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Editorial

Photogrammetric Image Analysis

Automated extraction of objects from remote-
ly sensed data has become an important topic
of research in photogrammetry, computer vi-
sion, remote sensing, and geoinformation sci-
ence. The need to discuss recent developments
in methodological research and the potential
of various data sources has formed the back-
ground for the latest edition of the ISPRS Con-
ference on Photogrammetric Image Analysis
(PIA) which was organized by the Depart-
ment of Photogrammetry and Remote Sens-
ing, Technische Universitdt Miinchen (TUM)),
and held at the TUM main campus between
October 5 and 7, 2011 (see also the workshop
report by Boris Jutzi in PFG issue 1/2012).
This was the fourth workshop of that series,
following the successful events in 1999, 2003
and 2007, all of them hosted by the Depart-
ment of Photogrammetry and Remote Sensing
at TUM, which has become a constant in the
calendar of photogrammetry and remote sens-
ing and has continually attracted about 120
participants from all around the world.

In parallel to the workshop, a call for papers
was distributed to experts in the field of pho-
togrammetric image analysis to submit papers
to this special issue of PFG. The topics of the
conference and, consequently, of this special
issue, were related to the four ISPRS work-
ing groups (WGQG) co-operating in the organi-
sation of the scientific program of the confer-
ence, namely WG 1/2 “LIDAR, SAR and Op-
tical Sensors” WG III/1 “Pose Estimation and
Surface Reconstruction”, WG I11/4 “Complex
Scene Analysis and 3D Reconstruction” and
WG III/5 “Image Sequence Analysis”. As are-
sult, five papers (out of 10 submitted contribu-
tions) which have undergone a rigorous peer
review process are published in this special is-
sue of PFG.

The first paper, submitted by JocHEN MEI-
pow, is about a method for efficient least
squares adjustment of multiple loops in se-
quences. Dead reckoning, i.e., relative orien-
tation for sequences, suffers from inevitable
drift. The latter can often be strongly reduced

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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by constraints induced by closing loops. MEl-
pow’s method can deal with multiple loops si-
multaneously in a statistically optimal way.
Additionally, the employed minimal repre-
sentation without singularities leads to an ef-
ficient implementation. Results for 2D image
mosaicking and 3D trajectory determination
clearly demonstrate the method’s potential.

In the second paper, DoroTAa Iwaszczuk et
al. describe a technique for the orientation of
images using 3D building models as ground
control. Their method is based on a match-
ing process that detects correspondences be-
tween the edges of a building model and im-
age edges, using random sample consensus
(RANSAC) to distinguish correct matches
from incorrect ones. The experiments pre-
sented by the authors show that their method
delivers promising results for infrared images
taken from a helicopter.

The third paper written by Hui Ju et al. deals
with another aspect of image registration,
namely with the precise alignment of airborne
laserscanner (ALS) data and optical (aerial or
satellite) imagery. Based on an analysis of the
shortcomings of existing methods, they devel-
op a new technique consisting of two steps:
First, the optical and an ALS intensity image
are coarsely aligned using a method based on
the fast fourier transform. The transformation
thus established is improved by homologous
points obtained by scale and rotation invari-
ant region descriptor matching. Initial results
of the authors show that pixel level accuracy
can be achieved by their method.

The fourth paper written by DANIEL MUHLE
et al. focuses on identifying correspondences
for matching 3D point clouds. The proposed
algorithm is based on the basic principles of
matching by utilizing distinctive feature de-
scriptions and extends them in a way that
they can be used to identify corresponding 3D
points in sparsely populated and varying point
clouds. The investigations show that a relia-
ble matching of 3D points is possible and that
the position uncertainty of a 3D point does not

www.schweizerbart.de
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seem to have a strong influence on the match-
ing quality.

In the last contribution, MATTHIAS PLAUE et
al. address the extraction of pedestrian trajec-
tories and the according local density fields
from videos in order to support the macro-
scopic modelling of human crowds. The re-
sults of an experiment conducted by the au-
thors show that the proposed technique yields
both spatially as well as temporally smooth
density fields close to the standard definition
of density at all scales.

