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ABSTRACT:

The availability of stereo couples of satelliteagrial images allows for the extraction of the BigBurface Model which is of high
importance for earth observation. In the specifisecof change detection of man made structure§Dheformation is a vital cue to
distinguish buildings from flat objects (e.g. padilots). Height variations are obtained from apdity map, qualifying the
magnitude of the parallax and henceforth the redaglevation. If available, the camera and flightgmeters enable other types of
applications thanks to the derivation of geogragh®D coordinates. In particular, the National Geghic Institute of Belgium is
interested in automatic estimation of 3D coordigate support the nowadays time consuming manuatepiae. In a first
collaboration with NGI, we developed two dispargtimation procedures to detect buildings and lmokelated changes in the
topographic database. Then flight and camera date used to derive geographical 3D coordinates.

This paper first recalls how the different stepsassary to produce a DSM from stereo images wepéeimented, addressing
epipolar rectification, disparity estimation and 8&onstruction. The major contribution of the pajseto present a quantitative
assessment of the quality of automatic 3D meadweomparison with available ground truth valueseparation between errors
from artefacts in disparity estimation and precidimits in the reconstruction process has beersidened.

RESUME:

La disponibilité de couples stéréo d’'images aéesmu satellites permet I'extraction de Modeles Biigues de Surface cruciaux
dans l'observation de la terre. L'information 3Dt en effet pertinente pour la détection du changenaéfectant le bati. Les
variations en hauteur s’observent sur la carteisigadté représentant I'amplitude de la parallan&esles deux images du couple
stéréo. Si les données caméra et de prises deomtieannues ou estimées, les coordonnées 3D peétrerdéduites de la carte de
disparité, ouvrant la voie a de nombreuses appitat En particulier, L'Institut Géographique Natéd de Belgique est intéressé
par I'estimation automatique de données 3D polstessa procédure manuelle de restitution. Darespremiére collaboration avec
I'IGN, nous avons développé deux méthodes d’'esiimade la disparité pour détecter les batimentshetcher les changements
relatifs a la base de données topographiques. Entes paramétres de vol et de caméra furensésilpour déduire les coordonnées
géographiques 3D.

Cette publication présente d’abord les détails plémentation des étapes nécessaires a la produttiddNS, soit la rectification
épipolaire, I'estimation des disparités et la restarction 3D. La contribution majeure de l'artickencerne I'évaluation de la qualité
des mesures 3D automatiques par comparaison avelommées de référence disponibles. Nous avon&léoéida séparation entre
les erreurs a caractéere aléatoire survenant damstiade disparité et I'erreur d'imprécision dedeonstruction.

KURZFASSUNG:

Anhand von Stereopaaren von Satelliten- oder Udion kdnnen digitale Oberflichenmodelle erstelrden, die fur die
Erdbeobachtung von grof3er Bedeutung sind. Insbeserich Rahmen der Erfassung von Verénderungen lidmsfeschaffener
Strukturen ist die 3D-Information ein wichtiger Migis zur Unterscheidung von Gebauden und flachgek®mn (z.B. Parkplatzen).
Hohenunterschiede sind auf der Disparitatskarteeretiar, die die Amplitude der Parallaxe zwischen deei Bildern des
Stereopaars und damit die relative Erhebung dérdtellls verfiigbar, ermdglichen Kamera- und Aufmaiparameter eine Reihe
weiterer Anwendungen, jeweils auf der Grundlage Abteitung geografischer 3D-Koordinaten. Insbesoaddas Belgische
Nationale Geografische Institut ist interessiert der automatischen Schatzung von 3D-Koordinaten, das zeitaufwandige
manuelle Verfahren zu unterstiitzen. In einer ersirsammenarbeit mit dem NGI haben wir zwei Verfahreur
Disparitatsschatzung entwickelt, um Gebaude zunerdse und entsprechende Veranderungen in der tdismiren Datenbank zu
suchen. Dann wurden Flug- und Kameradaten verwendegeografische 3D-Koordinaten abzuleiten.

