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Zusammenfassung 5

vationswinkeln wahrend der Datenaufzeichnung vorgenommen und als Korrekturteil mit ein-
bezogen werden. Zudem hat sich die gewahite Blockgrof3e sensitiv fur die Genauigkeit ge-
zeigt. Hierflr sind ebentfalls weiterfuhrende Untersuchungen notwendig.

Beide Verfahren wurden mit Hilfe der IDL Entwicklungsumgebung in eine nutzerfreundliche
Obertlache programmiert und auf verschiedenen Plattformen implementiert. Die entwickeiten
Methoden wurden anhand von realen Fernerkundungsdatensatzen verifiziert und belegen
den Zeit- und Genauigkeitsgewinn insbesondere des flachenbasierten Verfahrens im Ver-
gleich zur manuellen Paf3punktbestimmung.
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Verwendung der Zuwendungsmittel

Das Projekt wurde zu 100% vom BMBF (Kennzeichen 03F20GUS) geférdert. In der Vorkal-
kulation waren FE-Fremdleistungen sowie Reisekosten enthalten.

Die FE Fremdleistungen wurden gemaf der Vorkalkulation verwendet und gliedern sich in
Sachmittel (Bildverarbeitungsworkstation incl. Bildverarbeitungssoftware und Entwicklungs-
software) sowie in Personalkosten zur Unterstitzung des russischen Partners.

Durch die Zuwendungsmittel konnten dem Space Research Institute (IKIl) der russischen
Akademie der Wissenschaften zwei leistungsfahige Bildverarbeitungsworkstationen (SGl)
incl. Bildverarbeitungssoftware (ENVI) und Entwicklungssoftware (IDL) Ubergeben werden.
Der Preisverfall auf dem IT Sektor ermdglichte es, anstatt der urspringlich geplante SUN
ULTRA Workstation, zwei SGI Workstationen mit héherer Rechenleistung bei gleichen In-
vestitionskosten, anzuschaffen. Dies erschien sinnvoll, da mehrere Wissenschaftler am IKI
gleichzeitig mit Aufgaben des Vorhabens betraut waren.

Durch die Ubergabe der Bildverarbeitungsstationen wurde es dem IKI erméglicht, AnschluB3
in der Bildverarbeitungsforschung zu halten.

Neben den Sachmitteln konnten fur die Zeitdauer des Vorhabens insgesamt finf Wissen-
schaftler am IKI finanziell unterstitzt werden. Dies hat sich positiv zur Haltung der fachlichen
Kompetenz ausgewirkt. Abwanderungstendenzen, insbesondere von Nachwuchswissen-
schaftler in fachfremde Industriezweige konnte damit entgegengewirkt werden.

Die Reisekosten wurden geman Vorkalkulation verwendet.

Durch die Projektreffen am IKI in Moskau konnten auftretende Kommunikationsschwierig-
keiten geldst sowie neue Kontakte geknlpft bzw. bereits existierende Kontakte intensiviert
werden. Von beiden Partnern wurde bei der ProjektabschluB3sitzung ausdricklich der
Wunsch nach zuklnftiger Zusammenarbeit geauf3ert.

Anstatt des ursprunglich vorgesehenen Aufenthaltes eines IKI Wissenschaftlers fir zwei Mo-
nate am GFZ, wurden auf Wunsch der russischen Projektleitung, zwei Wissenschaftler fur
die Zeitdauer von einem Monat entsandt. Dem wurde zugestimmt, da die Softwareimple-
mentation sowie anfalligen Verbesserungsarbeiten in diesem Zeitraum zu bewaltigen waren.
Dadurch wurde es zwei jungen russischen Wissenschaftlern ermdglicht, einen Einblick in die
Arbeitsweise einer deutschen GroBforschungsanstalt zu gewinnen.

Sonstige Reisekosten wurden far internationale Tagungen verwandt, auf denen die neuent-
wickelten Methoden vorgestellt und diskutiert wurden. Neben dem wichtigen wissenschaftli-
chen Austausch, konnten Kontakte zu landerubergreifenden Organisationen (z.B. EARSeL -
Data Fusion Committee) geknupft werden.




1. Einleitung

1. Einleitung

Daten von flugzeug- und satellitengetragenen Fernerkundungssystemen werden in vielfélti-
ger Weise zur Charakterisierung der Erdoberflache bzw. zur Erforschung der Phanomene,
die zu ihrer Veranderung beitragen, eingesetzt. Hierbei werden von unterschiedlichen Sy-
stemen, je nach ihrer spektralen Auslegung und ihrer geometrischen Auflésung, unter-
schiedliche Oberflachenphéanomene erfaBt. Digital aufbereitete thematische Informationen
aus anderen Quellen kénnen zudem zur Unterstltzung der Studien beitragen.

Um den unterschiedlichen Informationsgehalt der Daten synergetisch in Bildanalyseverfah-
ren bzw. in Geographischen Informationssystemen auswerten zu kénnen, miissen die Daten
aus unterschiedlichen Quellen geometrisch Gberlagert vorliegen. Hierzu werden Bildregistrie-
rungsverfahren eingesetzt.

Die geometrische Bildregistrierung ist fir viele Bildverarbeitungsmethoden eine notwendige
Vorverarbeitung. So lassen sich Datensédtze von mehreren Aufnahmezeitpunkten (muititem-
poral) erst nach einer Ko-registrierung bzgl. der Verdnderungsdynamik (change dete
analysieren. Insbesondere Bildverarbeitungsverfahren zur Uberlagerung von Datens

mit unterschiedlichen spektralen und geometrischen Auflésungen (meist multi-sen:
Datenséatze) erfordern eine genaue Ko-registrierung. So wird z.B. die hohe raumliche

sung des panchromatischen SPOT HRV Kanals mit den weniger gut rdumlich, aber wi

lich héher spektral auflosenden LANDSAT TM Daten, nach einer Ko-registrierung ur

Hilfe der Datenfusion Uberlagert. Die fusionierten Daten geben sowohi die Textur als

die spektrale Charakteristik der Oberfldche gemeinsam wieder und kénnen wesentlict
Informationsgewinn beitragen.

Eine geometrische Ko-registrierung wird in drei Arbeitsschritten durchgefihrt. Zuerst w
identische Punkte (PaBpunkte) im zu registrierenden Bild (Target) und im Referenzbilc
ches i. allg. bereits mit Hilfe einer Karte in eine bestimmte Projektion gebracht wurde,
wiesen. Anhand der PaBpunkte wird eine Transformation gemaf3 einer vorgegebenen
dungsvorschrift (affin bzw. polynomial) berechnet und anschlieBend das Targetbild ™ —----
der Transformation entzerrt. Die Zuweisung der PafB3punkte kann manuell bzw. au
geschehen. Eine manuelle Zuweisung kann mit einer relativ hohen Genauigkeit f
die unter dhnlichen Bedingungen aufgezeichnet wurden (gleiches Aufnahmesystem
geometrische Aufldsung, dhnliche spektrale Auflésung, dhnliche Beleuchtungsbedi
gleiche Jahreszeit), durchgefuhrt werden. Hierbei werden vom Operator in den zu
renden Bildpaaren identische Objekte (z.B. StraB3enkreuzungen) zugewiesen.

Die manuelle Identifikation geeigneter PaBpunkte kann je nach Bildinhalt ungenau
intensiv sein. Zur Uberlagerung von multi-sensoralen und multi-temporalen Datensa
von Datensétze, die unterschiedliche Bildinformationen wiedergeben, werden dest
bzw. vollautomatische Bildregistrierungsverfahren gefordert. Sie sind seit einiger
genstand intensiver Forschungsarbeiten.
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2. Zielsetzung und Arbeitsplan

Ziel des Vorhabens war es, neue, voll- bzw. halbautomatische Verfahren fur die geometri-
sche Bildregistrierung von Fernerkundungsdatensatzen mit unterschiedlichen geometrischen
und spektralen Aufldsungen zu entwickeln und diese anhand von exemplarischen Beispielen
zu verifizieren.