In summary, both the workshop and the
selection of papers of this special issue show
a number of trends. (1) The use of image se-
quences, be it from airborne or from (mobile
or fixed) terrestrial platforms, is gaining more
and more attention in the community. This in-
duces work both on the orientation of such se-
quences, which requires automation due to the
sheer amount of images to be dealt with, and
on tasks related to the detection of both static
and moving objects. (2) The use of UAVs as
aerial platforms capable of closing the “scale
gap” between aerial and terrestrial image ac-
quisition is becoming more and more com-
mon. As a consequence of the limitations of
Micro-UAVs with respect to the payload they
can carry, methods capable of dealing with
images of lower quality than standard aerial
imagery need to be investigated. (3) Methods
conceptionally capable of delivering results in
real time become important, especially in the
field of video surveillance. (4) Modern photo-
grammetric research tries to tackle problems
that were out of scope of ‘traditional’ photo-
grammetry, e.g. detection and tracking of pe-
destrians, or the derivation of behavioural pat-
terns from tracked pedestrians in crowds. (5)
Computer vision continues to have a strong
impact on the current directions of photo-
grammetric research.

Finally, we would like to sincerely thank
everybody involved in the preparation of this

special issue. We are very grateful to all staff
at Technische Universitdt Miinchen for their
invaluable help in organizing the workshop, to
the workshop participants who have made the
meeting a success, and to the authors of this
special issue for making available their excel-
lent papers, and for keeping a tough timeline.
We thank the editor-in-chief of PFG, WoLF-
GANG KRESsE, and his team for all the freedom
we have had when assembling this special is-
sue and for the help they extended to us in the
technical preparation.
UWE STILLA, HELMUT MAYER,
MICHAEL ScHMITT, Miinchen,
Boris Jutzi, Karlsruhe &
FrANZ ROTTENSTEINER, Hannover

This PFG-issue includes seven other articles
that relate to all three topics of PFG, photo-
grammetry, remote sensing, and geoinforma-
tion science. HERNANDEZ-LoPEZ et al. present
a study about the radiometric calibration of
Leica’s ADS40. ImmITZER et al. evaluate the
new spectral channels of WorldView-2 for
tree specification (in German). LauscH et al.
investigate the influence of scale on the clas-
sification of hyperspectral image data. MAN-
NEL & PricE show that multi-seasonal image-
ry of a multi-spectral camera leads to better
classification results than imagery data from a
hyperspectral camera with significantly more
bands, but recorded at the same time. ARROYO
Onor! et al. address an often encountered is-
sue of geometry data and present a new meth-
od for repairing errors in planar partitions
like cadastral parcels or land use coverages.
CAVEGN & NEBIKER demonstrate a new meth-
od for the automatic mapping of road signs (in
German). A report about the new spatial data
infrastructure of the Austrian civil air traffic
control Austro Control finalizes the suite of
articles (also in German).

WOLFGANG KRESSE
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Article

Efficient Multiple Loop Adjustment for Computer Vision

Tasks

JocHeN MEeibow, Ettlingen

Keywords: loop adjustment, image mosaicking, simultaneous localization and mapping

Summary: Applications performing dead reckon-
ing generally suffer from the inevitable drift of the
solutions due to measurement noise and other sys-
tematic errors. When dealing with moving sensors
such as cameras or laser scanners, loop closing rep-
resents one of the most important strategies to com-
pensate for these effects. Imposing loop constraints
reduces the uncertainties that arise and permits the
construction of consistent maps, mosaics, or scene
reconstructions. We propose and demonstrate an
approach to correct multiple loops simultaneously
by least squares adjustments in 2D and 3D. The re-
sults are statistically optimal, since all individual
uncertainties and correlations are considered. The
use of minimal transformation representations
without singularities enables efficient implementa-
tion. Furthermore, we address the selection of con-
sistent loop constraints by exploiting the natural
order of the sensor datasets given by the acquisition
process. The feasibility and the efficiency of the ap-
proach are demonstrated using synthetic data re-
flecting an indoor exploration scenario and by ex-
amples for terrestrial and airborne video mosaick-
ing.