Die Verdffentlichung legt zun&chst dar, wie die zelmen Schritte zur Erstellung des digitalen OkeHenmodells aus
Stereobildpaaren umgesetzt wurden, und befasst Isietbei mit epipolarer Rektifizierung, Disparitithatzung und 3D-
Rekonstruktion. Der wesentliche Beitrag der Vendtiehung besteht darin, die Qualitat von autoneéiés 3D-MaRnahmen durch
Vergleich mit verfiigbaren Bezugsdaten quantitativizewerten. Dabei wurde eine Trennung von zufdlligehlern bei der
Disparitatsschatzung und Fehlern aufgrund Ungemhaii@n bei der Rekonstruktion versucht.



1. INTRODUCTION
1.1 Problem definition

Geographical information received an increasingeriggt as
applications like navigation entered public acc&ssen if 2D
flat information was first proposed, current depehents
consider the 3D aspect as an important asset tease the
reality and correctness of representations.

In our rapidly changing world, the validity of th@oposed
information can only be maintained at the experfsieeguent
updates, requiring much human effort in the traddi

procedures based on image observation. In ordezdp update
delays and costs to a reasonable level, geogrdpitétabase
producers are looking for alternative proceduresetiaon
software solution for (semi-) automatic change ctéta.

In a national project called C4-11, funded by thelgin

Ministry of Defence, the Signal & Image Centre bé tRoyal

Military Academy in Brussels is looking for imageopessing
solutions to offer support to the Belgian natiomahpping

agency (NGI). This study, running from 2007 till120 contains
two parts of great interest for NGI: the detectidrchanges in a
database at 1:10000 from aerial images and themaito
estimation of 3D coordinates from a stereo cougleaerial

images. We came to the conclusion that 3D inforonatis

particularly appropriate for change detection, szt the project
mainly focuses on 3D estimation for elevation measients
and change detection, what a posteriori justifles & priori

meaningless study name C4-11: “see for elev'n’vien).

The general subject of the underlying work conceBi3
estimation of building and road elements from adspstereo
pair of images used by NGI (aerial with 0.3m retioh). This
covers as many different topics as image pair freation,
disparity estimation and 3D reconstruction
corresponding modules are summarised in sectianc@ shey
were detailed in other publications. The objectiwehis paper
is to present a quantitative precision analysigqutbmatic 3D
measurements from a NGI image pair compared tongtdwth
3D values obtained at NGI by restitution.

1.2 Related Works

Photogrammetry, the technique to estimate thefrefia scene
from a pair of images, is nearly as old as phofoigyalts major

field of interest has traditionally been cartogmaphrhe

techniqgue has been refined thanks to the improvenoén
photography and thanks to the introduction of cot@pu
processing, leading today to fully automatic salnti

In recent years, functions related to photogranmyriedve been
populating most Geographical Information SystemdSj§G
either in commercial or open source solutions.

Epipolar rectification and 3D reconstruction arguna fields of
research from which state of the art solutions wesed in this
work. The interested reader will consult sectionwkich

redirects to appropriate references detailing thieselopments.

Software solution for automatic disparity estimatis trickier.
Although solutions have been proposed for a lomg t{survey
of Scharstein, 2002), we decided to build our ovgo@thm to

address two important aspects: robustness and catigyu
time. Section 2 contains a summary of internal tgreent for
disparity estimation. Details are available from nt@ned
references.

Our work targets two different applications: chardggection
from 3D cues, and 3D measurement for
verification or completion. Change detection cacoaemodate
with imprecise 3D values as long as relative heigtur
disparities) are coherent. On the contrary, databasdate needs
precise 3D estimation to detect errors or providevalues not
yet in the database.

Most works validate 3D estimations by presentirigMsS value
of the difference between measures and refererioes/@Nolff,

2007). We believe that two different types of esronpair 3D
measurements: faults due to a failure in dispastymation and
precision errors due to the limits of the matheoztmodel and
image localisation. The formers introduce posslatge errors
while the latters normally present a thin Gausdike—
distribution. We propose an error analysis basedhistogram
to separate the two error types and offer a deiepigght to find

the roots and answers to those errors.