Zum Erreichen der Zielsetzung wurde das Vorhaben in 3 Phasen durchgefuhrt. Im einzelnen
lassen sich die Projektpasen wie folgt beschreiben:

Phase I: Definitionsphase: Nov. — Dec. '96
Treffen aller Projektbeteiligten, Installation der Hard- und Entwicklungssoft-
ware, Ausarbeitung eines detaillierten Arbeitsplanes

Phase II: Entwicklungsphase: Jan. — Aug. '97
Entwicklung der Verfahren, UberprUfung der Verfahren, Verbesserungen,
Softwareimplementation auf verschiedenen Plattformen

Phase I Verifikationsphase: Aug. — Dec. '97
Durchfiihrung und Uberprifung der Verfahren anhand von exemplarischen
Anwendungsbeispielen, Anfertigung des Endberichts

ts Projekt 'Kick-Off-Meeting' fand vom 15. — 16.12.1996 am IKI in Moskau statt. Folgendes
beitsprogramm wurde definiert:

0 Recherche des Status Quo's in der Entwicklung von neuen Verfahren zur automatischen
PaBpunktbestimmung

a darauf aufbauend, die Entwicklung von neuen Verfahren,

0 Umsetzung der neuen Verfahren in Softwarepakete und deren Implemenation auf ver-
schiedenen Plattformen,

o Verifikation der neuen Verfahren anhand von realen Fernerkundungsdatensatzen.

Bei der Entwicklung und Verifikation der neuen Verfahren sollten insbesondere folgende
Falle bertcksichtigt werden:

0 Bildregistrierung von Datensatzen mit unterschiedlichen geometrischen Auflésungen,
aber in spektral-ahnlichen Bandern,
0 Bildregistrierung von Datensatzen in unterschiedlichen spektralen Bandern, wie
= Multispektralbénder mit hoher aufldsenden panchromatischen Bénder,
* Thermalkanale mit héher auflésenden Multispektraikandlen im VIS/NIR
= Daten von abbildenden Spektrometern mit Multispektralbander
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3. Stand der Wissenschaft

Es existiert eine Anzahl verschiedener automatischer Bildregistrierungmethoden, die je nach
Aufgabenstellung und Anwendung, Vor- bzw. Nachteile aufweisen. Generell werden die
Verfahren anhand der unterschiedlichen Methoden flr die PaBpunktidentifikation in folgende
drei Klassen eingeteilt (Cideciyan A.V. et al., 1992, Barnea and Silverman, 1972):

o manuelle PaBpunktbestimmung,
a automatische, flaichenbasierte PaBpunktbestimmung (area-based),
o automatische, merkmalsbasierte PaBpunktbestimmung (feature-based)

Im einzelnen werden die automatischen Verfahren kurz erlautert.

3.1 Flachenbasierte PaBpunktbestimmung

Die flachenbasierte PaBpunktbestimmung beruht auf Ahnlichkeitsuntersuchungen der Inten-
sitatsverhaltnisse (Grauwerte) innerhalb kleiner Teilbereiche (Subsets) der zu registrierenden
Bildpaare. Als MaB fir die Ahnlichkeiten kommen die normalisierte Kreuzkorrelation, Korre-
lationskoeffizienten oder ein sequentieller Ahnlichkeitsnachweis (sequential similarity de-
tection) zur Anwendung. D.h. ein selektiertes Subset des Referenzbildes wird statistisch mit
jedem Subset des Targetbildes verglichen. Die Grof3e der Subsets des Referenzbildes und
des Targetbildes sind dabei identisch zu wahlen. Das Subset, das die hochste Korrelation
aufweist, wird als identisches Subset angenommen. Bei hinreichend kieiner Subsetgrofi3e
kann der zentrale Bildpunkt als PaBBpunkt zugewiesen werden.

Der Korrelationskoeffizient als MaB fiir die Ahnlichkeit zweier Subsets ist wie folgt gegeben:

D 2 (Wall,m) = du) * (Sy(1,m) — db)

I m

C@, j)=
\/ZZ(W:(I, m)—d)? * \/Z 3 (Sul.m) - do)
! 1

mn m

dw, ds geben die Mittelwerte der Grauwerte innerhalb des Referenzsubsets (W,) und der Tar-
getsubsets (S;) wieder. Die Korrelation kann im Frequenz- bzw. im Ortsraum berechnet
werden. Die Berechnung des Korrelationskoeffizienten im Ortsraum ist vor allem fir Bild-
paare, die vom gleichen Sensor oder zumindest von Sensoren mit &hnlichen geometrischen
Auflésungen aufgezeichnet wurden, geeignet (Hanizumi und Fajimura, 1993). Die Korrelation
im Frequenzraum (Fourier- (Barnea und Silverman, 1972) bzw. Wavelet-Transformation (Li
et al., 1995)) wird vor allem flr Bildpaare, die von Sensoren mit unterschiedlicher 'inneren’
und ‘auBBeren' Geometrie aufgezeichnet wurden, angewendet. Um die Rotation der Transla-
tion zu entkoppeln, wird das Amplitudenspektrum der Fouriertransformierten benutzt
(Hanizumi und Fajimura, 1993). Datensatzen, die eine relativ gro3e Rotation zueinander
aufweisen, werden zunachst mit Hilfe der 'illuminate direction estimation' Methode bzgl. der
Rotation korrigiert. AnschlieBend werden die PaBpunkte im Ortsraum mit Hilfe v... Korrela-
tionsverfahren bestimmt (Le Moigne, 1994).
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a anschiieBend werden die Objekte mathematisch beschrieben (Bildlokalisation und Attri-

butzuweisung) und
a schlieBlich korrespondierende Objekte im Targetbild gesucht.

In einigen Verfahren werden Objekte im Referenzbild und Targetbild unabhangig voneinan-
der identifiziert und anschlieBend mit Hilfe ihrer Eigenschaften einander zugewiesen. Andere
Methoden selektieren Objekte nur im Referenzbild und suchen anschlief3end nach identi-
schen Objekten im Targetbild.

Je nach Bildinhalt eignen sich folgende Objekte zur PaBpunktbestimmung:

homogene, klar begrenzte Flachen (z.B. Felder, Seen),

geschlossene Grenzen von homogenen Flachen,

nicht-geschlossene Grenzen von scharfkantigen Grauwertspriungen (z.B. Haus-Garten),
lineare Strukturen (z.B. Straf3en, geol. Strukturen),

Kreuzungspunkte linearer Strukturen,

sonstige bekannte punktférmige Objekte (z.B. bekannte Gebaude).

0O 0o 0o o

Die Objekte werden mit Hilfe von Bildvorverarbeitungsschritten extrahiert. HierfGr kommen
vor allem Segmetierungsalgorithmen wie z.B. der Gradientenfilter zur Anwendung.

Uber die Lokalisation der Objekte bzw. mit Hilfe ihrer Attribute werden korrespondierende
Objekte zugewiesen. Im allgemeinen wird das Zentralpixel des Objekts als Paf3punkt be-
nutzt. Es ist deshalb darauf zu achten, dai3 die Attribute moglichst unabhangig und robust
bzgl. der Geometrie, der Radiometrie und des Rauschanteiles sind. Werden Attribute ver-
wendet, die spektral unabhangig sind, so lassen sich Datensatze von Sensoren mit ver-
schiedenen spektralen Bandern registrieren. Fir geschlossene Grenzen (Polygone) eic~~n
sich z.B. Formbeschreibungen wie invariante Flachenmomente als Attribute. Fur nicht-ge-
schlossenen Grenzen.lassen sich Anfangs-, End-, bzw. Extremwerte verwenden. Lineare
Strukturen kénnen Gber Winkelanhangigkeiten sowie Distanzen charakterisiert werden, wo-
bei die Verwendung von Kreuzungspunkten linearer Strukturen eine eindeutigere ldentifizie-
rung der PaBpunkte zulassen.

Die Zuweisung korrespondierender Objekte im Targetbild wird als eigener Arbeitsschritt der
Ko-registrierung beschrieben. Es existieren Verfahren, die hierfur lediglich die relativen Ko-
ordinaten bzw. die Distanzen der Objekte im Referenz- und im Targetbild verwenden (siehe
z.B. Methode nach Ranade und Rosenfeld (1980)). Nach einer Methode von Ghostaby und
Stockman (1985) werden nur Objekte verwendet, die auf der Grenze eines Polygons liegen,
welches alle Objekte einschliel3 (garbarite objects). Komplexere Methoden wie z.B. die Me-
thode nach Wong und Hall (1978) benutzen neben den relativen Koordinaten zuséatzliche At-
tribute (z.B. Flachenbeschreibungen) zur Objektzuweisung. Eine interessante Variante wurde
von Ton und Jain (1989) vorgeschlagen. Sie verwenden einen iterativen Relaxationsalgorith-
mus um Objekte miteinander zu vergleichen. Die ermittelten Parameter beschreiben eine
Wichtungsfunktion zur Objektzuweisung.

In Tabelle 2 sind géngige, merkmalsbasierte Bildregistrierungsmethoden gegeniiberge: "
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(H(w4)<H(wa)....<H(w,)). AnschlieBend wird fur jedes Subset des Referenzbildes das identi-
sche Subset im Targetbild gesucht.