Zusammenfassung: Die Losungen von Anwen-
dungen, die eine Koppelnavigation durchfiihren,
weisen in der Regel eine unvermeidbare Drift auf-
grund von Messrauschen und restsystematischen
Fehlern auf. Konzeptionell stellen Schleifenschliis-
se eine wichtige Strategie dar, um diese Effekte zu
kompensieren. Die Schleifenbedingungen reduzie-
ren die auftretenden Ungenauigkeiten und gestat-
ten den Aufbau von konsistenten Karten, Mosaiken
oder Szenenrekonstruktionen. Wir stellen einen
allgemeinen Ansatz vor, um mehrere auftretende
Schleifen gleichzeitig in 2D und 3D durch Ausglei-
chungen zur korrigieren. Die Ergebnisse sind sta-
tistisch optimal, da alle individuellen Unsicherhei-
ten und Korrelationen beriicksichtigt werden. Die
verwendeten minimalen Représentationen fiir
Transformationen in 2D bzw. 3D weisen keine Sin-
gularititen auf und ermdglichen eine effiziente
Umsetzung. Des Weiteren wird eine Strategie fiir
die Auswahl konsistenter Bedingungsgleichungen
vorgestellt, welche sich aufgrund der zeitlichen
Reihenfolge der Daten im Erfassungsprozess er-
gibt. Die Durchfiihrbarkeit und die Effizienz des
Ansatzes wird anhand synthetischer Daten de-
monstriert, die eine Innenraumexploration simulie-
ren, sowie mit Beispielen fiir die Mosaikierungen
von terrestrisch und luftgetragen erfassten Video-
bildern.

1 Introduction

1.1 Motivation

Today, navigation, image mosaicking, and the
exploration of unknown environments by si-
multaneous localization and mapping (SLAM)
are common tasks in robotics, computer vision
and photogrammetry. Exteroceptive sensors,
such as cameras or laser scanners, measure
the proximity of objects to the sensor’s frame

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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of reference. The use of moving sensors per-
mits the acquisition of environments for which
one builds or updates maps. Furthermore, the
sensors enable the determination of ego-mo-
tion in 3D by establishing correspondences
between consecutively captured datasets. The
latter is of special interest when external refer-
ences such as landmarks with known coordi-
nates or reference signals such as GPS-signals
are not available. In this situation, dead reck-
oning has to be applied, which is subject to in-
evitable drift due to measurement noise and

www.schweizerbart.de
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remaining systematic errors. The same holds
for the mosaicking of video streams: Assum-
ing planar scenes, the chaining of consecutive
image pairs suffers from accumulation of ran-
dom feature-tracking errors and systematic
errors due to imperfect calibration. This be-
comes evident when loops are present: drift
appears in discrepancies or gaps at the joints.

Conceptually, loop closing is one of the
most important strategies to compensate for
drift and to obtain more precise, globally con-
sistent results. Whenever a system recognizes
places already visited, the discrepancies that
occur should be distributed over the covered
path and the scene reconstruction.

1.2 Related Work

Contributions to loop adjustment are manifold
and can be found in the robotics, photogram-
metry, and computer vision literature. The for-
mulation and solution of optimization or inter-
polation tasks, the use of appropriate param-
eterizations and the construction of consistent
sets of constraints are all topics in which loop
adjustment has been considered.

For single loops, the parameter corrections
sought can be determined by distributing the
updates proportionally over the loop trajecto-
ry. In 3D, this can be accomplished by con-
sidering the so-called minimal-length trajec-
tory between two poses, which is given by
a straight line in the corresponding tangent
space. This interpolation can be controlled us-
ing scalar weights reasonably chosen propor-
tional to the uncertainties at hand and leads to
a minimal bending of the trajectory (DUBBEL-
MaN et al. 2010). In the context of video mosai-
cking, an optimization procedure is proposed
by CaBALLERO et al. (2007) for instance. Ap-
plying an extendend Kalman filter, an optimi-
zation procedure is employed for updating the
loop homographies. Within each step of the
filter update a normalization of the homogra-
phy matrices is necessary to fix the scale of the
homogeneous representation.