2. 3D ESTIMATION FROM STEREO IMAGES
2.1 Introduction

Computational stereo refers to the determination 3@
information from two or several images taken froiffedent
points of view. Refer to (Baillard, 1997 and Brqva®03) for
good surveys.

In general, a distinction has to be made betweertgssing
aerial and satellite images. Aerial images arellysshot with a

whosedigital camera, so that all pixels are acquirethatsame time.
The projective (pinhole) model is applicable, wiggnerally
leads to the chain of processing described ingher. On the
contrary, satellite images are often captured witishbroom
cameras, one line at a time. An adaptation of thesgmted
procedure for 3D reconstruction should thus be ntadendle
most satellite images.

Figure 1: Part of an aerial image (0.3m) acquiggd\iGI in the
vicinity of Leuven (Belgium)

This section describes the processing chain for

reconstruction from a stereo couple of aerial irsagelopting

3D database

3D



the pinhole model. The following three subsectiatetail
epipolar rectification, disparity estimation and
reconstruction. The last subsection presents thentqative
analysis of automatically obtained 3D values by potational
stereo compared to ground truth.

3D

2.2 Epipolar Rectification

In a remote sensing campaign,
information is necessary to geo-reference the inazga. If not
available, this information can be derived fromea & Ground
Controlled Points of known geographical coordinatesked in
the images.

In our collaboration with NGI, the camera specificas are
available and aero-triangulation is performed byl Nsrefine
imprecise image references offered by the imagevigeo.
However, since the stereo matching algorithms argchm
simpler when applied to epipolar images (definetbwg we
developed a module to transform any stereo coupte i
epipolar images.

When two images of a stereo couple are acquiredifigred

times as in airborne or satellite acquisition caigms object
image positions may be displaced in any directilapendent of
relative object motion. Said differently, due torgmective
projection of the cameras, to an image positioth@left image
corresponds an epipolar line in the right imagehwibssible
projection points. By changing the geometry, ipassible that
the right epipolar lines of any left point are lzomtal and vice
versa. In this case, the image couple is said tegeolar and
the search to pair each right point with a corresignt left
point simplifies to a 1-D search instead of a 2-&arsh.
Fortunately, stereo images captured in a given gégnsan be
transformed a posteriori to become epipolar.

The approach followed to transform both images itie
epipolar geometry consists first in estimating fhedamental
matrix F, characterizing the cameras and the welgtioints of
view of the two image captures. The “8-point algon” has
been applied to estimate F thanks to a collectibrpaints
automatically selected in the left and right imagsSIFT local
feature detection (Lowe, 2004). The
(homographies) to be applied on both images to rtiekstereo
couple epipolar are derived from F (Hartley, 2003).

2.3 Disparity Estimation

Two different approaches for disparity estimatioavén been
conceived and implemented for the case of epipmteges,
usually adopted for computational stereo thankisteeduced
search complexity.

First, a correlation method based on multiple winduzes has

achieved for small correlation windows and the gibass
obtained with larger window sizes has been tackisd
estimating the disparity for all window sizes inger-selectable
range and delaying the final disparity choice toekxation
procedure optimizing a smoothness criterion by kied
annealing (Idrissa, 2009). A dense disparity mapasluced.

Secondly, in an attempt to reduce computation timéature

based approach has been developed by consideriag t

horizontal gradient as basic features to find cdatgi left-right
matches. The candidate sets are reduced by comgjdére

the flight and camer

disparity range limits, the intensity level and theadient
orientation similarity. Robustness is achieved byaggregation
phase which elicits the mode of all disparity caadies in a
small spatial area. This aggregation phase sernss the
purpose of delivering a dense disparity map (Beuyrg2i@09).

Figure 2: Disparity represented in false coloursregponding
to area of Figure 1

2.4 3D Reconstruction

3D reconstruction consists in converting image tomss (X,y)
and associated disparity (2.3) into geographical Y%, Z
coordinates. Although this transformation is a denp
application of well known mathematical formulase throcess
requires calibration from camera and flight infotioa.

