).

Different surfaces have to be analyzed for different
applications. For example for urban objects, it is relevant
to deal with objects at different elevations (Brenner et al.,
2001). In rural environments it is relevant to deal with
randomly distributed natural objects (Reitberger et al.,
2006). The impact of the scene on the received waveform
has been discussed using standard examples (Jutzi et al.,
2002; Wagner et al., 2004; Jutzi and Stilla, 2006).

The focus of this work is reconstruction of man-made
objects that can be approximated by planar surfaces. A
robust algorithm for finding planes can be implemented
using the RANSAC algorithm (Fischler and Bolles, 1981;
Hartley and Zisserman, 2000). Many authors have used
RANSAC in 2D for extraction of low parameterized
transformation models (Workshop 25 Years of RANSAC,
2006). However RANSAC can also be used to fit planes
(Brenner et al., 2001) or cylinders (Beder and Forstner,
2006) to 3D point clouds. While Brenner et al. (2001)
exploit well defined neighborhood relations to bound the
search region for plane primitives, Beder and Forstner
(2006) make no assumptions about the search regions. In
both approaches a coarse estimation of the variance of

point distances to the fitted model is required. The
membership of points to the fitted model is determined by
a constant threshold. Local distortions of the point
distribution caused by details of the object that are not
represented by the model at the given level of detail
(LOD) lead to exclusion of the points related to these
details. This disadvantage can be overcome by an im-
proved RANSAC based on automatic threshold detection.
Speaking precisely, it is possible to capture all points of
the object even when the current model does not fit the
corresponding point cloud exactly at the current LOD.

In this paper, we propose a method for iterative
knowledge-based processing of terrestrial laser scanning
data by full waveform analysis. The approach that we
present improves the point density and accuracy of the
range values. Furthermore, it allows closing gaps in partly
occluded surface regions by knowledge-based search.

In Section 2, the surface response of a planar surface
with slope is derived. Using this surface response, the
corresponding range value is estimated and the
correlation function is analyzed. The derived property
values are used in a pre-segmentation to separate locally
planar surface elements from partly penetrable objects.
The result of this process is used to extract surface
primitives by RANSAC with automatic threshold
selection. In an iterative processing step the slope of
the surface is used to improve the accuracy of the range
value by increasing the cross-correlation between the
received waveform and the expected surface response.
This procedure requires the assumption that the surface
is locally planar. In Section 3, outdoor experiments with
an experimental laser scanning system capturing an
urban scene are described. The results of the iterative
processing are presented in Section 4. In Section 5 the
improvement of the point clouds and the pre-segmen-
tation are discussed. Section 6 completes the contribu-
tion with a summary of the advantages of our approach
and directions of further research.

2. Methods

The following section describes the whole processing
chain. An overview of the processing chain is depicted
in Fig. 1. First we introduce the concept of estimating
the surface response in Section 2.1. The general
interaction between a surface and a laser pulse is
analyzed. The output of the analysis is the reduction of
the 3D surface characteristic to a 1D range dependent
signal. In the following this signal will be called the
surface response. A theoretical derivation of the surface
response as a function of the slope of a planar surface is
given in Section 2.2. In Section 2.3, we introduce a
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Fig. 1. Flowchart of the processing procedure.

matched filter approach that is used to estimate the range
value and additional features of the response. A method
for pre-segmenting partly penetrable objects is de-
scribed in Section 2.4. The result is a set of 3D points
that are expected to be located on one surface of a
building, e.g. facades or roofs. Here we assume that these
surfaces are locally planar. A method for detecting these
surface primitives using RANSAC is presented in Section
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2.5. Section 2.6 addresses the problem of missing
knowledge about the distribution of the 3D points located
on a surface primitive. Section 2.7 closes the processing
loop and gives initial estimates of the surface response for
the matched filter in the next iteration loop.

2.1. Estimating the surface response

The received waveform of a laser pulse depends on
the transmitted waveform s(¢), the impulse response 4(7)
of the receiver unit, the spatial beam profile of the used
laser P(x,y), and the illuminated surface S(x,y.z).
Specifically the received waveform r(x,y,z,f) can be
expressed by a convolution of these terms,

r(x,y,z,t) = s(t)*h(t)*P(x,y)*S(x,y,z), (1)

where (*) denotes the convolution operation. The
impulse response consists mainly of the receiving
properties of the photodiode and amplifier that are
used. The spatial beam profile typically takes the shape
of a Gaussian or uniform distribution and the surface
characteristics can be described by the geometry of the
surface and reflectance properties (mixture of diffuse
and specular). We assume a receiver unit consisting of
an ideal photodiode and amplifier with an infinite
bandwidth and a linear frequency characteristic. The 3D
surface characteristic can thus be reduced to the range-
dependent 1D surface response S(z).

An analytical description of the surface response for a
sloped plane surface is derived in the following section.

2.2. Plane surface with slope

We assume the beam profile of our laser to be
uniform (top-hat form), because measurements of the
beam profile in the near field have shown that a uniform
distribution fits our data best (Jutzi and Stilla, 20006).
This is in contrast to the commonly used Gaussian
distribution for the beam profile. The divergence of the
beam is denoted by ©. The range from the origin to the
idealized plane surface 4 is denoted by ro4. The angle
between the normal 77 of the surface and the optical axis
at the centre of the beam is ¢ (Fig. 2b).

We use a Cartesian coordinate system for which the
z-axis points in the direction of propagation of the
beam and x is chosen such that 7 coincides with the x—z
plane. This implies that small variations in the y direction
have negligible influence on the range value z. The
general form of the beam cone is

0\ 2
P+ yP< (z tan E) . (2)
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Fig. 2. Schematic description of the projected beam (footprint) at a
plane surface. a) Oblique view, b) side view.

The illuminated surface area can be parameterized by
Inequality (2) combined with

X sing + z cos ¢ = ro4 COS . (3)

Eq. (3) represents the orientation of the surface (Fig. 2).
With

x = (ro4 — z)cote (4)

and Inequality (2) y is bounded by yui, = 5 ( (ztan %)27

((ros — 2)0019)")" and yimas = ((ztan2)> — ((rou —
2405

z)cotp)”) .

The surface response S(z) is directly related to the area
of the illuminated surface at depth z. The choice of the
coordinate system ensures that the range value z is in-
dependent of y. Therefore the surface response is given by

S<Z) = Ymax — VYmin

= 2\/(2 tan g) —((roa — z)cote)*, (5)

As can be seen in Fig. 2a the limits for the range z are
given by the equation y,in=Vmax=0. It follows that the
range z is only valid within the range interval

ro4 COt @ ro4 COtQ

0 ol
cotp + tan 5 cotp — tan 5

(6)
Substituting z=ct/2, where ¢ is the speed of light
and ¢ is the travel time, we obtain a temporal description

ze [Zmin; Zmax] = [

of the surface response S(?). If the range to the surface is
large compared to the beam diameter, then the surface
response is symmetric.

2.3. Estimating the range value by processing the
correlation coefficient

First the transmitted waveform s(7) and the received
waveform r(f) have to be measured with the receiver
unit of the laser system (Fig. 1(2) and (3)). Then, by the
use of the transmitted waveform s(f) and the modeled
surface response S(¢) (Fig. 1(1)) of the known surface
for each position on the surface, the estimated received
waveform 7 (f) (Fig. 1(3)) is calculated by a convolution
to derive the matched filter. If the surface is unknown, a
sub-optimal matched filter based on the transmitted
waveform s(7) has to be used (dotted line). If the surface
is known, the estimated received waveform 7 (f) is
compared with the measured waveform r(f) by deter-
mining the normalized cross-correlation function (7).
The maximum coefficient of the normalized cross-
correlation function yields accurate range (Fig. 1(3)).