Die Suche wird iterativ durchgefuhrt, wobei die Genauigkeit von lIteration zu lIteration zu-
nimmt.

Mit Hilfe einer Korrelationsanalyse im Frequenzraum bzw. mit Hilfe der integralen Amplitu-
denspektren fir ausgewahlte Frequenzbereiche (circle frequency zone) werden zunachst
mégliche Subset-Kandidaten im Targetbild identifiziert. Hierzu wird das Targetbild in gleich-
groBe Subsets wie das Referenzbild eingeteilt.

Die Anzahl der Subset-Kandidaten wird vom Operator vorgegeben. Die ausgewiesenen Kan-
didaten sowie ihrer Umgebungen werden anschlieBend genauer untersucht. Hierzu wird je-
der Kandidat einer Intensitatskorrelationsanalyse unterzogen. Dies geschieht indem eine
Korrelationsmaske pixelweise Uber das Kandidatensubset sowie seiner Umgebung gescho-
ben wird. Damit laBt sich zum Referenzsubset ein Bereich im Targetbild bestimmen, der die
gréBte Korrelation aufweist. Dieser Bereich wird als identisch zum Referenzsubset ange-
nommen. Das zentrale Pixel wird als PaBpunkt verwendet. Die Koordinaten sind somit mit
einer Genauigkeit der halben SubsetgrdBe bestimmt.

Die oben beschriebene Methode wird anschlieBend umgekehrt auf das Referenzbild ange-
wandt. Hierzu werden die ausgewiesenen Subsets des Targetbildes fixiert, d.h. die Umge-
bungen der zuvor fixierten Subsets im Referenzbild werden mit Hilfe einer Korrelationanalyse
untersucht und eventuell nachkorrigiert. Damit lassen sich Genauigkeiten besser als ein Pixel
erreichen.

4.1.2 Zusammenfassung

Das vorgestellte, iterative Verfahren ist zur Ko-registrierung von Bilddaten geeignet, die an-
nahrend im gleichen Maf3stab vorliegen und nicht mehr als 8° gegeneinander rotiert sind.
D.h. die Daten mussen bereits grob ko-registriert vorliegen. Das Verfahren ist als Feinab-
stimmung gedacht.

Erste Ergebnisse an realen Fernerkundungsdatensatzen sind vielversprechend, jedoch sind
bereits eine Reihe von Verbesserungsvorschlagen angedacht. Insbesondere soll das Pro-
gramm flr beliebig Rotationswinkel und Maf3stabe ausgebaut werden. Hierzu sind neue Ver-
gleichsalgorithmen zu entwickeln.
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4.2 PaBpunktbestimmung mit Hilfe sich schneidender, linearer Bildelemente

Bei der zweiten, neu-entwickelten Methode zur automatischen PaBpunktbestimmung, han-
delt es sich um einen merkmalsbasierten Ansatz. Hierbei werden sich schneidende Bild-
lineare als Objekte verwendet. Diese sind i. allg. leicht in Fernerkundungsdatensatzen detek-
tierbar (Grenzen zwischen verschiedenen Ackerflachen, Hausergrenzen, Straf3en etc.). Von
Vorteil ist, daB sich viele Bildlineare in verschiedenen Spektralbandern durchpausen. Damit
ist das Verfahren gut fir die Ko-registrierung von Datensatzen mit unterschiedlicher spek-
traler Aufldsung geeignet. Wie die vorhergehende Methode, hat auch diese Methode eine
'Feinabstimmung' der Ko-registrierung zum Ziel. Deshalb ist es erforderlich, die Daten in ei-
ner Vorverarbeitung entsprechend ihrer System- und Orbitparameter zu korrigieren.

Die Methode basiert auf der Detektion und Zuweisung geradliniger Bildelemente. Das Ver-
fahren 1aBt sich grob in folgende Arbeitsschritte gliedern:

a zuerst werden Grauwertgrenzen mit Hilfe von Segmentierungsalgorithmen detektiert,

0 anschlieBend werden daraus geeignete, geradlinige Grenzen ausgewahlt und diesen At-
tribute zugewiesen,

2 die Grenzen und ihrer Attribute des Referenzbildes werden mit geradlinigen Grenzen und
ihren Attributen des Targetbildes verglichen,

0 und schlie3lich damit die PaBpunkte lokalisiert.

4.2.1 Segmentierung

Grenzen werden mit Hilfe von Segmentierungsalgorithmen ausgewiesen. So lassen sich z.B.
Grauwertspriinge dadurch detektieren, indem man die Bilder mit einem Laplace-Filter filtert.
Der Laplace Filter wird sowohl auf Referenz- als auch Targetbild angewandt. AnschlieBend
werden in den Gradientenbildern nur diejenigen Pixel ausgewiesen, die einen bestimmten
Grauwertsprung Uberschreiten. Dies geschieht mit Hilfe eines vorgegebenen Schwellwertes.
Durch diese Operationen wandelt man die Grauwertbilder in Binarbilder um.

4.2.2 Selektion geeigneter Grenzen

Geeignete Grenzen werden in Referenz- und Targetbild unabhangig voneinander bestimmt.
Hierzu kommt die Hough-Transformation zur Anwendung.

Zuerst werden die Binarbilder in Subsets gleicher GréBe eingeteilt. Fiir jedes Subset wird die
Hough Transformation berechnet, wodurch geradlinige Grenzen ausgewiesen werden. An-
schlieBend wird der Einheitsvektor der Helligkeitverteilung der Hough-Transformierten in
Spaltenrichtung berechnet. Er gibt ein MaB fiir die auftretenden Winkel und den Anteil (line
power) aller geradlinigen Elemente innerhalb der Subsets wieder. Der Anteil (line power) ...
durch die Anzahl der Pixel, die eine Linie bilden, gegeben. AnschlieBend wird ein Maf3 fiir
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den Anteil der sich kreuzenden Geraden fur jedes Subset berechnet. Dadurch werden Sub-
sets ausgewiesen, die viele Kreuzungspunkte enthalten und deshalb besser zur PaBpunkt-
bestimmung geeignet sind.

4.2.3 Zuweisung geeigneter Subsets

Geeignete Subsets, d.h. Subsets die viele Kreuzungspunkte aufweisen, werden in Referenz-
bild und Targetbild mit Hilfe eines Vergleichsalgorithmus sowie den relativen Positionen der
Kreuzungspunkte einander zugewiesen. Fur den Vergleich wird der Einheitsvektor der Hel-
ligkeitsverteilung der Houghtransformierten verwendet. Die relative Position der Kreuzungs-
punkte wird durch die Distanzen vom Subsetzentrum aus beschrieben. Subsets, die sich
nicht eindeutig zuweisen lassen, werden automatisch ausgeschlossen.

4.2.4 PaBBpunktbestimmung

Hierzu wird der Rotationswinkel und die Translation einander zugewiesener Subsets ausge-
wertet. Im Referenzbild wird das Zentrum des Subset als PaBpunkt, im Targetbild das Zen-
trumspixel verschoben um den Translationsbetrag, ausgewiesen. Dadurch 143t sich fur jedes
einander zugewiesene Paar von Subset ein PaBpunktpaar bestimmen. Diese werden an-
schlieBend zur Berechnung der Transformationsmatrix verwendet.

4.2.5 Zusammenfassung

Die Verwendung von Bildlinearen zur automatischen PafB3punktbestimmung ist insbesondere
fur die Ko-registrierung von Bilddaten, die in unterschiedlichen spektralen Bdndern aufge-
zeichnet wurden, geeignet. Dies liegt daran, dafB sich viele lineare Strukturen in verschiede-
nen spektralen Bandern durchpausen. Ein weiterer Vorteil ist die Robustheit des Verfahrens
gegenuber Bildrauschanteilen. Geradlinige Bildelemente sind zudem leicht in Bildern zu de-
tektieren und kénnen mit Hilfe der Hough Transformation mathematisch beschrieben wer-
den.