2.5 Quality Estimation

NGI is one of the Belgian providers of vector datsds for
geographical information. In their recent versicaled ITGI
(Inventaire Topogéographique - Topogeographischenitaris),
a Z value corresponding to elevation is part of thea
associated to each polygon vertex. Z values willveseas
references to assess the quality of our automigtieatracted
Digital Surface Model (DSM).

transformations

Differences between automatically obtained 3D coates of
the DSM and database values may come from differggins.

The DSM may suffer from the limits of the matheroati
models, inaccuracies in image localisation and grdisparity
estimation from bad matching (due to occlusion, kveture

or confusion). Database coordinates may contaor&due to
human distraction and inaccuracies due to genatialis rules
followed to simplify data input during human restion. In the
specific case of NGI, the recent ITGI database ithe update
process after being initialised from its predece3apl0v-GIS.

.. In particular, Z values, not part of Topl0v-GIS revanitialised
%hanks to the restitution phase used to get cdyregpto-

referenced X, Y values for Top10v-GIS.

Our concern is that the 3D quality is generallyrested by the

Root Mean Square of the difference between estinated

reference values. For us, this measure has liglening if large

discrepancies due to unrealistic circumstances hide

precision achievable by the DSM extraction appro&¢h will

ry to get rid off unrealistic errors due to badspdirity
stimation or database errors.



2.6 Results

2.6.1 Global analysis for roads
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Figure 3: Histogram of Z errors for points of tlead network

We first analysed the Z differences from a histages shown
in Figure 3. To set up this histogram, all the Zuea of the
points of road segments of the vector database swdracted
from the Z values of the DSM estimated by our dthar on a

aerial image in the vicinity of Leuven (about 4908200

pixel). This figure shows the relative importandehe different

levels of elevation errors. The central peak magudpsists of
errors up to +/- 4m. The tails however contain esrmap to +/-

20m. These important differences, mainly due topitesence of
trees above the roads and some wrong disparitypa&stin from

image matching.

We introduced the threshold T to distinguish betwse types
of errors. Errors above T are expected to origingten

spurious circumstances like wrong disparity estiombr road
occlusion (by trees) generally leading to unexpiytéarge Z
error values. Errors below T are used to deriveMSRralue.
This measure mainly includes deviations from thmera or
mathematical model and small imprecision in imagealisation
and disparity estimation. The value T is pickednfrahe
histogram, separating the Gaussian-like part dumpoecision
and the more uniform distribution parts due to Eug
disparity estimation or database error. As lisedable 1, the
RMS value is 1.21 m for T =4 m.

T (m) 2 3 4 5 100
RMS(m) | 0.85 | 1.05 1.21 1.36] 58
NumPts | 3115 | 3361| 3473 | 3547 438}

Table 1: RMS values for different threshold values

Figure 4 shows the localisation of road pointsdquart of the
image considered for quality estimation. Red poisisite to
road vertices whose errors exceed threshold T. Mdrthem
correspond to road parts hidden by trees. Somesmond to
database errors. We noticed the case of a roathpassder the
motorway, but with the Z level of the motorway. Wkan to
develop an automatic procedure based on the dmtecif
unlikely local slopes along roads to handle thosgalihse
errors.
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Figure 4: Localisation of database road points. Reidts have
an error above T

2.6.2 Fine analysis for roads

In order to estimate a reliable level of errorlie Z estimation
from our stereo computation algorithm, we had tmaee the
most possible cases of errors explaining the tailBigure 3.
The level of errors affecting real road pointsikelly to be low
since many roads are large and continuous objettaof

hidden), well handled by disparity estimation. Rqaants of
the database correspond to the road axis whiclesaschance
to be influenced by elevated objects at the rodessi

For a finer analysis, we considered the plot ofrdfifes along

road segments. Figure 5 depicts the case of a skgme

corresponding to a motorway. Red plus signs ard A Glues
while green crosses are estimated DSM Z values.
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Figure 5: Estimated (green) and reference (redjofiles along
the motorway

We notice in this specific case a number of datlessors due
to the fact that the motorway lies about 20m abitneeterrain
level. As said earlier ITGI is not fully updatedtynd received
some Z values from interpolation, possibly leadingerrors



where Z varies much (bridges, overlapping roads). aléo see
in the figure an abrupt Z variation in the DSM \edu This
originates from wrong disparity estimation due touek. The Z
difference is so large (10m) because of the truaktion
between the two captures of the stereo pair.