2.3.1. Matched filter approach

The data analysis starts with the detection of the
backscattered pulses in the temporal signal. This signal
is usually disturbed by various noise components:
background radiation, amplifier noise, photo detector
noise, etc. Detecting the received waveform of the
backscattered pulse in noisy data and extracting the
associated travel time is a well-known problem and is
discussed in detail in radar techniques (Skolnik, 1980)
and system theory (Papoulis, 1984). In radar techniques,
these problems are tackled by a matched filter.

To improve the range accuracy and the signal-to-noise
ratio (SNR), the matched filter for the waveform of the
backscattered pulse has to be determined. In practice, it is
difficult to determine the optimal matched filter. In cases
where no optimal matched filter is available, sub-optimal
filters may be used at the cost of decreasing the SNR.

In the simplest case, the received waveform is the
uniformly attenuated (isotropic attenuation by reflection
or transmission of the pulse) copy of the transmitted
waveform. In this case, the transmitted waveform of the
emitted pulse is the best choice for the matched filter.
This is assumed in the first iteration step, where the
surface is unknown. In practice, the received waveform
is influenced by the interaction between the laser beam
and the illuminated surface.

If the surface is known by prior knowledge or rough
estimation from previous iteration, the estimated received
waveform can be determined (Section 2.1). This estimated
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Fig. 3. Example for the automatic threshold detection. a) Smoothed
histogram function: gp,;s(x), b) first derivation of the smoothed histogram
function: gpis/(x), ¢) normalized histogram function fis(x), and
d) mixture fit function f(x).

received waveform can be used to improve the matched
filter. To be precise, the estimated received waveform is the
best matched filter if the surface properties are exactly
known.

Let us assume that the noise components of the
system mentioned above are sufficiently described by
white noise with a constant factor N. Let the signal
energy of the pulse be E£. The maximum SNR occurs if
the signal and the filter match. In this case, the asso-
ciated travel time ¢ of the delayed pulse is 7 and the
SNR is described by

2E
=3 )

An interesting fact of this postulate is that the
maximum of the instantaneous SNR depends only on
the signal energy of the emitted pulse and the noise.

Generally, if the surface is unknown, the matched
filter is computed by the normalized cross-correlation
function R, between the transmitted waveform s(7) of
the emitted pulse and the received waveform r(¢) of the
backscattered pulse (Fig. 1(2), dotted line). Assuming
zero-mean waveforms, we obtain the output signal Ry,
with a local maximum /;, at the delay time 7 via

/ TS e+ v)de
R(r) = ——di==x . 8)

\//t_wocsz(t)alt-/:ODo P (f)dt

If the surface is known, the estimated received
waveform 7 (¢) is substituted for the transmitted waveform
s(7) and the normalized cross-correlation function R;, is
calculated in an analogous manner. The local maximum of
R;, is denoted by ;..

256

SNR(7) =

2.3.2. Processing the range value

The output signal R, with improved SNR is analyzed
by searching for the local maximum to determine the
travel time of the pulse. By using the correlation signal to
calculate the travel time ¢, higher accuracy is reached than
by operating on the waveform alone (Jutzi and Stilla,
2005). Instead of using a single value of the waveform,
the shape of the waveform can be used to increase the
accuracy. This is because the specific pulse properties
(e.g., asymmetric shape, intensity fluctuations) are taken
into account and so less time-varying influence (jitter) is
expected on range estimation.

2.4. Pre-segmentation

Pre-segmentation (Fig. 1(4)) is used to compute an
initial cue for partially penetrable or partially illuminat-
ed objects and impenetrable surfaces. These surfaces are
the focus of interest in this contribution.

Partially penetrable objects like vegetation spread the
received waveform (Wagner et al., 2004). It is straight-
forward to show that this spreading propagates to the
width W of the cross-correlation function. Since energy
is conserved, the spreading also leads to decreased signal
amplitude. It is again straightforward that the decreased
signal amplitude leads to a decreased maximum / of the

(a) Range [m]
25 3 35 4

0.4 - - - —0.4
=
3
E 0.2 0.2
=
£
<

0 0

15 20 25

Time [ns]
(b) Range [m]
25 3 35 4

0.4 0.4
=)
3
5 o2 : 0.2
=
£ g
<

ol J | N

15 20 25

Time [ns]

Fig. 4. Transmitted waveform. a) Single example, b) adaptive overlay
of 500 waveforms.
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cross-correlation function. Thus a decreased cross-
correlation maximum / and increased width W of the
cross-correlation function will indicate partially pene-
trable objects. From these two measures we can compose
the feature

F=(1-DWw. (9)

The new feature F has the physical interpretation of lost
energy. An energy difference occurs if a surface is only
partially illuminated or the object is partially penetrable.
Using a single threshold we use the new feature F to sepa-
rate points located on impenetrable surfaces from partially
illuminated or partially penetrable objects. This threshold
is derived manually from the histogram of the feature F.

As it will be shown in the next section it is not
important to detect every 3D point located on the
building’s surface by the pre-segmentation with a single

threshold. It is more important to exclude the vegetation
from further processing to reduce ambiguities, because,
for example, a virtual plane could be fitted through a
large subset of 3d-points located on aligned trees.
However this plane could have no physical reality and
would therefore belong to no surface primitive.

2.5. Extraction of geometric primitives

The segmentation of Section 2.4 produces a set of 3D
points that are expected to be located on a surface
primitive of a building (Fig. 1(4)). From this set we
generate hypotheses for possible planes in the scene
(Fig. 1(5)) based on the random sample consensus algo-
rithm RANSAC (Fischler and Bolles, 1981). RANSAC
is an architecture for hypothesis generation and testing.
Hypotheses are generated from a minimal set of

Fig. 5. a) Photo of the test SCENE_A with different urban objects, b) complete 3D point cloud of SCENE_A (APR), ¢) photo of SCENE_B, d) complete

3D point cloud of SCENE_B.
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correspondences. At least three 3D points are needed to
compute an unique plane. The hypotheses are computed
from a homogeneous representation of the 3D points X; by
the formula:

5] v (1) 5 1]

or {n } = argmin ( || Bx||).
d e

The second formulation has to be used in the over
determined case. Here {x;, X;, ..., X;} can be any
arbitrary subset of the 3D point cloud with cardinality
i>2. Following the exact RANSAC idea, we use i=3
for the hypothesis generation combined with least
squares optimization (guided matching). The optimiza-
tion is computed from the subset of 3D points that are
initially layered as inliers to the current hypothesis. The
vector [ d]” is the hypothesis of the plane. The first
three components 77 describe the orientation of the plane
while d represents the distance to the origin if 7" is a unit
vector. With this parameterization, the geometric
distance between the plane and a 3D point X; is given
by |[7" d][x] 117]. Eq. (10) for [#" d]” is linear and can
be solved directly using singular value decomposition.