Das Verfahren wurde anhand simulierter Daten getestet. Die ersten Ergebnisse sind zufrie-
dendstellend, jedoch sind weiterfihrende Arbeiten notwendig, um die Methode auszureifen.
Hierbei muf3 das Verfahren auf Bilddaten getestet werden, die von verschiedenen Sensoren
stammen und unterschiedliche Oberflachen abbilden. Zudem sind Untersuchungen zu unter-
schiedlichen Sonnenazimuth- und elevationswinkeln notwendig. Durch die unterschiedlichen
Winkel kénnen Bildlineare unterschiedlich ausgepragt und verschoben sein (Schattenwurf!).
Durch einen Korrekturanteil lassen sich diese Effekte bei der PaBpunktbestimmung mit be-
rucksichtigen. Die gewdahlte Subsetgro3e zur Beschreibung der Kreuzungspunkte hat sich
als sensitiv fur die erzielbare Genauigkeit gezeigt. Hierzu sind noch weiterfihrende Untersu-
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chungen notwendig. So sind z.B. automatische Optimierungen, je nach Bildinformationsge-
halt, fur die Subsetgrofe denkbar.
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A1: Image Registration using an Iterative Approach for Control Points
Identification

A1.1 Iterative approach for control points identification

The proposed technique is based on the area-based method. It can be applied when images
are preliminary transformed to projections with small differences in rotation angle and in
scale. Tests have shown good results if the difference in scale is less than 10% and the
mutual rotation angle is not higher than 8°. The technique automatically detects CP
coordinates. Further, the manual involvement of an operator can be applied if desired. The
operator has to confirm or to reject the automatically detected CPs.

A1.1.2 Preliminary transformation of images

Consider two registered images I(x,y) and J(i,j), where |(x,y) has the scale s;, and J(i,j) - s;.
The image with the lower spatial resolution will be called reference image, the image with the
higher spatial resolution will be called as the transformed image. Let s, > s;then I(x,y) is the
reference image and J(i,j) is the transformed image. The preliminary transformation is the
following:

o the transformed image is turned to the projection, approximately parallel to the projection
of the reference image;

o image J(i,j) is scaled to the resolution ~s,, the result is Js(x,y);

o image I(x,y) is scaled to the resolution ~s,, the result is ly(i,j);

The transformation is performed with the knowledge of the mutual disposition and the
resolution of the imaging systems, if available. A rough estimation of the scale and the
rotation angle can be defined by the feature-based method or manually. The bilinear or the
cubic spline interpolation is used for the transformation.

A1.1.3 Window selection for matching

The reference image I(x,y) is split into fixed windows w(x,y) with a size of fnl*fns, as shown in
fig.2.1. The entropy of intensity distribution is calculated of each window:

H=-1/NY pi*log(p) (21)

i=0
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where: N - the number of possible intensity values,
pi - the number of pixels with intensity i.

Fig.2.1. Windows on the reference image.

The entropy (2.1) is a function of the local histogram shape, it shows the homogeneity of the
distribution. The windows with heterogeneous distributions (large value of H) are better to be
used for the proposed method. All wi(x,y) are arranged in diminishing entropy order, so
Wo(x,y) has the maximum value of H, wi(x,y) < wo(X,y), Wa(X,y) < ws(X,y), etc. One window is
used for one pair of CP identification. The window of reference image is fixed and the search
of a similar window on Js(x,y) is started.

A1.1.4 Steps of CP coordinates detection

The procedure of CP coordinates detection consists of three steps. Each following st--
increases the accuracy of the coordinate values, that is why the procedure is called tie
iterative approach. The small scale images I(x,y) and Jq¢(x,y) are analyzed at the first

The similar windows are detected with the accuracy of 1/2 of the window size. e
correlation coefficient in the Fourier spectrum’s domain or in the spatial domain, or the
comparison of an integral power for circle frequency zones are used to detec corresponding
windows of both images. The used algorithms are described in detail in 2.1.5.

Identical windows are determined by the second step with the accuracy less than one pixel of
the low resolution image. The comparison algorithm works only over the region of Js(x,y),
which is defined by the first step, but not over the whole transformed image. The CP
coordinates for J(i,j) are defined by the third step with the accuracy of one pixel of the high
resolution image. The comparison algorithm works only over the region of J(i,j), which is
defined by the second step. The detected CP coordinates are stored and the process is
repeated for the next window wn(x,y).

A1.1.5 Search of similar window over the transformed image

After the window w,(x,y) of the reference image is fixed, the scaled transformed image Jq(x,y)
is split into windows of the same size fni*fns by the same way as the reference image
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(Fig.2.1). Each window vm(x,y) is compared to w,(x,y) using a comparison algorithm. The
resulted matching metrics Rm are arranged in diminishing order (e.g. Ry is the largest value).
The parameter R, corresponds to each window vn(x,y) so that there is a set of vn(x,y)
ranged in the order of their similarity to wy(x,y). The translation for vn(x,y) relative to wq(x,y) is
not larger than fnl/2 in the line direction and not larger than fns/2 in the column direction.
Thus the region V(x,y) used for searching corresponding windows vp,(x’,y’) can be limited by
x€ (X'-fnl/2,x’+tnl/2), y € (y'-tns/2,y’+fns/2), as shown in Fig.2.2.

V(xy)

v(x.y)

Fig. 2.2. The area V/(x,y) for windows matching by the second iteration.

The window wp(x,y) of the image I(x,y) is compared to all possible windows vy,'(x,y) of the
image Js(x,y) over the region Vy(x,y), defining vo(x,y) with corresponding Ro. The matching
procedure is based on the correlation coefficient (CF) in the spatial domain for wn(x,y) and
vm'(X,y). The window vq'(x,y) with its corresponding maximum CF Ry’ is stored. Then the next
window vy(x,y) is used to fix the search area Vi(x,y). The window vy(x,y) with its
corresponding maximum CF Ry’ is stored etc. The algorithm variable parameter N defines
the number of areas to be matched at the second step. The window v, ’(x,y) with the
maximum R’ provided after N attempts is considered to correspond to w,(x,y). An other rule
to finish the calculations is if Ry’ exceeds a given threshold Rna.. The central point
coordinates of the windows wy(x,y) and vn'(x,y) are used as CP coordinates for the low
resolution matching. The next ranged window wi(X,y) is used to detect coordinates of the
next CP as described above. The procedure is repeated for a number of desired CPs given
by the operator.

The final step is performed using the high resolution images Iy(i,j) and J(i,j). The detected by
the previous steps coordinates x,y are transformed to i,j using a multiplication by the factor s,
= sys,. The window wi(i,j) is fixed in the reference image ly(i,j), which corresponds to already
defined CP on the low resolution image |(x,y) and has a size fnl’*fns’ (fnl'> s, fns’> sy,). The
area Vq(i,j) around the window vq(i,j) is defined in the transformed image J(i,j), the
coordinates vy(i,j) corresponds to the CP coordinates for vp,'(X,y). The size of V(i,j) is defined
as following: i should be in the range (i- s\,i+ si) and j should be in the range (j-sy, j+Su), SO
that the region is similar to that shown in Fig. 2.2. CF in spatial domain is calculated for the
window wi(i,j) and every vn(i,j) over the area Vq(i,j), and the window v,'(i,j) with the largest R;
is considered as the best match. The central point coordinates are fixed as CP coordinates
for the transformed image J(i,j). The procedure is performed for the desired number of
control points.
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The CP coordinates for image I(x,y), fixed at the second step, and the CP coordinates for
image J(i,j), fixed at the last step, are the final result. They are used to determine the
mapping function.

A1.1.6 The algorithms of windows match at the first iteration

Three algorithms are proposed for a comparison of the windows for I(x,y) and Js(x,y). The
first one is based on the analysis of correlation coefficient for Fourier spectra of the matching
windows. The discrete Fourier transforms W(m,n) and V(m,n) are calcuiated for windows
w(x,y) and v(x,y). Their correlation is given by:

SYIWin, mIFIV (m, n)l
Rr i m n (22)
Zzwz(rn,n)* szz(m,n)

m n m n

where: IW(m,n)l, IV(m,n)l - power Fourier spectra for w(x,y), v(x,y).

Fourier spectrum is invariant to a translation. Thus the translation of v(x,y) relative to w(x,y)
caused by a fixed division of Js(x,y) has no influence to R;. The best match of v(x,y) and
w(x,y) corresponds to the maximum R;.

The second algorithm is based on the property to preserve energy in the power Fourier
spectrum in case of rotation and translation inside of circle zones. The following formula is
used for analyzing windows:

E.= ZZWZ(m, n) and kv = szz(m, n) ,

m n n n

where: m e (ms, me), n € (n.,ne)belong to the circle zone, as shown in fig.2.3. It is possible to

use only a half of this zone, due to the fact that the Fourier power spectrum of pixel's re:
numbers is symmetric relative to origin. The Minimum of R, = | E,, - E,l is taken as the bes
match for windows w(x,y), v(x,y).