A solution to reduce the errors in a 3D net-
work of observed transformations is provid-
ed in GriserTl et al. (2007). The optimiza-
tion is performed using a variant of gradient
descent. In doing so, the updates are consid-

ered separately for the rotational component
(spherical linear interpolation) and the trans-
lational component. Results for experiments
with thousands of involved transformations
are shown. When deriving constraints from a
network of observations, the resulting set of
equations may not necessarily be consistent.
When the network is represented as a graph,
this leads to a need for so-called fundamental
cycle bases (UNNIKRISHNAN & KELLY 2002D).

The work closest to ours is that of EsTrA-
pa et al. (2005), which covers loop detection
and adjustment for the 2D SLAM case. The
squared Mahalanobis distance is calculat-
ed for hypothesis testing and nonlinear con-
strained least-squares optimization by se-
quential quadratic programming is used to
impose multiple loop constraints simultane-
ously. However, this work does not address the
need for finding a consistent set of independ-
ent constraints.

1.3 Contribution

Essentially, we extend the approach of EsTrRA-
pA et al. (2005) to the 3D case. We propose
an efficient method to build large and global-
ly consistent mosaics and sensor trajectories
within the same framework. As proposed by
Meipow (2011) in the context of video mosai-
cking, this is achieved by exploiting the pow-
er of algebraic projective geometry, by using
minimal representations without singularities
(StrASDAT et al. 2010), and by compiling con-
sistent sets of loop constraints (UNNIKRISHNAN
& KEeLLy 2002b). For the latter we exploit the
natural order of the datasets (video images
or laser scans) captured by a moving sensor.
The approach allows the simultaneous adjust-
ment of multiple loops in a batch process af-
ter solving the place recognition task. By con-
sidering image-to-image transformations or
pose changes as observations, we chose an
adjustment model with constraints for these
transformations parameters only, which leads
to small equation systems to be solved. The
stochastic model involved in these tasks rig-
orously incorporates the uncertainties of the
transformation parameters.

For the image alignment task, this approach
assumes planar scenes or a fixed projection
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centre. We assume uncalibrated cameras with,
however, straight-line preserving optics, i.e.,
we assume the lens distortion to be negligible.

2 Theoretical Background
2.1 Notation and Preliminaries

Homogeneous entities are denoted by upright
boldface letters, e.g. x or H, Euclidean vec-
tors and matrices with italic boldface letters,
e.g. I or R. For homogeneous coordinates “="
means an assignment or an equivalence up to
a common scale factor A # 0.

For the minimal parameterizations of a 2D
homography or 3D motion, we exploit the
power series

exp(K)= Z%Kkzz +K +%K2 +.., O
k=0 "+

which is the power series for square matrices
analogous to the power series for the scalar ex-
ponential function. For the analytical compu-
tation of Jacobians, we will frequently use the
rule

vec(4BC)= (C" ® A)vec(B) )

and its specializations. Here, the vec operator
stacks all columns of a matrix and ® denotes
the Kronecker product. The skew-symmetric
matrix S(a) built from a 3-vector a induces a
cross-product.

2.2 Parameterizations

We use homogeneous coordinates to represent
homographies in 2D and motion in 3D. In do-
ing so, 3D motion can be considered as a spe-
cial homography in 3D, which paves the way
to a common framework to treat 2D and 3D
tasks in the same way. Homographies form a
group. Thus, one can “undo” a transformation
by computing and applying the inverse trans-
formation (matrix inversion). The concatena-
tion or chaining of two or more transforma-
tions is carried out by matrix multiplication.
A planar projective transformation is a lin-
ear transformation on homogeneous 3-vectors

represented by a non-singular 3x3 matrix H =
(H,.j.), cf. (HARTLEY & ZISSERMAN 2004):

u' H, H, H;\u
V= Hy Hy Hy v 3)
w' Hy, H,, Hyj)\w

or, more briefly, x’ = H x. This transformation
is unique up to scale and has therefore eight
degrees of freedom. It can be written in inho-
mogeneous form as

_ H\x+H,y+H,;
Hyx+Hy,y+ Hy,

! and

_ Hyx+H,y+H,
Hyx+Hy,y+Hs,

@

with x =[x, y, 1]Tand x' = [x’, y, 1]".