Suitable hypotheses are then evaluated by the
number of inliers in the dataset. An initial threshold is
set (0.5 m) and each point is initially called an inlier if
the geometric distance between the plane and the point
is smaller than this threshold. The hypothesis with the
largest number of inliers is our solution. The procedure
of generating and testing is stopped if the probability
that at least one hypothesis was computed only from
inliers is greater than p=95%. The number N of
needed hypotheses is computed from the formula
(Hartley and Zisserman, 2000):

#inlier N
log (1 - (#points) )

Here #inlier denotes the size of the currently largest
inlier set and #points the size of the 3D point set. The

Ny =

Table 1
SCENE_A: Surfaces areas and distances between surfaces and the sensor

SCENE_A SCENE_A SCENE_A SCENE_A
FACADE1 ROOF1 FACADE2 ROOF2

Estimated area of 232 221 132 60
the surface [m?]
Distance to center 115 118 110 112

of gravity [m]
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Table 2
SCENE_B: Surfaces areas and distances between surfaces and the
sensor

SCENE_B surface number 1-4 1 2 3 4
Estimated area of the surface [m?] 59 42 143 42
Distance to center of gravity [m] 113 92 58 98
Table 3

SCENE_B: Surfaces areas and distances between surfaces and the
sensor

SCENE_B surface number 5-8 5 6 7 8
Estimated area of the surface [m?] 134 129 93 16
Distance to center of gravity [m] 63 59 63 93

number (% is the current estimate for the probability

that a 3D point lies on the largest remaining plane.
2.6. Automatic threshold selection

The computation of the planar surface primitives
(Fig. 1(5)) is based on an initial threshold (0.5 m) for the
distance of points to the plane. The threshold can be
chosen arbitrarily between the accuracy of the range
values and the extension of the smallest plane to detect.
This is sufficient to determine a suitable hypothesis for the
plane but now we have to decide which of the points are
parts of the plane and which are not. This is achieved by
an automatic threshold detection algorithm (Fig. 1 (6)).

We assume that the distribution of the distances p
between the estimated plane and the 3D points in the
interval [0; pmax] 1S @ mixture composed of a narrow
Gaussian with mean p=0 for the inliers and a uniform
distribution for the outliers. Here p,,.x is an arbitrary limit
for the range of interest greater than 2 m. The function

f(p) :ae_(%)z + ¢ for pe[O,pmaX] (12)

is fitted to the histogram function f;s(p) by nonlinear
optimization using the Levenberg—Marquardt algorithm
(Marquardt, 1963). The function f;,(p) is constructed
from piecewise linear interpolation of the histogramR,
normalized to [, frisi(p)dp = 1 to be independent of the
number of bins. The residuals f{ p) — frisi( p) are weighted
by the term (3 -k ) representing the increasing
uncertainty of our assumption with increasing range to
E\l]’le plang. Then the rzesulting equation feos(p,a,b,c) =
fl(ae*(%) +e 7_/’}”51(/}1-)) (3 — b ) is minimized, where p;

are the bins of the histogram and N is the number of bins.
Let gnisi( p) be the convolution of f,i(p) with a Gaussian
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(a) (b)

Fig. 6. Oblique view of the pre-segmentation results: Partly penetrable objects (left side) and 3D points corresponding to planar surfaces (right side).
a) and b) APR, c) and d) MAY, ¢) and f) OCT, g) and h) NOV.
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Fig. 7. Pre-segmentation result of the points labeled impervious
without the main plane of the scene (APR).

function with mean =0 ¢m and a standard deviation of
o=0.1 cm. Then the optimization is initialized by

ap = max ({ﬁﬂSt(p”xe[Oa pmax}})a

0 is|
by = arg max M , and
PE[0: 0] op (13)

Pmax £;.
CO:/ hlst(p) dp.
p=0m Pmax

A typical example for the automatic threshold
detection is depicted in Fig. 3. The solid curve shows

(a)

(c)

B
w

the piecewise linear approximation of the histo-
gram fpi«(p), the smoothed histogram function gp;s
(p) is depicted by a dashed curve, the dash—dot
curve shows the first derivative of gp(p) and the
resulting mixture fit function f(p) is drawn as a
dotted curve.

The histogram is computed with 1000 bins. Because of
the normalization used for the histogram, the result f{ p) is
independent of the number of bins but depends on
quantization effects. These effects are suppressed by low
pass filter, namely the convolution with the Gaussian
function above.

2.7. Computation of the relative surface normal and the
iterative loop

The surface primitives and the corresponding
point sets computed by RANSAC combined with
the automatic threshold detection give us an initial
guess for the scene geometry (Fig. 1 (5) and (6)).
Since high level modeling methods require dense
point clouds, we use this initial cue to improve our
results. The convex hull of a point set is increased
within the surface primitive to estimate the search
region for new points in the scene. The process is
similar to a morphological dilation within the plane
in 3D. The range value z, of a beam hitting the

(b)

(d)

4

Fig. 8. Examples of four different surface primitives. a) SCENE_A {FACADE}, b) SCENE_A {ROOF}, ¢) SCENE_A facade of the second building,

d) SCENE_A roof of the second building.
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geometric primitive within the increased convex hull The computed angle between the normal vector of
is computed by the formula the surface and the laser beam is used to calculate
T the expected surface response (Fig. 1 (7) and (1)).
20=—d/vin. (14) This surface response is used to increase the cross
Again the vector [ d]” represents the geometric correlation function between the expected and the
primitive as described in Section 2.5 and v is the measured waveform. Since we have already computed
normalized direction of the laser beam. the direction vector of the laser beam v, the angle

(a) (b)

(e) (f)

Fig. 9. Complete set of surface primitives detected in the SCENE_A (APR). a) Before iteration, b) after iteration. Complete set of surface primitives detected in
the SCENE_A (MAY). ¢) Before iteration, d) after iteration. The complete set of evaluated surface primitives in SCENE_B. e) Before iteration, f) after iteration.
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between the laser beam and the surface normal 7 is
given by

® = arc cos(v' ). (15)

This can be used with Eq. (5) and z, from Eq. (14) to
compute the resulting surface response

S(z,0) = 2\/(2 tan%) —((z0 — z)cot (?))2 (16)

The estimated surface response S(z,p) can now be
used as prior knowledge in the matched filter approach
described in Section 2.3.1.

3. Experiments
3.1. Laser scanning system

An experimental setup that allows capturing the
waveform was built to explore the capabilities of the
laser scanning system described in Section 2. The laser
scanning system has three main components: an emitter
unit, a motion control unit, and a receiver unit.

We use a laser pulse system with a pulse duration of
5 ns at full-width-at-half-maximum (FWHM) and a high
repetition rate (42 kHz). The peak power of the laser is
up to 10 kW. The multi-mode erbium fiber laser operates
at a wavelength of 1550 nm with a beam divergence of
1 mrad. The system uses a photodiode to pump the
multi-mode fiber cavity and a fiber amplifier. The
transmitted waveform shows strong random modulation
for each emitted pulse. In Fig. 4 a single example of the
transmitted waveform and an adaptive overlay of 500
transmitted waveforms is depicted to make the strong
random modulation clear.

For the 2D scanning process, a moving mirror is used
for an elevation scan with +£15 degrees in vertical
direction (320 raster steps) and a rotation stage for an
azimuth scan with 360 degree rotation in the horizontal
direction (variable number and spacing of the raster
steps). For the experiments, we selected 60° (600 raster

steps) for equiangular spacing of approximately 0.1° in
vertical and horizontal direction.

For our investigations we use a receiver with a
bandwidth of 250 MHz containing a PIN photodiode
sensitive at wavelengths of around 900 to 1700 nm.
Furthermore, we use an A/D converter with 20 GSam-
ples/s. The A/D conversion and digital recording is
accomplished by using a digital memory oscilloscope
(Le Croy — Wavemaster 8600A), where the bandwidth
of the oscilloscope is limited to 6 GHz.

3.2. Data acquisition

We used four datasets of SCENE_A (Fig. 5a, b) and
one dataset of SCENE_B (Fig. 5 c, d) to assess the
algorithms and to demonstrate the performance of our
methodology. The datasets were taken in April (APR),
May (MAY), October (OCT), and November (NOV) for
SCENE_A and in February for SCENE_B. The sensor
platform were placed at a height of 15 m for SCENE_A
and 23 m for SCENE_B. Objects in the scene are
buildings, streets, vehicles, parking lots, meadow,
bushes, and trees. The scenes do not include coniferous
trees but do include deciduous trees (birches and
chestnuts). Some objects are partly occluded and the
materials have different reflectance properties.