The third algorithm determines the correlation coefficient of two windows in the spatial
domain

2 X Iw(x, vIFv(x, v)l
Ry - 22 (2.3)
22X w(x, y)* Zsz(x, y)

m n m o n

The best match of v(x,y) and w(x,y) corresponds to the maximum R;.
M windows vm(x,y) of the transformed image Js(x,y) are stored for the second step.
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Fig. 2.3. Circle zone of Fourfer power spectrum for energy calculation.

A1.1.6 Control point coordinates adjustment with subpixel accuracy

The CPs coordinates for I(x,y), Js(x,y) as defined at the second step of the iterative
procedure are adjusted with subpixel accuracy if the intensities of registered images can be
represented as:

Ni=ki+b (2.4)

where: i - intensity of the transformed image J(i,j), / - intensity of the reference image K(x,y), s
- is the scale factor s=sy/s,, k - is a relative gain for the sensors, b - is a relative offset for the
sensors providing the images.

The CP coordinates of J(i,j) are calculated by multiplying the defined CP coordinates of
Js(X,y) by the scale factor s;;=s,/s). The relative disposition of the surface area, which intensity
contributes to pixels i of the transformed image and pixel | of the reference image can be
presented as shown in Fig.2.4 (an example for one dimension).

l l Reference image

| Sensed image

in-/ ill+l

Imaged surface

Fig.2.4. Mutual disposition of the pixels of registered images (s,=3).

Each pixel represents the integral intensity of the imaged area, wich size depends on the
sensor resolution. Therefore if & is a translation value for J(x,y) relative to 1(i,j), (2.4) is
transformed to
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S*i + )i +(1=8)%i  =k*I+b

y-1

A similar equation can be constructed for two-dimensional case, using d, for the trans  ion in
the line direction and d, for the translation in the column direction. A system of these
equation can be constructed for N control points and transformed to

Ay +ay; *6, +ay, *0 +a, *6, %8 =k*I +b  (25)

where: i=0,N-1 - CP number,
a; - coefficients, calculated for the environment of i-th CP area: a,, = ZZ Ly

s—1 w1
ali = Z I.vm - Z lOm ’ aZi = Z ln.\' - Z an 1 a]i = lOO + l.\‘.\' - lO.v - I,\'O
=1 y—1 ! s—1

The solution of (2.5) relative to d,, d,, k, b gives an estimation of the mutual translation. The
system of N equations (2.5) is overdeterminated for N>4 and least square method is used to
define d,, d,, k, b. Thus the influence of brightness interpolation and of noise is decreased.

A1.1.7 Possible manual participation in the procedure

Interactive manual operations can be included in the proposed technique. The task of an
operator is to select the algorithm to be used and to fix the number of desired CPs. The
manual involvement makes it possible to speed up the procedure. The following possible
interactive involvement can be considered.

1. Rejection of the reference image windows. An operator selects the reference imaae
window w(x,y) for matching from the list, proposed by the algorithm.
matching procedure, which takes much of computer power, can be
windows, which are located close to image boundaries and close to eact
are placed on nonoverlapped areas of the registered images.

2. Rejection of wrong CP. The fixed w(x,y) and the produced at the sec
are displayed. An operator confirms or rejects the proposed by algoritF
the third step.

3. Speeding up control points identification. The window V'(x,y) is detern
matching algorithm by the first step, w(x,y) and V'(x,y) are displayed
confirms the result of the matching and starts the next step or can chang
used to match the windows.
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The coordinates x’, y’' of an additional CP are defined using (2.7) with coefficients a,
determined by the nodes of the polygon, with the extra CP inside. These additional point
coordinates are compared with the CP coordinates on the reference image I(x,y). The
absolute error for the polygon window is the difference:

A =x'—x; A =yv-y
where: x,,y, - the actual coordinates of additional CP in the reference image.

The mean square root errors are calculated on the base of the absolute errors:

where: n — the number of the additional CPs.

Another method of registration errors estimation is the following. The transformed image
J(x,y) is transformed by the mapping function, whose coefficients are obta

nodes of a polygon in a similar way as described above but in this case eac

N+1 nodes.

The N+1 systems of equations (2.7) are obtained for each CP set. The unkno

a; are calculated as the solution of the system of 2*(N+1) equations using th

method. The error estimation is possible due to the extra CP, which give

equations (2.7). The mean square root error p estimates the registration accur

Y a,-i-j—x foroddi

where: V= ‘ .
21), “1-J— v foreveni

The procedure is performed for all polygons.

The advantage of this approach is the possibility to get the information about -
or true) using different values of V;, and to reject the false CP. The last proce
the registration accuracy, because only the true CP are used for co-registratior

A1.2.3 Application to multispectral images

The iterative technique can be applied properly to images I(x,y), J(i,j) if their |
related as:
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therefore it's desirable that both registered images have at least one channel with a similar
spectral band. Many sensors use the same front optics or have the parallel axis optics for
different channels. All channels for such cameras provide an identical projection of produced
images. The iterative approach can be applied using the similar bands. CPs are identified
using these bands and then the other band images are registered by the defined CP
coordinates.

A1.2.4 Specification of the program for image co-registration

SW program was developed based on the presented iterative technique. The program was
written on IDL for UNIX workstation and widgets [2.3] are used for graphic user interface.
The program provides the operations with two single-band images of GIF format or binary
pure images (ENVI format). The program performs the following operations: CP
determination on the base of the iterative method, described in topic 2.1, the transformation
of the transformed image to the reference image projection using the existing IDL mapping
functions with coefficients, calculated using the determined CP; display of transformed and
reference images with determined CPs. The program provides additional operations for
preliminary image transformations - image fragment extraction, image rotation, scale
modification, image translation and image filtration using band-pass filter. These additional
operations are based on the existing IDL functions and combined in one widget controlied
program. The array of CP coordinates, transformed image or its fragment are the main
results of the program application. The image processed by the preliminary transformation
algorithm is the additional result.

Description of the widgets to control the program is presented below.

The main widget is the following:

file transformation view
Ima
define nl 512 define nc 512
Window size
define wnl 32 define wnc 32

CP coordinates

n: Yret Xref Ysens Xsens

Image Size defines the size of the reference, the transformed or output image, depends on
the user request to open the image in the file field: n/ - number of lines, nc - number of
columns. Window Size defines the window size for CP identification. CP coordinates shows
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the id number and coordinates of a control point. An editing is available in this field to provide
the elimination of the false CPs. The corrected array of CP coordinates is stored after editing.

Widget file should be used for the following functions:

open reference image

open sensed image

open output image

open CP array

save output image

save CP array

close sensed image

close reg. image

close output image

quit

make the reference image available for processing
make the transformed image available for processing
define the output image for result of transformation
make CP array available for image transformation
store the produced image in a file

store the produced CP array in a file

end the opportunity to use the transformed image
end the opportunity to use the reference image

end the opportunity to use the output image

close all widgets and exits from the program

The n/and nc are specified for all three possible images, then the binary pure format is used.
These parameters should be fixed for the output image of GIF format. The standard IDL
widget is used to search and to specify filenames. It should close the image or save CP array
before starting work with a new source file.

Widget processing looks as:

parameters define the iterative algorithm parameters
CP search define CP coordinates on low resolution images
adjustment Define CP coordinates on high resolution images with a
pixel accuracy
subpixel adj. Define CP coordinates on high resolution images with a
subpixel accuracy

The parameters create a modal widget for algorithm parameters specification. CP search
performs the first and second iterations of the algorithm and identifies the CPs coordinates
for low resolution images. Adjustment and subpixel adj. performs the third iteration and
defines the final CP coordinates for transformed images.

The modal widget for parameters specification looks like the following:

Start Algorithm I
FFT COR INTCOR | SPDIFF | L
define N of CPs; 15 | Reset CP
define N of steps 5
define threshold 0.75
define start window | 0 |
Frequenry Zone Size
define sb | 4 l define fb =
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Relative Scale
define scl 2.5 define scc 3.2
DONE

Start Algorithm determines what algorithm will be used ae the first at the first iteration: FFT
COR - correlation coefficient analysis of Fourier spectrums, INT COR - correlation coefficient
analysis of windows in the spatial domain, SP DIFF - analysis of circular zones of power
Fourier spectra. The next fields define the requested number of CP, the number of window N
for matching by the second iteration, the threshold value R’ to break the second iteration, the
window id in the range to start the matching procedure. The button Reset CP resets the
determined CPs sets the CP id to 0, and provides the new procedure of CPs identification for
the current images. Frequency zone size defines a bandpass filter for a power spectrum
circular zone: sb - start frequency, fb - final frequency. The frequencies can vary in the range
of (O,n), n is the number of pixels in the image line. Relative scale defines the relative scale
factor s by the line and by the column of image. The button DONE provides the exit from the
module widget after the specification of the parameters.