A rigid-body transform in R? can be ex-
pressed by a 4x4 transformation matrix ap-
plied to homogeneous 4-vectors:

R ¢
H= |:0T 1] with R € SO3)andt € R?, (5)

where SO(3) is the Lie group of rotation ma-
trices. The motion matrices (5) form a smooth
manifold and, therefore, the Special Euclidean
group SE(3). Its operator is matrix multiplica-
tion.

In homogeneous coordinates, all transfor-
mations are realized by multiplication. Thus,
linearization in a multiplicative manner is
straightforward (FOrRSTNER 2010). With a mul-
tiplicative expansion, a nonlinear update reads

H=AHH, 6)

with an approximate homography H, and the
update AH within the iteration sequence.

The power series for the matrix exponen-
tial (1) relates Euclidean updates to represen-
tations in the tangent space. For 2D homogra-
phies, this is the zero-trace matrix

k kK
K(q,,) =k, ks ks > (7
k3 kﬁ _kl - ks
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which depends linearly on the eight correc-
tion parameters q,, = [k,, ..., k,]" (BEGELFOR &
WERMAN 2005). Requiring all matrices to have
determinant one, thus constituting a Lie group
SL(3), leads to an easy linearization scheme
(ForsTNER 2012). For 3D motion, the relation
is given by the so-called twist representation

K(g.)= S(r) At ®
%p) = 0" 0
with the six motion parameters ¢,

[T, AfT]T comprising three rotation parame-
ters r and a translational update Az (BREGLER
& MaLik 1998).

During the iterative estimation we do not
update the homography parameters or the mo-
tion parameters in tangent space, but rather
the approximate transformations H, by map-
ping the updates onto the manifold SL(3) or
SE(3), respectively

HY*" =exp(K(q))-HY", ©)

where v denotes the iteration step. Thus, we
end up with the estimates H = H,, 4 =0, and
X, for the covariance matrix of the estimat-
ed transformation parameters ¢,, and ¢, re-
spectively.

2.3 Sequential Links, Cross Links
and Cumulative Transformations

For establishing loops, we consider two dif-
ferent types of image alignment and motion:
sequential links and cross links (TURKBEYLER
& Harris 2010). Sequential links are given
by the chaining of consecutive, i.e., temporal-
ly adjacent, sensor data. For mosaicking and
visual SLAM, these transformations are usu-
ally determined by tracking or matching cor-
responding image features and, for laser scan-
ning data, by the registration of point clouds.
For the efficient computation of Jacobians
within the adjustment process, we will fre-
quently use cumulative transforms of sequen-
tial links

k=1
g _TTHyg - * Loy L2
H=[]"H,=‘H_ ... *H, ’H,
=1

k=2,..,n (10)

in analogy to cumulative sums and cumulative
products. They start with the very first hom-
ography 2H, of each sequence and result from
the kinematic chains. The concatenation of
motions is represented by multiplication from
the left.

Cross links can be established whenever a
system recognizes an already visited place or
by visual inspection. Here, the search for cor-
respondences is much more challenging and
sophisticated methods such as SIFT (scale in-
variant feature transform) for images (LowEg
2004) or ICP (iterative closest point) for point
clouds (Best & McKay 1992) are needed to
cope with changed sensor aspects.

3 Multiple Loop Adjustment

After the detection of loop closure events by
place recognition and the determination of the
corresponding cross link parameters, the mo-
saic loops or motion involved in these events
need to be adjusted. Taking all uncertainties
of the transformation parameters into account,
we pursue a statistically rigorous and optimal
approach (section 3.2). The approach is subop-
timal compared to the joint estimation of all
transformations together with the common 2D
and 3D points, e.g. SzeLiski (2006), TrRiGGS et
al. (2000), but enables the efficient treatment
of large datasets. For multiple loop adjust-
ment, the selection of a proper and consistent
set of constraints is crucial (section 3.1).