Since the evaluation would not be reliable on small
surface patches (Fig. 10), we focus on two large surfaces
in SCENE_A: SCENE_A{ROOF} and SCENE_A
{FACADE}. The area size of the evaluated surfaces
and their distances (center of gravity) to the sensor are
depicted in Tables 1, 2 and 3.

The pre-segmentation is influenced by the foliage of
the trees. Fig. 6 shows an oblique view of the partial
penetrable 3D point cloud (left side) and the pre-
segmentation results (right side) of all SCENE_A
datasets. The evaluation shows that pre-segmentation
is much easier if the trees are leafy. This was expected
since leafy trees spread the waveform. For clarity the
pre-segmentation result of the APR scene is shown
without the main scene plane in Fig. 7. The detected

Table 4

Results of the evaluation methods for the surface primitive SCENE_A {FACADE}

SCENE_A {FACADE} APR MAY OCT NOV
Median angle @ between surface and beam 10.4° 8.7° 8.3° 8.5°

1 mean of the improvements &; [1073]0.752 [1073]0.637 [107]0.537 [1073]0.705
o standard deviation of the improvements ®; [10710.629 [10710.479 [107]0.384 [107]0.583
Probability P(u>0) (Eq. (17)) 90% 90% 92% 89%

# points on plane without iteration 4038 1830 3207 4102

# points on plane after iteration 6013 3641 4398 4588
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Table 5
Results of the evaluation methods for the surface primitive SCENE_A
{ROOF}

SCENE_A Apr May Oct Nov
{ROOF}

Median angle & 37.2° 40.2° 40.55¢ 40.3°
between surface
and beam

1 mean of the
improvements @;

¢ standard
deviation of the
improvements ®;

Probability
P(u>0)

(Eq. (17))

# points on plane 4701 4615 5565 2814
without iteration

# points on plane 5543 5259 6037 4025

after iteration

[10°16.9 [107°19.9 [107°]74 [107°]6.6

[103]142 [107]132 [103]3.9 [107°]3.5

94.5% 99% 97% 98%

surface primitives SCENE_A {ROOF} and SCENE_A
{FACADE} of the two buildings are shown in Fig. 8.
Beside SCENE_A, a second urban scene was processed.
SCENE_B is more complex, with many occlusions and
objects of various sizes with dimensions of 15-400 m.

4. Results

We evaluate our results quantitatively with the
evaluation methods described in Section 4.1. A visual
impression of the results is presented in Fig. 9. All 3D
points located on the evaluated surfaces and the main
scene plane are shown before and after the iteration
procedure. The ground surface is only shown for
visualization purposes. In Section 4.3, we focus on the
influence of the surface response on the maximum of the
cross-correlation function.

4.1. Evaluation methods

We evaluate our results using two different measures.
The first measure quantifies the increase of the cross-

correlation value computed in the matched filter by
using the estimated surface normal. This evaluation also
tests our theory of the surface response. If the surface
response is modeled correctly, the use of the surface
normal should increase the cross-correlation value
between the estimated received waveform and the
measured received waveform. The evaluation is con-
ducted using the 3D points located on the detected
planes. If the estimation is not improved, the “improve-
ments” &,=1;.— sy will be normally distributed with
zero mean. The improvements ®; are defined by the
local maxima of the cross-correlation functions de-
scribed in Section 2.3.1. The first measure is the mean p
of the improvements ®; for each surface.

We now assume that the improvements ®; are
normally distributed and we compute their standard
deviation o. Combining u and ¢ into the cumulative
probability density function &,, for the normal
distribution, we can compute the probability of the
hypothesis that the improvements &; have a positive
mean p>0 by

1 —(x—zu)z
e ™ dx

0
P(u>0)=1—-&,,(0) =1 —/
—eo OV2T

(17)

The second measure is the power of the 3D point set
(number of elements) located on the estimated planes.
Tables 4—6 show the power of the 3D point sets before
and after iteration. The additional points were not
detected in the initial processing step.

4.2. Numerical results

Tables 4—6 are computed with the method described
in Section 4.1. In SCENE_A we focus on the surfaces
SCENE_A {FACADE} and SCENE_A{ROOF}. They
provide reliable results because of their large size.
The dependence of the reliability of the results on the
size can be seen in Fig. 10 and is further analyzed
in Section 4.3. Table 6 shows the results for eight

Table 6

Results of the evaluation methods for the SCENE_B

SCENE_B 1 2 3 4 5 6 7 8

Median angle § 6.8° 7.8° 15.9° 16.3° 27.8° 35.8° 37.5° 38.4°

4 mean [10310.40  [107°]1036  [107°]049  [10]096  [107°]13 [107%11.8  [1073]2.3 [1073] 4.1
o standard deviation ~ [107°]0.17  [107]0.12  [107°1022  [107°]048  [10°]09 [10°]12 [l10°]1.6 [107°]3.2
Probability P(1>0) 99% 99.8% 98% 98% 93% 92% 92% 90%

# without iteration 682 1306 10912 1114 7839 6364 4219 371

# after iteration 889 1494 13502 1390 9976 7986 5342 525

263



M. Kirchhof et al. / ISPRS Journal of Photogrammetry & Remote Sensing 63 (2008) 99—114 111

(@) (b)

25 35
30
20
25
15 00
10 15
10
5
5 _l__._._
0

2 0 2 4 6 8 QQ 0 2 4 6 8

Improvements Improvements

(e) (f)

400 200

350

300 150

250

200 100

150

100 50

50

%0 2 4 6 8 2 0 2 4 6 8
Improvements Improvements

(c) (d)

350 40
300 35
30

250
25

200
20

150
15
100 10
50 5
0 0

2 0 2 4 6 8 2 0 2 4 6 8
Improvements Improvements

(9)

150 14

100

50

0 0
2 0 2 4 6 8 2 0 2 4 6 8
Improvements Improvements

Fig. 10. Histograms of the cross-correlation improvements @i for all evaluated surfaces of SCENE_B with the angles a) 7°, b) 8°, ¢) 16°, d) 16.5°,

e) 28°, f) 36°, g) 37°, and h) 38°.

randomly chosen surfaces of SCENE_B. Tables 4-6
show the results of the evaluation methods described in
Section 4.1.

4.3. Improvements depending on the surface response

Fig. 10 shows the 8 histograms of the improvements
®; evaluated for the surfaces of SCENE_B. The
improvements @; are approximately normally distribut-
ed. Mean and standard deviation rise with increasing
surface slope.

Surfaces elements with a large area (Fig. 10 c, e, f, g)
provide many 3D points that can be analyzed. Therefore
the histogram is similar to a continuous distribution of
the improvements &;. In addition to this it is known that
the standard deviation of the mean estimation decreases
with - where n is the number of measurements that
contribute to the mean.
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Fig. 11. Histogram of the angles estimated by the surface responses
(SCENE_A {ROOF}).
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Fig. 12. Enlargement of the surface boundaries. a) Before iteration data was incomplete at interesting regions like windows, b) after iteration an

improvement is visible with additional points at interesting regions.

To test the validity of the results we conducted
another experiment: Each range value of SCENE_A
{ROOF} taken in November was reprocessed with
varying assumed surface slope @ in the interval [1°,90°]
and the angle with the maximal cross-correlation was
recorded. The results are shown in Fig. 11. The mean
surface angle was about 40° as can be seen in Table 5.