Widget “transformation” has the following functions:

window extract a window of the reference image

scale modify the scale of the reference image

shift shift the reference image

edges extract the edges on the reference image
filtration use a bandpass filter for reference image
mapping transform the transformed image to reference image

projection
rotation rotate the reference image by the specified angle

The result of image transformations is stored in the output image, which should be opened
before the operation. The window size is defined by the size of the output image. The left
lowest point coordinates of the window is defined by the additional modal widget. The scale
value is defined by the output image size. The translation is defined by the additional modal
widget. Filtration frequencies are defined by sb,fb. The rotation angle is defined by the
additional modal widget.

Widget “view” looks as:

) load CT , change color table for display
: refer.image 1 display the reference image

: se ne dimage Q display the sensed image

: output image J display the output image

CP array ~, display and edit the array of control points
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b)

c)
Fig. 2.6. The result image - c) of co-registration of HRV pan - a) and TM vis - b).
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Table 2.1
Images for co- Spatial and radiometric fnlfns, N, R’ N of requestea and false AcFura_cy Computer time
registration, resolution detected CP estimation
overlapping
HRV pan 10x10m, 32x32, 0.6 21/0 0.12 10 min.
0.5-0.73 20x20, 0.55 211 0.67 6 min.
TM vis, 30x30m 16x16, 0.65 40/2 0.49 4.5 min
middie 0.45-0.52
HRV xs vis 20x20m 32*32,0.75 251 0.21 5.5 min.
0.5-0.59 16x16, 0.8 40/4 0.18 8 min.
TM vis, 30x30m
high 0.45-0.52
HRV pan 10x10m, 32x32, 0.7 17/3 0.72 10 min.
0.5-0.73 16x16, 0.7 30/8 0.57 12 min.
FUYQ vis, 18*24
low 0.52-0.60
TM vis 30x30m 32x32, 0.8 17/2 0.73 30 min.
0.45-0.52 20x20, 0.75 17/4 0.92 10 min.
FUYOQ vis, 18*24 48x48, 0.7 15/3 - 40 min.
low 0.52-0.60
HRV xs vis 20x20m 32x32, 0.75 25/0 0.68 10 min.
0.5-0.59 16x16, 0.7 15/4 - 11.5 min.
TM blue, 30x30m
high 2.08-2.35
TM blue 30x30m 32x32, 0.75 15/1 0.78 25 min.
2.08-2.35 22x22,0.78 15/2 0.90 15 min.
FUYO vis, 18"24
low 0.52-0.60

A1.3 Conclusions

The proposed iterative technique is applicable if the registered images can be transformed to
the images slightly turned relative to each other, where the mutual turn angle is less than 8°
grad. They should be reduced to approximately the same scale: the difference in the scale
should be less than 10%. The iterative approach provides a flexible image registration
procedure to achieve a higher accuracy. The optional manual involvement can speed up the
procedure and makes it more accurate. The object oriented program module, which realizes
the iterative technique, can be easily modified and updated by new algorithms.
Itis planned to enhance the proposed technique in future as follows:

o development of the windows matching algorithms for images with any mutual rotation:;
o development of a method of automatic detection of mutual rotation and of the difference

in scale;

0 analysis of application of the different window matching algorithms at the second and the
third steps of the iterative technique;
Q development and analysis of different mapping function used for the transformed image

transformation to the reference image projection.

A large amount of experimental studies on image co-registration for different sensors have to
be performed for estimation of co-registration accuracy and its sensitivity to various

distortions of original images.
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A2: Image Co-registration using Intersections of Linear Features

Borders of different areas and objects on the Earth surface form the base structure of
this surface, well recognized on aerospace images. Most parts of these borders with
limited length are straight lines or may be approximated by such lines. An important for
image co-registration property of borders is the fact, that they are preserved on images
in various spectral bands. Rectilinear features may be easily identified, and their
orientation may be estimated with a high degree of accuracy. It makes it possible to
develop accurate techniques for image co-registration, even in different spectral bands,
on the base of linear control elements matching.

It is supposed in this work, that a preliminary rough images co-registration was
performed using usually available apriori information (information on s/c orbit, time of
imaging, camera characteristics, optical axis direction). The described technique is
aimed at a high accuracy image co-registration with the use of only images itself, without
any additional information on their spatial and radiometric parameters.

A2.1 Technique of image co-registration using intersections of linear
features

A2.1.1 Brief description of co-registration technique

The proposed co-registration technique is based on selection and matching of image
features such as intersections of rectilinear elements. The technique includes the
following main steps: borders detection, control features selection, control features
matching, estimation of the control points coordinates and final co-registration.

Borders detection

A preliminary step of the proposed image co-registration technique is the following.
Borders detection is performed separately on both original grayscale images. The
convolution of the images with the Laplassian mask may be used to detect sufficient
brightness changes. After it, the obtained gradient images are thresholded to extract the
pixels where brightness changes are greater than some given threshold. As a result of
the preliminary step, images are converted into a binary form.

Control features selection

Control features are selected independently on both images at this step. Fragments with
crossing rectilinear elements are used as control features. Such fragments are called
control fragments. Hough transformation is used for rectilinear elements detection.

First of all, images are splitted for equal rectangular fragments of a given size. Hough
transformation is performed for each fragment, making it possible to detect rectilinear
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elements presence. Uniformity vector of brightness distribution in a Hough transform
column is calculated for each fragment. It shows the power and inclination angle of
straight lines present in a fragment (line power is the number of pixels forming this line).
After it, a measure of crossing lines presence in each fragment is calculated. It makes it
possible to find fragments with well expressed crossing lines. Some given number of
fragments with the highest value of the measure are selected. These fragments are
considered as control fragments. Automatic selection of control fragments makes it
possible to use a lot of fragments, increasing co-registration accuracy.

Control features matching

At this step, the selected control fragments of the reference and matched images are
compared, correspondence is established, and pairs of coincident control fragments are
formed. Matching of coincident control fragments pairs is performed by comparison of
fragments of the reference and matched images and by analysis of information on their
relative location. Fragments are described by uniformity vectors for comparison. Relative
location of fragments in an image is described by distances between fragment centers.
Unsuccessfully matched fragments are discarded.

Evaluation of control points coordinates

Though the same place on the ground surface is imaged at matched fragments, these
fragments may be rotated and shifted one relative to another. So, at this step, the angle
of rotation and the value of horizontal and vertical translation of the fragments in
selected pairs are evaluated. The centers of control fragments are selected at the
reference image as control points for subsequent estimation of the transformation
matrix. Control points are shifted from the center of the corresponding control fragments
on the matched image by the evaluated shift value.

Image co-registration

Technique of the further transformation matrix evaluation according to control points
coordinates and on algorithm of the matched image registration with the reference
image are described in section 2.

A2.1.2 Hough transform usage for linear objects recognition

Statistical methods or convolution of the original image with a set of det-~*ion masks for
corresponding directions may be used for extraction of linear border segments.
However, extended border segments detection by such techniques require operations
with masks of a large size, increasing severely the processing time. Moreover, sta tical
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techniques are quite complex; convolution with masks may not lead to good results in a
case of weared and fractionated borders. Estimation of linear border segments direction
with sufficient accuracy requires convolution with a very large number of masks,
corresponding to detecting directions.

However, there is a technique capable to detect extended linear elements with a
sufficient accuracy of estimation of their orientation and location. It does not require the
border continuity and is not highly effected by various noise. Let us consider a technique
of border points connection by determination of their deposition at lines of various
direction. Assume, that there are N points on the plane (x,y). It is necessary to find
subsequences of points belonging to straight lines. Let us draw the lines passing
through each pair of points. After it, we find all closed lines and join points belonging to it
into subsequences. This technique is very laborious, especially in the case of a large
point number on the image. N (N —1)/2 lines have to be drawn and N ° comparisons
of points and lines have to be done according to it.

Another approach to a solution of this problem was proposed by Hough [3.1]. It is based
on so called Hough transform. Let us consider a point (x,y) and the generalized
equation of a line: y= ax+ b. There is an infinite number of lines, passing through the
point (x,y), but all of them satisfy the equation y = ax+ b with different a and b
values. However, if one rewrites this equation as b= -xa+ y and look at the [A,B]
plane called the parametric space, one will get the equation of one line for a given point
(x,y). Moreover, a second point with (x,y;) coordinates has its own line in the
parametric space, and these two lines cross at a (a,h) point, where a and Q
represent parameters of the straight line that passes through two points (x,y) and
(x.,y; ). Correspondence of lines and points in the [AB] and [X,Y] spaces is
represented in Fig.3-1. If some points in the image space [X,Y] lies on one line, the
corresponding lines in the parametric space [A,B] cross at one point, representing the
coordinates of this line.