3.1 Choice of Cycle Basis

The set of constraints used within the adjust-
ment must not be redundant, i.e., the equations
must be independent. This can be realized by
considering a topological graph as a descrip-
tion of the links given by chained motions or
image transforms. Fig. 1 shows an example
for a sensor path with three established cross
links. The vertices of the graph denote locally
captured data elements, i.e., images or point
clouds, and the edges denote transformations.
Additional cross links have been marked by
arrows. In this graph, it is possible to establish
six different cycles (loops) that do not form
an independent set. A complete cover of the
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SEE

loop 1

loop 2

loop 3

e

loop 4

loop &

lonp &

Fig. 1: Six possible loops for a given sensor path with three cross links marked by arrows. Loops
1, 2 and 6 constitute the smallest-size basis, whereas the loops 1, 2 and 3 form the proposed set
of loops established along the sensor’s path with one cross link each.

graph is given, for instance, by loops 1, 2 and
6. In graph theory, such an independent and
complete cycle cover is called a fundamental
cycle basis (UNNIKRISHNAN & KELLY 2002b).
The solution of the least squares problem
proposed in section 3.2 does not depend on the
choice of the cycle basis, since the linearized
equations corresponding to any cycle basis
form an independent set in the space of con-
straints provided the approximate values are
the same. Choosing the cycle basis with the
smallest size reduces the computational costs
since the Jacobians involved are sparser. Here
“smallest size” refers to the number of edges
to be traversed in total (shortest loop lengths).
However, the problem of finding a cycle ba-
sis of smallest size has been proven to be NP-
hard for an arbitrary graph (THOMASSEN 1997).
Therefore and for the sake of simplicity, we
establish loops along the sensor path immedi-
ately whenever they occur, i.e., each loop con-
tains exactly one cross link. This approach is
simple and easy and exploits the natural tem-
poral and spatial order of the data provided by
the acquisition process. In Fig. 1 the loops 1, 2

and 6 constitute the smallest-size cycle basis,
whereas the loops 1, 2 and 3 are loops estab-
lished immediately whenever the sensor revis-
its a place.

3.2 Imposing Loop Constraints

The proposed loop adjustments are performed
by solving a standard least squares problem.
A solution to this problem is obtained by an
adaption of sequential quadratic program-
ming (Triges et al. 2000). Considering the
transformation parameters to be given but un-
certain observations, the solution is equivalent
to the adjustment with constraints for observa-
tions only (KocH 1999, McGLONE et al. 2004).
For the sake of completeness, we briefly sum-
marize here the adjustment model used and its
corresponding procedure. Then the loop con-
straints and the corresponding Jacobians are
presented.

With the given block-diagonal covariance
matrix X of the unconstrained (observed) pa-
rameters [q,",3q,", ... °q_,"]" (set of sequential
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links) augmented by the observed cross link
parameters, the optimization problem is given
by
AT A .

Q=(p—p) Ep;(p—p) — min (11
subject to ¢(p) = 0. Here, the sought con-
strained parameters are p and the loop con-
straints are ¢ (p) = 0. Linearization of the con-
straints yields

c(p)=c(p,)+CA4p 12)

with the Jacobian C. Then the estimator is

-1
PO =p+Z,CT(CT,CT) ¢ (13)
with CX CT being the covariance matrix of
the contradictions ¢(p) and
¢ =C(p" = p)-c(p") (14)
at each iteration v. The covariance matrix for
the estimates (13)

-1
z,=%,-%,C"(Cx,C") CZ, (15
is fully occupied in general and therefore com-
putable for problems of moderate size only.