5. Discussion

The experiments show that the use of the estimated
surface response from the surface normal can increase
the response of the matched filter for feature extraction.
They also show that the methodology still holds in real
life scenarios with low SNR. Tables 4, 5, and 6 show
that the mean p of the improvements &; in row 3 is
correlated with the surface slope @ in row 2. But the
standard deviation o of the improvements ®; in row 4 is
correlated with the slope ¢ as well. More precisely, if we
can achieve larger improvements ®; by considering the
estimated slope @, then the variations of the improve-
ments @; increase (Fig. 10).

As mentioned in Section 2, an increased surface
slope ¢ has the effect of spreading the waveform, which
decreases the amplitude of the waveform due to
conservation of the energy. Therefore the estimated
range value becomes less accurate, independent of the
detection method used, for increasing the surface slope.
Nevertheless the algorithm proposed improves the
detection rate as demonstrated in rows 6 and 7 of
Tables 4-6.

This results show that the surface slope is relevant for
almost every application. For example, actual sensors
like RIEGL LMS-Q560 have a maximum field of view
of 60°. Even if we assuming further a planar scene, the
range variation increases with the angle between the

direction of propagation of the beam and the surface
normal and becomes at least 30°.

In Section 4.1 we assumed that the improvements ®;
can be approximated by a normal distribution. This was
required to compute our evaluation measure, the
probability P(u>0). All histograms in Fig. 10 are
obviously close to a normal distribution which matches
our assumption. Due to noise and numerical effects,
negative improvements @; can be observed.

The set of points associated with a surface primitive
can be increased between by 10% and 100%. A huge
number of the additional 3D points are located near the
boundaries of the surface, which are the edges of the
object (Fig. 12). If the surfaces are curved, the 3D points
in these regions describe the edges more accurately than
the intersections of the computed planes. Again, we
would like to point out that we see our contribution as an
input for high-level modeling which requires as few
gaps as possible. For example, a method based on 3D
morphological operations, such as that of Gorte and
Pfeifer (2004), would benefit from additional points in
partly occluded regions.

Fig. 9 shows the point sets belonging to the detected
planar surface primitives. Beside these the remaining
points, which were initially detected, might correspond
to partially penetrable objects like vegetation (e.g.,
foliage of trees) but could although correspond to man-
made objects (e.g., fences or street lamps).

The segmentation of vegetation and man-made objects
is required for many applications in urban environments
(Maas and Vosselman, 1999). The application of full-
waveform laser scanning systems in forestry environ-
ments has been demonstrated (Wynne and Nelson, 2006).
In addition to laser scanning data, additional data like
close infrared thermal images are typically used (Haala
and Brenner, 1999) for segmentation.
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The comparison of the pre-segmentation results of an
identical scene at different times (Fig. 9) shows that the
denser vegetation in summer makes the pre-segmenta-
tion more accurate. This might be caused by the foliage
which leads to a spreading of the received waveform.
This effect can be seen in Fig. 6¢ and d. For the same
reason, we could detect only a few 3D points occluded
by trees in summer. The effect is visible in Fig. 9c and d
when compared with Fig. 6¢. The trees become almost
impervious in leaf-on situations. No reflections can be
measured from the occluded regions.

6. Conclusion

The iterative processing of full waveform laser data
increases the set of 3D points associated with each
surface. Additional 3D points can be detected in partially
occluded and partly illuminated regions. A rough pre-
segmentation can be achieved by a single threshold using
a combination of the width and the amplitude of the cross
correlation function. The use of prior knowledge of the
surface normal improves the range and correlation value.
Vice versa the surface response can be used to compute
the surface normal without prior knowledge but at the cost
of high computational effort. Local plane fitting with
RANSAC is a useful method to compute this surface
normal. The method presented requires full waveform
laser data but is not restricted to terrestrial or airborne laser
scanning systems.

Additional work could be done on analyzing the
improvements of the cross-correlation maximum &;
depending on the surface slope and reflectance proper-
ties. The next step for a more detailed description of the
scene is to fit quadrics (e.g., cylinders, spheres,
ellipsoids, hyperboloids) to the point clouds. Note here
that planes are degenerate versions of a quadric and are
therefore also described by the same mathematical
model. This means that planes and curved surfaces can
be determined using the same model without detection
of planarity or curvature. Further, the performance of the
RANSAC approach can be improved by using sets of
points in the hypothesis generation step that are
neighbored in a general way, e.g. the distances between
pairs of points in the generation set is bounded.
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ABSTRACT:

Obtaining an appropriate 3D description of the local environment remains a challenging task in photogrammetric research. As terrestrial
laser scanners (TLSs) perform a highly accurate, but time-dependent spatial scanning of the local environment, they are only suited for
capturing static scenes. In contrast, new types of active sensors provide the possibility of simultaneously capturing range and intensity
information by images with a single measurement, and the high frame rate also allows for capturing dynamic scenes. However, due to
the limited field of view, one observation is not sufficient to obtain a full scene coverage and therefore, typically, multiple observations
are collected from different locations. This can be achieved by either placing several fixed sensors at different known locations or by
using a moving sensor. In the latter case, the relation between different observations has to be estimated by using information extracted
from the captured data and then, a limited field of view may lead to problems if there are too many moving objects within it. Hence,
a moving sensor platform with multiple and coupled sensor devices offers the advantages of an extended field of view which results
in a stabilized pose estimation, an improved registration of the recorded point clouds and an improved reconstruction of the scene.
In this paper, a new experimental setup for investigating the potentials of such multi-view range imaging systems is presented which
consists of a moving cable car equipped with two synchronized range imaging devices. The presented setup allows for monitoring
in low altitudes and it is suitable for getting dynamic observations which might arise from moving cars or from moving pedestrians.
Relying on both 3D geometry and 2D imagery, a reliable and fully automatic approach for co-registration of captured point cloud data
is presented which is essential for a high quality of all subsequent tasks. The approach involves using sparse point clouds as well as a
new measure derived from the respective point quality. Additionally, an extension of this approach is presented for detecting special
objects and, finally, decoupling sensor and object motion in order to improve the registration process. The results indicate that the
proposed setup offers new possibilities for applications such as surveillance, scene reconstruction or scene interpretation.

1 INTRODUCTION (Rusinkiewicz and Levoy, 2001). Iteratively minimizing the dif-
ference between two point clouds however shows a high compu-

An appropriate 3D description of the local environment is repre- tational effort for large numbers of points. Hence, other regis-

sented in the form of point clouds consisting of a large number of
measured 3D points and, optionally, different attributes for each
point. Such point clouds can directly be acquired with different
scanning devices such as terrestrial laser scanners (TLSs), time-
of-flight (ToF) cameras or devices based on the use of structured
light. However, a single scan often is not sufficient and hence,
multiple scans have to be acquired from different locations in or-
der to get a full scene coverage. As each captured point cloud
represents 3D information about the local area only with respect
to a local coordinate frame, a basic task for many applications
consists of a point cloud registration. This process serves for es-
timating the transformation parameters between different point
clouds and transforming all point clouds into a common coordi-
nate frame. Existing techniques for point cloud registration rely
on

e 3D geometry,

e 3D geometry and the respective 2D representation as range
image and

e 3D geometry and the corresponding 2D representation of
intensity values.

Standard approaches involving only the spatial 3D information
for calculating the transformation parameters between two par-
tially overlapping point clouds are based on the Iterative Closest
Point (ICP) algorithm (Besl and McKay, 1992) and its variants
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tration approaches are based on information extracted from the
point clouds. This information may for instance be derived from
the distribution of the points within each point cloud by using the
normal distributions transform (NDT) either on 2D scan slices
(Brenner et al., 2008) or in 3D (Magnusson et al., 2007). If the
presence of regular surfaces can be assumed in the local environ-
ment, various types of geometric features are likely to occur, e.g.
planes, spheres and cylinders. These features can directly be ex-
tracted from the point clouds and strongly support the registration
process (Brenner et al., 2008; Pathak et al., 2010; Rabbani et al.,
2007). In cluttered scenes, descriptors representing local surface
patches are more appropriate. Such descriptors may be derived
from geometric curvature or normal vectors of the local surface
(Bae and Lichti, 2008).