X a

Fig.3-1. Correspondence of lines and points in the image space [X,Y] and the parametric space [A,B].

Initially Hough [3.1] proposed an analogue device for implementation of the described
transform during recognition of linear particle tracks in a bubble chamber. A digital
algorithm for transformation of an image from the image space into the parametric
space is based on application of gathering units concept. The parametric space is

splitting into gathering units. First, these units obtain zero values. Then, for each image
point (x,y), we use all possible a values and get the corresponding b values using the
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equation b= —xa+ y. After it, the gathering unit corresponding to the pair (a,b)
increments by one. Finally, after the procedure completion, the gathering unit value M
represents M points on the corresponding line in the image space.

A volume of calculations for the digital Hough transform is NK, where N - the number of
points in the image, K - the number of partitions at the A axis of the parametric space.
This technique leads to a significant decrease of calculation time when the number of
points is large. However, the described technique has significant disadvantage, that the
parameters are infinite in the case when vertical straight lines are present in the image
(because the tangent of 90° angle is infinite).

This difficulty can be removed by the usage of another parametric space, linked with the
representation of a line in the polar coordinate system in the form:

XCosQ+vysinQ = p

The parameters p and ¢ are illustrated by Fig.3-2. p - distance from the origin to the
line, ¢ - inclination angle of the line relative to the OY axis. Instead of the stright lines,

we have sine curves in the parametric space. M points belonging to the line
xcos@, + vsing, = p, still correspond to M sine curves in the parametric space, crossing

at the point (¢,,p;).

<
Fig.3-2. D & (0 parameters of a straight line during the image transformation into the parametric space of the polar
coordinates.

An algorithm, based on the described technique, is analogous to the discussed above.
The parametric space is partitioned into gathering units, corresponding to a few degrees
of line inclination angle and one pixel of distance to the origin. Note, that the part of the
transformed image for the inclination angles 180-360° is fully analogous to that for the
angles of 0-180°. It makes it possible to decrease the size of the parametric space and
essentially save computer memory. Furthermore, not all gathering units inside a
rectangular region of the parametric space have corresponding lines that pass through
the given image. Many of them correspond to lines outside the viewing field. A
rectangular region in the image space has a complex non-rectangular shape in the
parametric space. However, an account of only the valid gathering units would lead to a
complex coordinate recalculation and would increase inadmissible the -~lculation time.
First of all during the transform, all gathering units get the zero values first of a Then
we scan the original image looking for all marked points. For each of such points, we
build a sine curve in the parametric space according to the equation
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p=xco @+ ysing. Each gathering unit on this sine curve increments by one. It is not
necessary to calculate sine and cosine values for each angle every time we perform the
transform. Before the beginning of the calculation, the table may be built, consisting of
sine and cosine values for each column of gathering units.

As a result, we get a rectangular image of Hough transform of the original scene. Each
point of the original image corresponds to a sine curve with the brightness of one, while
more bright places with intersection of many curves correspond to a straight line in the
original image. Vertical lines correspond to bright concentrations near to the left or right
border of the transformed image. Horizontal lines correspond to concentrations near the
middle of transformed image.

Some examples of Hough transform are presented in Fig.3-3 and Fig.3-4. Fig.3-3 shows
the Hough transform of a test image with five points. Each point corresponds to its own
sine curve with brightness of one in the parametric space. Intersections of the curves
correspond to some points belonging to one line. Bright concentration at the right part of
the transform corresponds to a line, which passes through four points of the original
image at once (points 1,3,4,5).

Fig.3-3. Test image with five points and its Hough transform.

Fig.3-4. presents a more complex image of Hough transform from some lines. The
bright concentrations correspond to lines at the original image. Parallel lines transform
into concentrations located one over another (for example, lines 5 and 6). Note that the
right border of the transformed image may be joined with the left; it is necessary only to
flip vertically one of them.

Fig.3-4. Test image with some lines and its Hough transform.
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The main property of the Hough transform is that straight lines transforms into
concentrations of bright points. Brightness of the gathering unit shows the number of
points belonging to the corresponding line. Line coordinates may be obtained by search
of local peaks in the parametric space in the region of concentration. Concentration
brightness represents the power of a line. Assuming that significant for further
consideration lines must be extended, we may perform thresholding of the transformed
image and so reject all small line segments and noise points.

An advantage of Hough transform is its insensitivity to noise. Separate noise points
practically do not affect the resulting transformed image. Stright image elements may
have many breaks. Howewer, Hough transform does not give information on connection
of linear segments and on positions of different segments. F.O'Gorman and M.B.Clowes
proposed a modification of Hough transform without this disadvantage [3.2]. It is efficient
to transform binary images with as few marked points as possible. It leads to an
increase of the algorithm speed and to depression of noise components in the resulting
image. To meet this requirement, it is necessary to increase the threshold during
extraction of border elements. It is the difference of Hough transform based technique
from other linear elements recognition techniques with the main requirement of line
continuity.

Hough transform originally designed for recognition of straight lines may be generalized
for detection of elements with nonlinear shape. Extension of this technique for the case
of nonlinear elements was proposed by Duda and Hart [3.3]. However, due to a high
complexity, we will not discuss this question.

A2.1.3 Estimation of the fragment rotation angle

The unigue property of the Hough transform is the fact, that during rotation of original
image on arbitrary angle around the origin its transform displaces along the X-axis by a
shift, representing the angle of rotation. Indeed, if a line rotates around the origin, only
the angle of inclination varies, but the distance to the line remains constant. Therefore, if
we have two images rotated one relative to another around the origin, then in order to
estimate the angle of rotation, it is only necessary to co-register two images of Hough
transform by a simple shift along the X-axis. Co-registration may by performed by one of
correlation techniques, but volume of calculations will not be large, because the shift
have to be performed only along one axis. Taking into account quite low sensitivity of
Hough transform to noise, we can estimate similarity of two images that differ a little and
also to estimate the angle of rotation between them.

Regretfully, the technique is much more complex in a case of image rotation around any
other point, but the origin. In this case Hough transform of an image not only displaces
along the X-axis, but a complex shift up or down of each column of the tre sformed
image takes place according to the sine curve. Indeed, Fig.3-5 shows that during
rotation of a line around any arbitrary point, the distance from the origin to this line varies
as a function of the line inclination angle.
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seems to be a good characteristic of brightness distribution in columns. This variable
gets the maximum value of N2 if all brightness in a column is concentrated in one point.
In the case of a uniform brightness distribution along the column, this value is equal to
N. Let us call this variable as uniformity of brightness distribution in a column of Hough
transform. Usage of the normalized uniformity vector for image co-registration was
proposed by A.S. Vasileisky and N.A.Maximov [3.4]. Normalized uniformity of brightness
distribution for i-th column is calculated according to the following equation:

13 .
0,=0(p)=—2) A%(4, 7
N &

and varies from 1 to 1/N, where k - size of column, A(i,j) - brightness of element j of -

th column in Hough transform.

Fig.3-7 presents charts of normalized uniformity vectors calculated from Hough
transforms of the images shown in Fig.3-6. The left of the original images is also shown
in Fig.3-4. The peaks on these charts correspond to columns of Hough transform, that
illustrate concentrations of brightness and consequently of lines in the original image.
The peak coordinates represent the inclination angle of lines in the original image.

5,6 56
1 5 5.6 1 3 '

. w2 T4 T2t g 1

- .-Ll-- h.‘_d'll . " -

Fig.3-7. Charts of normalized uniformity vector of brightness distribution in Hough transform columns; the original images
are shown in Fig.3-4 and Fig.3-6.

So, for estimation of the rotation angle of one image relative to another similar image, it
is necessary first to perform Hough transform for both images. Then for each
transformed image we must calculate the uniformity vector and determine the shift value
of one vector relative to another that gives the minimal differences between its elements.
The difference may be estimated by the correlation coefficient, calculated according to
the equation:

K ()= 0,10, (i+ 1)

where O, (1) and O, (1) - uniformity vector elements. After it, the value of the best shift /
gives the estimation of the rotation angle of one image relative to another.
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o Linear objects must crosses at an angle close to 90°. Presence of two paralie
objects without crossing point makes co-registration possible only in the direction,
normal to these objects. Angles from 30° to 90° are preferable for co-registration.