To reject these large errors, we applied the tloesi (4m)

defined in the previous subsection and obtained Ri#l8es in

the range of 0.5 and 1.5 m for several road segasen for
their minimal number of points. Of course, we dat nonsider
roads occluded by trees. These RMS levels appeas t@s a
superior limit because the quality of Z from theadese is not
perfect.

The approach of error rejection from threshold egia way to
support NGl in its updating process of ITGlI, losalg points or
segments where restitution should be applied tobgtter Z
values. Our algorithm for DSM extraction could tsed for this
as well.
2.6.3 Global analysis for buildings

The quality estimation of Z measured for buildingess direct
as building database vectors do not superposectigrfe their

image, even after ortho-rectification, due to etewraerror and
delineation rules. As the 3D values of the buildidgtabase
concern polygon vertices, a small displacement &adsrge

chance to lead to a point out of the building roothe DSM.

Much more, in Belgium, a majority of roofs are gakdlthough
the database only encodes Z at the gutter levdlganeralises
the elevation for a block of houses of differentikcled by a
single polygon
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Figure 6: Histogram of Z errors for points of th&lding layer

Figure 6 depicts the distribution of Z differendestween the
Digital Surface Model and the Z values of buildingrtices
contained in the database. To account for the Xgcélisation
imprecision, the DSM was dilated, meaning that bidlecal Z
values were propagated to their close neighbouraopdto 1
pixel).

As the database was not updated thanks to thegmedémage,
consistency errors may be present in the resultsthey are
statistically limited as the database version drel itnage are
both recent.

In comparison with roads, the database containshnmore
building vertices, explaining the larger histogramlues. The

distribution of the central peak is larger due @ tmore
important variability of elevation around buildingshould it be
due to the relief reality, the infidelity of dispigrestimation or
inconsistencies of the database due to approximatides
concerning building restitution.

The RMS value of the central peak (T = 10m) forldings is
3.4 m (4 % building points rejected out of 12000).

3. CONCLUSIONS

This paper presented the analysis of errors of Zes
extracted from a pair of stereo aerial images ().3Whe
approach for
described. Then, automatically extracted X, Y, 2uga and
coordinates contained in the NGI vector databasgl ere
compared for road and building points.

The presented work mainly consists in the detertinaof
elevation (Z) errors. For the horizontal directigX, Y:

planimetry), no error analysis was performed othan through
observation. These coordinates were sufficientlgcise as
roads have limited slopes and as building vertieesre
compared after DSM dilation, making the planar lisasion
less sensitive. Should the precision in X and Yirbgroved, a
few reference points of known coordinates wouldfisgifto
perform a finer registration.

The analysis of 3D values concentrated on elevatias one of
the two goals of our study is to analyse if autocadly

extracted DSM can
restitution work for the ITGI database. For poistiiated on
the road network, the comparison of database etevat with

corresponding DSM values led to a RMS value ofr, 2vhere
differences larger than a threshold T (defined frtme Z

difference histogram) were discarded as a way fecte
unexpected values due to wrong disparity estimat@m
database errors. The error level for building moiathigher.

The present quality analysis demonstrated
correctness of all the steps involved in the autangstimation
of the DSM (epipolar rectification, disparity esttion and 3D
reconstruction). The global analysis through Hysion of
differences enabled the rejection of most spurigmsrs due to
either occlusion or database errors. The fineryaigindicated
that DSM values should have a sufficient quality foGl,
considering that the residual errors seem to bigypaherent to
the current database values. Trials with Z valuksigher
quality will be needed to confirm that point.

As a consequence of the finer analysis performedraad
segments, we can propose an automatic solution tHer
detection of database inconsistencies like the |loZa
discontinuities due to road overlapping or bridges.

In the future, we plan to refine the disparity mstiion
approaches in order to reduce the global error

inconsistencies discovered in these experimentsa¢eintend
to create a graphical interface that will integratbe
implementation of the different software piecesoirst user-
friendly environment.

automatic DSM extraction has beent firs

replace or complement the current

the géner

and
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