As the scans are acquired on a regular grid resulting from a cylin-
drical or spherical projection, the spatial 3D information can also
be represented as range image. This range image provides addi-
tional features such as distinctive feature points which strongly
support the registration process (Barnea and Filin, 2008; Steder
etal., 2010).

Currently, most of the scanning devices can not only capture
3D information but also either co-registered camera images or
panoramic reflectance images representing the respective energy
of the backscattered laser light. The additional information typ-
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ically is represented as intensity image. This intensity image
might provide a higher level of distinctiveness than shape fea-
tures (Seo et al., 2005) and thus information about the local en-
vironment which is not represented in the range measurements.
Hence, the registration process can efficiently be supported by
using reliable feature correspondences between the respective in-
tensity images. Although different kinds of features can be used
for this purpose, most of the current approaches are based on the
use of feature points or keypoints as these tend to yield the most
robust results for registration without assuming the presence of
regular surfaces in the scene. Distinctive feature points simplify
the detection of point correspondences and for this reason, SIFT
features are commonly used. These features are extracted from
the co-registered camera images (Al-Manasir and Fraser, 2006;
Barnea and Filin, 2007) or from the reflectance images (Wang and
Brenner, 2008; Kang et al., 2009). For all point correspondences,
the respective 2D feature points are projected into 3D space us-
ing the spatial information. This yields a much smaller set of 3D
points for the registration process and thus a much faster estima-
tion of the transformation parameters between two point clouds.
Furthermore, additional constraints considering the reliability of
the point correspondences (Weinmann et al., 2011; Weinmann
and Jutzi, 2011) allow for increasing the accuracy of the registra-
tion results.

Once 2D/2D correspondences are detected between images of
different scans, the respective 3D/3D correspondences can be de-
rived. Thus knowledge about the closest neighbor is available
and the computationally expensive ICP algorithm can be replaced
by a least squares adjustment. Least squares methods involv-
ing all points of a scan have been used for 3D surface matching
(Gruen and Akca, 2005), but since a large overlap between the
point clouds is required which can not always be assumed, typi-
cally sparse 3D point clouds consisting of a very small subset of
points are derived from the original 3D point clouds (Al-Manasir
and Fraser, 2006; Kang et al., 2009). To further exclude unre-
liable 3D/3D correspondences, filtering schemes based on the
RANSAC algorithm (Fischler and Bolles, 1981) have been pro-
posed in order to estimate the rigid transformation aligning two
point clouds (Seo et al., 2005; Bohm and Becker, 2007; Barnea
and Filin, 2007).

For dynamic environments, terrestrial laser scanners which per-
form a time-dependent spatial scanning of the scene are not suited.
Furthermore, due to the background illumination, monitoring out-
door environments remains challenging with devices based on
structured light such as the Microsoft Kinect device which uses
random dot patterns of projected infrared points for getting re-
liable and dense close-range measurements in real-time. Hence,
this paper is focused on airborne scene monitoring with range
imaging devices mounted on a sensor platform. Although the
captured point clouds are corrupted with noise and the field of
view is very limited, a fast, but still reliable approach for point
cloud registration is presented. The approach involves an ini-
tial camera calibration for increased accuracy of the respective
3D point clouds and the extraction of distinctive 2D features.
The detection of 2D/2D correspondences between two succes-
sive frames and the subsequent projection of the respective 2D
points into 3D space yields 3D/3D correspondences. Using such
sparse point clouds significantly increases the performance of the
registration process, but the influence of outliers has to be con-
sidered. Hence, a new weighting scheme derived from the re-
spective point quality is introduced for adapting the influence of
each 3D/3D correspondence on a weighted rigid transformation.
Additionally, an extension of this approach is presented which is
based on the already detected features and focuses on a decou-
pling of sensor and object motion.
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The remainder of this paper is organized as follows. In Section 2,
the proposed methodology for successive pairwise registration in
dynamic environments is described as well as a simple extension
for decoupling sensor and object motion. The configuration of
the sensor platform is outlined in Section 3. Subsequently, the
performance of the presented approach is tested in Section 4. The
derived results are discussed in Section 5. Finally, in Section 6,
the content of the entire paper is concluded and suggestions for
future work are outlined.

2 METHODOLOGY

The proposed methodology provides fast algorithms which are
essential for time-critical surveillance applications and should be
capable for a real-time implementation on graphic processors.
After data acquisition (Section 2.1), a preprocessing has to be
carried out in order to get the respective 3D point cloud (Section
2.2). However, the point cloud is corrupted with noise and hence,
a quality measure is calculated for each point of the point cloud
(Section 2.3). Subsequently extracting distinctive features from
2D images allows for detecting reliable 2D/2D correspondences
between different frames (Section 2.4), and projecting the respec-
tive 2D points into 3D space yields 3D/3D correspondences of
which each 3D point is assigned a value for the respective point
quality (Section 2.5). The point cloud registration is then carried
out by estimating the rigid transformation between two sparse
point clouds where the weights of the 3D/3D correspondences are
derived from the point quality of the respective 3D points (Sec-
tion 2.6). Finally, a feature-based method for object detection and
segmentation is introduced (Section 2.7) which can be applied for
decoupling sensor and object motion.

2.1 Data Acquisition

In contrast to the classical stereo observation techniques with pas-
sive sensors, where data from at least two different viewpoints
has to be captured, the monostatic sensor configuration of the
PMDJvision] CamCube 2.0 preserves information without the
need of a co-registration of the captured data. A PMD]vision]
CamCube 2.0 simultaneously captures various types of data, i.e.
geometric and radiometric information, by images with a single
shot. The images have a size of 204 x 204 pixels which corre-
sponds to a field of view of 40° x 40°. Thus, the device provides
measurements with an angular resolution of approximately 0.2°.
For each pixel, three features are measured, namely the respec-
tive range R, the active intensity I, and the passive intensity I,,.
The active intensity depends on the illumination emitted by the
sensor, whereas the passive intensity depends on the background
illumination arising from the sun or other external light sources.
As a single frame consisting of a range image Ir, an active in-
tensity image I, and a passive intensity image I,, can be updated
with high frame rates of more than 25 releases per second, this
device is well-suited for capturing dynamic scenes.

2.2 Preprocessing

In a first step, the intensity information of each frame, i.e. I, and
I,,, has to be adapted. This is achieved by applying a histogram
normalization of the form

1 - Imwn

Imaw - Imin

I, = - 255 (1)
which adapts the intensity information I of each pixel to the in-
terval [0, 255]. The modified frames thus consist of a normalized
active intensity image I, o, a normalized passive intensity image
I,.,, and the range image Iz which are illustrated in Figure 1.
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For all subsequent tasks, it is essential to get the 3D informa-
tion as accurate as possible. Due to radial lens distortion and
decentring distortion, however, the image coordinates have to
be adapted in order to be able to appropriately capture a scene.
Hence, a camera calibration is carried out for the used devices.
This yields a corrected grid of image coordinates with the prin-
cipal point as origin of the new 2D coordinate frame. For each
point x = (x,y) on the new grid, the respective 3D informa-
tion in the local coordinate frame can then be derived from the
measured range value R with

R=vVX2+Y2+ 22 2)
and a substitution of X and Y with

X=2.7 ad Y=Y .2 3)

fe fo

where f, and f, are the focal lengths in z- and y-direction. Solv-
ing for the depth Z along the optical axis yields

z= i @

(£) +(2) +

and thus, the 3D point X = (X,Y, Z) corresponding to the 2D
point x = (z,y) has been calculated. Consequently, the undis-
tortion of the 2D grid and the projection of all points onto the new
grid lead to the respective point cloud data.