It is necessary to use a large number of control fragments during image co-registration
to increase accuracy, especially in the case of geometric non-linear distortions. These
fragments must be distributed uniformly over the image. A manual control features
selection by an operator for co-registration is quite laborious and prolix. So, it is
preferable to develop an automated technique of control features selection.

To make the process of control feature selection automated, it is necessary to develop a
fragment measure, that would make it possible to select fragments, best meeting the
listed requirements. This measure must get a high value in the case of two crossing
features presence in a fragment.

The described uniformity vector of brightness distribution in a Hough transform column
may be used for development of such measure. A peak in a uniformity vector reports
about a presence of an extended line in the image in the corresponding direction.
Uniformity vector analysis makes it possible to detect line in a fragment and to estimate
their directions.

The following measure for a fragment is proposed:

E= max [0(o)- O) -K(o-v)]

p=0y=0

where O (¢), O (y) are values of uniformity vector for directions @ and vy
correspondingly; K (¢ — ) - weight coefficient. The value of the weight coefficient must
be equal to zero if ¢ and y are the same and 1 in the case when the angle between ¢

o : T .
and y directions is equal to o The weight coefficient may be of the following form,

satisfying the stated requirements:

Ko-v) =] sn{2-avsdo-v)-Z) o1

-~

Fig.3-8. Form of the weight coefficient K(( — /).

Dependence of the weight coefficient from the angle between directions @ and y is
presented on Fig.3-8. The described measure makes possible the detection of two
peaks in uniformity vector and so recognition of two extended straight 1es in a
fragment. Weight coefficient usage provides a selection of only sufficiently nc -parallel
lines. Thus, the higher the measure value is, the more probable is presence of two
crossing lines in the examined fragment.
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Let us consider two images A and B. First we select image fragments with a high

measure of crossing lines presence. The number of selected fragments n; and n, may
be different in these two images. Uniformity vectors O, ; (k) and O, (m) are calculated

for the selected fragments, where A and B correspond to fragments belonging to one of

the images; i; and i» - fragment numbers. Let us calculate the correlation matrix
K 5 (i,,i,) for the fragments; its elements are calculated according to the equation:

max(2,0,, )0y, (k+1))
r k -

1
K,,(,,)=
T X0, 020, (K
k k

The obtained correlation matrix shows similarity of the selected fragments. The maximal
values of the matrix K ,;(i;,i,) correspond to pairs of the most similar fragments.
However, the correlation matrix does not indicate the selected fragments relative
location, and does not take into account that all fragments have to be rotated by an
equal angle. Moreover, not all fragments have its own pairs in the selected sets of the
control fragments. So analysis of the obtained correlation matrix cannot lead to correct
matching of the coresponding control fragments.

The proposed technique of control fragments matching uses an analysis of the
correlation matrix and of the information on fragments relative location. It is based on the
technique, proposed by Ranade & Rosenfeld [3.5] and modified by J.K.Cheng & T.S.
Huang [3.6] and J.Ton & A.K.Jain [3.7].

This technique is iterative. At the first step, the correlation matrix is normalized to make
the sum of each matrix raw equal to 1. So a matrix of original probability of fragments
coincidence P°(iji,) is obtained. The element of this matrix P%, indicates the
probability of correspondence of the fragment i; from the image A to the fragment i,
from the image B. During the next steps, this matrix is modified taking into account
relative location of the fragments.

Each pair of fragments i; and i» ‘collects support’ from other fragments towards its
similarity. Let us suppose, that the fragment pair i; € /, from the A and B images is true.
Then the fragment j; from the image B may be found for every fragment j; of the image
A such that the distance 4, ; from i; to j; must be equal to the distance d; ; from /> to j,
. Then the fragment j; corresponds to a fragment j, . In such a case the fragment pair j;
and j, give its support towards fragment pair i; and i, .

The probability of this fragment pair match P’,~1,-2 . changes correspondingly.

Pmiliz —p...§!
where /is the iteration number, S’,~l,-z - collected support for the pair from other pairs. The
value S’(i,,iz;jl,jz) of the support, given by the fragments pair j; and j> towards the
fragments i; and [, match (0 < S’(il,iz;jl,jz) <'1) depends on the distance between the
fragments and is calculated according to the equation:

iy iy 9

\
I/e o+ N _ pl . iy iz)>
S' (5053 015 o) = Py, - min ) ,
izfp ijy )
where d, ; and d, ; are distances between the corresponding fragments.
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The support, gathered by the i; and i, pair is assembled according to:

S’,I,::—l- 2 { max (.S"(il,i_):j,,jl))}.

Py i
)]] iy =0, 1y i, 0L jr<ny  Ja#is

The matrix of the fragments match probability calculated at the current step is
normalized to provide the sum of each matrix raw to be equal to 1.
The iterative probability matrix modification results in an increase of its elements
corresponding to true fragment pairs. The probability of true fragment pairs match
approaches to 1. In the ideal case after some iterations, the result matrix would be
obtained with elements equal to one in they correspond to true pairs and with all other
elements equal to zero. As the result, the true matched pairs of fragments from the
images A and B would be obtained. Parameters for one original image transformation to
co-registrate it with the other may be obtained by the consequent co-registration of
1ese fragments.
he number of selected fragments from sets A and B in real conditions is different and
1e matrix is rectangular. Moreover, the selected fragment sets do not contain the same
agments. It complicates fragment matching. In such a case the matrix elements
orresponding to impossible pairs get values near zero, and possible pairs obtain
ignificant non-zero values. The true fragment pairs may be recognized by selecting
1aximal values in each probability matrix column.
he described algorithm matches fragment pairs using information on their relative
)cation. It is possible to find true pairs even if the original probability matrix is uniform
.e. there is no apriori information on similarity of fragments). However the iterative
rocess is quite laborious and it is necessary to perform dozens steps to obtain a
olution. The amount of calculations for each iteration depends on square of the number
f fragments n,. n,. Computational time may be decreased by an initial probability matrix
pecification. In case of selection from images with a large number of fragments, which
annot be matched, it is difficult to find the correct solution and the technique may fail.
pecification of the initial probability matrix makes it possible to find true control
agment pairs even under such conditions.
he process of fragment pairs matching may require a manual correction in a case if the
Igorithm cannot match fragments correctly. An operator may fix some true control
agment pairs. The corresponding probability must be set to be equal to one for it in the
iitial probability matrix. The rest of the elements in the corresponding raw of the matrix
st be set equal to zero. Other fragment pairs would be matched automatically after it.

..2.2 Example of control points selection

The proposed technique of contro! fragments selection was used on two test images.
Two images of 320 x 320 pixels were used for this purpose. These images were the first
and second channels of the multispectral image, received from the SPOT s/c. One of
images was rotated relative to another by a small angle of ~5° and shifted for a distance
of few pixels. This experiment was aimed to simulate the co-registration of two images in
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A2.3 Conclusion

The technique to co-registrter images on the base of detection and comparison of
control features in a form of intersections of linear elements was proposed as a result of
the research. Such features are usually preserved in images in various spectral bands. It
makes it possible to use the proposed technique for co-registrateion of images in
different bands where traditional correlation techniques usually fail.

Rectilinear features may be easily identified, their orientation may be estimated with a
high degree of accuracy. Rectilinear features detection is performed by the Hough
transformation. It may be characterized by the property of high resistance to noise in the
image.

Automatic control features selection on the both images makes it possible to use a large
number of fragments, increasing the accuracy of subsequent co-registration.

Pair matching of the coincident control features of the reference and the target images is
performed using fragments description and the information on their relative location. [t
makes it possible to find true pairs even in a case of small number of coincident
fragments. An operator has to take part in the process in the worst case. He may fix one
or more pairs of coincident fragments. The other pairs are matched automatically after it.
The technique was tested on the simulated images.

Development of the proposed technique is not completed. The research has to be
continued and completed by a series of experiments on co-registration of images of -
various natural regions, obtained in different spectral bands by various sensors in order
to estimate the efficiency of the technique and recommend it for practical use.

Further research may be aimed first of all at using the proposed technique for co-
registration of images with the sufficiently different resolution, at the co-registration
accuracy estimation of images of various landscapes obtained by various sensors.

The question of fragment size optimization as function of image parameters seems to be
interesting.

A specialized technique of border detection in images is to be developed, aimed at the
enhanced linear sectors of border detection. It is important to improve the described
control features matching technique to speed it up in the case when the number of
fragments is large. Moreover, a development of the proposed matching technique is
required to use the similarity of uniformity vectors besides information on their relative

location during modification of the probability matrix by collection of support to a
fragments pair.