Figure 1: Image representation of normalized active intensity,
normalized passive intensity and range data.

2.3 Point Quality Assessment

For further calculations, it is feasible to derive a measure which
describes the quality of each 3D point. Those points which arise
from objects in the scene will probably provide a smooth surface,
whereas points corresponding to the sky or points along edges of
the objects might be very noisy. Hence, for each point on the reg-
ular 2D grid, the standard deviation o of all range values within a
3 x 3 neighborhood is calculated and used as a measure describ-
ing the reliability of the range information of the center point.
This yields a 2D confidence map according to which the influ-
ence of a special point on subsequent tasks can be weighted. For
the example depicted in Figure 1, the corresponding confidence
map is shown in Figure 2.

Figure 2: Range image, confidence map (pseudo-color represen-
tation where reliable points are marked in red and unreliable ones
in blue) and thresholded confidence map (green: o < 0.05 m).

2.4 2D Feature Extraction

As each frame consists of range and image data acquired on a reg-
ular grid, the alignment of two point clouds is based on using both
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kinds of information. However, instead of using the whole 3D in-
formation available which results in a high computational effort,
the intensity information is used to derive a much smaller set of
3D points. Hence, distinctive 2D features are extracted from the
intensity information which later have to be projected into 3D
space. For this purpose, the Scale Invariant Feature Transform
(SIFT) (Lowe, 2004) is carried out on the normalized active in-
tensity image as well as on the normalized passive intensity im-
age. This yields distinctive keypoints and the respective local
descriptors which are invariant to image scaling and image rota-
tion, and robust with respect to image noise, changes in illumina-
tion and small changes in viewpoint. The vector representation
of these descriptors allows for deriving correspondences between
different images by considering the ratio

_ d(N)
"7 Ay

®)

where d(IV;) with ¢ = 1,2 denotes the Euclidean distance of a
descriptor belonging to a keypoint in one image to the i-th near-
est neighbor in the other image. This ratio r € [0, 1] describes
the distinctiveness of a keypoint. Distinctive keypoints arise from
low values and hence, the ratio r has to be below a certain thresh-
old tgqes. Typical values for this threshold are between 0.6 and
0.8. This procedure yields n, correspondences between the nor-
malized active intensity images of the two frames and n,, corre-
spondences between the normalized passive intensity images. For
the registration process, it is not necessary to distinguish between
the two types of correspondences as only the spatial relations are
of interest. Hence, a total number of n = n, + n, correspon-
dences is utilized for subsequent tasks.

2.5 Point Projection

In contrast to the measured range and intensity data which are
only available on a regular grid, the location of SIFT features is
determined with subpixel accuracy. Hence, an interpolation has
to be carried out in order to obtain the respective 3D information
as well as the respective range reliability. For this purpose, a bi-
linear interpolation is used. Assuming a total number of m SIFT
features extracted from an image, this yields a set of samples s;
with¢ = 1, ..., m which are described by a 2D location x;, a 3D
location X; and a quality measure o;. Compared to the original
point cloud, the derived 3D points X, represent a much smaller
point cloud where each point is assigned a quality measure o;.

Extending this on two frames with m; and my SIFT features,
between which n < min{mi,m2} correspondences have been
detected, yields additional constraints. From the set of all n cor-
respondences, it is now possible to derive subsets of

e 2D/2D correspondences x; <+ x; which can be used for
image-based techniques, e.g. using the fundamental matrix
(Hartley and Zisserman, 2008),

e 3D/3D correspondences X; ¢+ X which can be used for
techniques based on the 3D geometry such as the ICP algo-
rithm (Besl and McKay, 1992) and approaches estimating a
rigid or non-rigid transformation, or

e 3D/2D correspondences X; <+ x; which can be used for
hybrid techniques such as the methods presented in (Wein-
mann et al., 2011) and (Weinmann and Jutzi, 2011) which
involve the EPnP algorithm (Moreno-Noguer et al., 2007).

The additional parameters o; can also be included for weighting
the influence of each correspondence on any of the algorithms
described above.
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2.6 Point Cloud Registration

The spatial relation between two point clouds with n 3D/3D cor-
respondences X; « X, with X;, X} € R® can formally be
described as

X, =RX; +t (6)

where R € R3*? represents a rotation matrix and t € R* rep-
resents a translation vector. A fully automatic estimation of the
transformation parameters can be derived from minimizing the
error between the point clouds. Including a weighting w; € R for
each 3D/3D correspondence X; <> X yields an energy function
E with

n
E=> wi|X; - (RX; +t)|? )
i=1

for the registration process. For minimizing this energy function
E, the registration is carried out by estimating the rigid trans-
formation from all 3D/3D correspondences and the weigths are
derived from a histogram-based approach. This approach is ini-
tialized by dividing the interval [Om, 1m] into n, = 100 bins of
equal size. For all detected correspondences, the calculated qual-
ity measures o; and o assigned to the 3D points X; and X} are
mapped to the respective bins b; and b}. Points with standard
deviations greater than 1 m are mapped to the last bin. The oc-
currence of mappings to the different bins is stored in histograms
h = [h],_, o and b’ = [hﬂj oo+ Subsequently, cu-
mulative histograms

{Xl: h]} and hl = {XZ: h;}
i=1,...,100 J=1

j=1
are derived. The entries of the cumulative histograms reach from
0 to the number n of detected correspondences. As points with
a low standard deviation are more reliable, they should be as-
signed a higher weight. For this reason, the inverse cumulative
histograms

=1,...,1

h,.

i=1,...,100

heiny = [n -> h,} ®)
J=1 i=1,...,100
and )
h ., = [n -3 h;} ©)
J=1 i=1,...,100

are calculated. Finally, the weight w; of a 3D/3D correspondence
X,; <+ X/ is set to

wi = min{he iny (1), B inu (09)} (10)
where o; and o are considered as quality measures for the re-
spective 3D points X; and Xj. Estimating the transformation
parameters can thus be carried out for both range imaging de-
vices separately. However, as the relative orientation between the
devices is already known from a priori measurements and both
devices are running synchronized, the rigid transformation can be
estimated from the respective correspondences detected by both
devices between successive frames. Combining information from
both devices corresponds to extending the field of view and this
yields more reliable results for the registration process. The ex-
tension can be expressed by transforming the projected 3D points
X; which are related to the respective camera coordinate frame
(superscript c) into the body frame (superscript b) of the sensor
platform according to

X! =RY- XS + 0 (1D
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where RY describes the rotation and t% denotes the translation
between the respective coordinate frames. For this, it is assumed
that the origin of the body frame is in the center between both
range imaging devices.

2.7 Object Detection and Segmentation

As 2D SIFT features have already been calculated for the reg-
istration process, they can also be utilized for detecting special
objects in the scene. This allows for calculating the coarse area
of an object and for automatically selecting features which should
not be included in the registration process as they arise from ob-
jects which are likely to be dynamic. These features have to be
treated in a different way as the static background being relevant
for registration. For this purpose, image representations of sev-
eral objects have to be stored in a database before starting the
surveillance application. One of these images contains a tem-
plate for the object present in the scene, but from a different
measurement campaign at a different place and at a different sea-
son. Due to a similar altitude, the active intensity images show a
very similar appearance. Comparing the detected SIFT features
of the normalized active intensity image to the object templates
in the database during the flight yields a maximum similarity to
the correct template. Defining a spatial transformation based on
the SIFT locations as control points, the template is transformed.
The respective area of the transformed template is then assumed
to cover the detected object. This procedure allows for detecting
both static and moving objects in the scene as well as for decou-
pling sensor and object motion. Hence, the presented approach
for registration also remains reliable in case of dynamic environ-
ments if representative objects are already known.

3 ACTIVE MULTI-VIEW RANGE IMAGING SYSTEMS

The proposed concept focuses on airborne scene monitoring with
range imaging devices. For simulating a future operational sys-
tem involving such range imaging devices fairly realistically, a
scaled test scenario has been set up. However, due to the large
payload of several kilograms for the whole system, mounting the
required components for data acquisition and data storage on an
unmanned aerial vehicle (UAV) still is impracticable. Hence,
in order to investigate the potentials of active multi-view range
imaging systems, a cable car moving along a rope is used as
sensor platform which is shown in Figure 3. The components
mounted on this platform consist of

e two range imaging devices (PMD][vision] CamCube 2.0) for
recording the data,

e anotebook with a solid state hard disk for efficiently storing
the recorded data and

e a 12V battery with 6.5 Ah for independent power supply.

As the relative orientation of the two range imaging devices can
easily be changed, the system allows for variable multi-view op-
tions with respect to parallel, convergent or divergent data acqui-
sition geometries.

However, due to the relatively large influence of noise effects aris-
ing from the large amount of ambient radiation in comparison to
the emitted radiation as well as from multipath scattering, the uti-
lized devices only have a limited absolute range accuracy of a few
centimeters and noisy point clouds can be expected. Furthermore,
due to the measurement principle of such time-of-flight cameras,
the non-ambiguous range R,, with

1

Ru=35 12)
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Figure 3: PMD[vision] CamCube 2.0 and model of a cable car
equipped with two range imaging devices.

depends on the modulation frequency fn,, where co denotes the
speed of light. A modulation frequency of 20 MHz thus corre-
sponds to a non-ambiguous range of 7.5 m. In order to overcome
this range measurement restriction, image- or hardware-based un-
wrapping procedures have been introduced (Jutzi, 2009; Jutzi,
2012). When dealing with multiple range imaging devices, it also
has to be taken into account that these may influence each other
and that interferences are likely to occur. This can be overcome
by choosing different modulation frequencies.

4 EXPERIMENTAL RESULTS

The estimation of the flight trajectory of a sensor platform re-
quires the definition of a global world coordinate frame. This
world coordinate frame is assumed to equal the local coordinate
frame of the sensor platform at the beginning. The local coor-
dinate frame has a fixed orientation with respect to the sensor
platform. It is oriented with the X -direction in forward direction
tangential to the rope, the Y -direction to the right and the Z-
direction downwards. For evaluating the proposed methodology,
a successive pairwise registration is performed. The threshold for
the matching of 2D features is selected as tges = 0.7. The result-
ing 2D/2D correspondences are projected into 3D space which
yields 3D/3D correspondences. Including the weights in the esti-
mation of the rigid transformation yields position estimates and,
finally, an estimated trajectory which is shown in Figure 4 in nadir
view and in Figure 5 from the side. The green and blue points
describe thinned point clouds captured with both range imaging
devices and transformed to the global world coordinate frame.

X [m]

Figure 4: Projection of the estimated trajectory and thinned point
cloud data onto the XY -plane.

A limitation of the experimental setup seems to be the fact that
no reference values are available for checking the deviation of
the position estimates from the real positions. However, due to
the relative orientation of the sensor platform to the rope, the
projection of the real trajectory onto the XY -plane should ap-
proximately be a straight line. Additionally, the length of the real
trajectory projected onto the ground plane can be estimated from
aerial images or simply be measured. Here, the distance A g;-ound
between the projections of the end points onto the ground plane
has been measured as well as the difference Agititude between
maximum and minimum altitude. From the measured values of
Agrounda = 7 m and Agyitude = 1.25 m, a total distance of
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*{m]

Figure 5: Projection of the estimated trajectory and thinned point
cloud data onto the X Z-plane.

approximately 7.11 m can be assumed. A comparison between
the start position and the point with the maximum distance on the
estimated trajectory results in a distance of 6.90 m. As a con-
sequence, the estimated trajectory can be assumed to be of rela-
tively high quality. The results for a subsequent object detection
and segmentation is illustrated for an example frame in Figure 6.

Figure 6: SIFT-based object detection and segmentation: normal-
ized active intensity image, template and transformed template
(upper row, from left to right). The corresponding point cloud for
the area of the transformed template and the sensor position (red
dot) are shown below.

5 DISCUSSION

The presented methodology is well-suited for dynamic environ-
ments. Instead of considering the whole point clouds, the prob-
lem of registration is reduced on sparse point clouds of physically
almost identical 3D points. Due to this fact and the non-iterative
processing scheme, the proposed algorithm for point cloud reg-
istration is very fast which is required for monitoring in such
demanding environments. Although the current Matlab imple-
mentation is not fully optimized with respect to parallelization of
tasks, a total time of approximately 1.63 s is required for pre-
processing, point quality assessment, feature extraction and point
projection. Further 0.46 s are required for feature matching, cal-
culation of weights and point cloud registration. This can signif-
icantly be reduced with a GPU-implementation of SIFT, as the
calculation of SIFT features already takes approximately 1.54 s.

Furthermore, the simple estimation of a rigid transformation is
not sufficient, as used 3D/3D correspondences have the same
weight, even if the uncertainty of the respective 3D points is very
high or if outlier correspondences not fitting to the transforma-
tion have been detected. Hence, a quality measure for 3D/3D
correspondences has been introduced which is based on the qual-
ity of the respective 3D points. This quality measure is used for
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weighting the influence of each 3D/3D correspondence on the es-
timation of the rigid transformation. As most of the 3D points
of a frame are assigned a higher quality, the introduced weights
of 3D/3D correspondences with low quality are approximately 0.
Consequently, the presented approach shows similar characteris-
tics as a RANSAC-based approach, but it is faster and a deter-
ministic solution for the transformation parameters is calculated.

6 CONCLUSIONS AND FUTURE WORK

In this paper, an experimental setup involving a moving sensor
platform with multiple and coupled sensor devices for monitor-
ing in low altitudes has been presented. For successive pair-
wise registration of the measured point clouds, a fast and reliable
image-based approach has been presented which can also cope
with dynamic environments. The concept is based on the extrac-
tion of distinctive 2D features from the image representation of
measured intensity information and the projection into 3D space
with respect to the measured range information. Detected 2D/2D
correspondences between two frames, which have a high reliabil-
ity, thus yield sparse 3D point clouds of 3D/3D correspondences.
For increased robustness, the influence of each 3D/3D correspon-
dence is weighted with a new measure derived from the quality
of the respective 3D points. Finally, the point cloud registration
is carried out by estimating the rigid transformation between two
sparse point clouds which involves the calculated weights. As
demonstrated, this approach can easily be extended towards us-
ing the already detected features for object detection and, even
further, decoupling sensor and object motion which significantly
improves the registration process in dynamic environments. The
results indicate that the presented concept of active multi-view
range imaging strongly supports navigation, point cloud registra-
tion and scene analysis.

The presented methodology can further be extended towards the
detection, the segmentation and the recognition of multiple static
or moving objects. Furthermore, a tracking method for estimating
the trajectory of a moving object could be introduced as well as a
model for further stabilizing the estimated trajectory of the sensor
platform. Hence, active multi-view range imaging systems have
a high potential for future research on dynamic scene analysis.
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