The constraints for the chained homogra-
phies or integrated motion are simply

Jj-1
jH;_H [+1HI =0

I=i

(16)

for a single loop with j > i. The constraints
take one cross link (see section 3.1) into ac-
count, denoted by a single prime. Please note
that all homography matrices are unambigu-
ous due the determinant one constraint or the
Euclidean motion parameterization. An alter-
native formulation of the loop constraints (16)
is

J-1
W []"R =1 (17)
I=i
(UNNIKRISHNAN & KELLY 2002a), whereby the
Jacobians w.r.t. the cross link depend on the
sequential links, too.
The constraints have to be fulfilled for the
adjusted parameters. During the optimization

process we update the approximate homogra-
phies according to (9). Thus, the approximate
values for the parameters p are simply zeros
and we can expand the constraints with the
corresponding multiplicative updates AH =
exp(K(q)) = I. For the vectorization of the con-
straints (16), we consider this for the cross link
(i,/) and a sequential link (k, k+1)

JAH M- H,, (“"AH, - H, ) YH, =0
(18)

With Ah =vec(AH) and the rule (2), the
vectorization of (18) yields nine equations for
2D homographies and 16 equations for 3D mo-
tion respectively:

c=('HT@1) AN ~(“'H ® /H,., ) ab,
=0 (19)

The parameters ¢ of a single transformation
are related to the corresponding homography
H by AH = exp(K(q)) =~ I + K for small values
q. Thus, the linearization is

Ah = vec(I) + vec(K(q)) =vec(I)+Gq (20)

with the constant transformation matrix G. For
2D homographies, G is simply the 9x8 matrix

I
G, = ’ 21
0 [—1,0,0,0,—1,0,0,0} @

(MEemow 2011). For 3D pose changes, we ap-
ply a 16x6 transformation matrix G,, com-
posed of ones, zeros and minus ones.

The constraints (19) are linearily dependent
and a reduction to a set of six and eight con-
straints, respectively, is necessary. This can be
achieved by deleting equations or by comput-
ing a linear combination. Applying the pseu-
do inverses of the matrices G, yields reduced
constraints ¢= G'c.

The Jacobians are then

9e(§) _ 9e(¢) aAh’

Cc© =
g’ JdAh” 0g’

=G'('H'®I)G
22

w.r.t. the parameters of the cross link and
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¢S g (o m, )G
-G I:(iHI—T . k+1H1T)®(./‘Hl . k+1H1-1 ):IG
23)

w.r.t. the parameters of a sequential link. Note
that all Jacobians can be computed with a
cross link or cumulative transforms only.

For multiple loops to be adjusted, the entire
Jacobian C is then a matrix for the S sequen-
tial links

(5) () ()
Cll ClZ ClS
G Gy Cyy
seq . : . (24)
() () ()
CLI CLZ CLS

augmented by a usually much smaller block
diagonal matrix

C :Diag(Cl(”),Cz(C),...,Czc)),

cross

25)

where L denotes the number of cross links, i.e.,
loops, and D = 8 parameters for 2D homogra-
phies and D = 6 parameters for 3D motion, re-
spectively. Thus, the size of the Jacobian

C=[Cu 1]

is DL x D(S+L). Its shape is usually very flat,
since S>> L holds. The sparseness of the Jaco-

(26)

1

-

BB R

bian C, depends on the chosen cycle basis.
The size of the matrix to be inverted in (13)
depends only on the number of loops L. Note
that no special treatment of the homographies
not being part of any loop is necessary. No
case-by-case analysis is necessary, since the
corresponding estimates for the corrections in

(13) will simply be zeros.

4 Experiments

In the following, we demonstrate the feasi-
bility of the approach for the tasks of video
mosaicking (terrestrial and airborne, section
4.1) and 3D exploration, the latter possibly
by simultaneous localization and mapping
(SLAM) with the help of video cameras or la-
ser scanners (section 4.2).

4.1 Video Mosaicking

For each image of a video stream, salient
points have been extracted by the Forstner op-
erator (FORSTNER & GULcH 1987), and tracked
in the corresponding subsequent image by
the Lucas-Kanade tracker (Lucas & KANADE
1981). The respective positional uncertainties
— represented by covariance matrices — have
been determined for incorporation into the ad-
justment. The correspondences of the cross

PEE AT M T |

i
1_ TR

ES
]

Fig. 2: Mosaicking of 355 video images of size 720 x 576 pixel. Top: Image alignment by consider-
ing consecutive links only. Bottom: Result after the adjustment of two loops.
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links have then been established by applying
the scale invariant feature transform SIFT
(Lowe 2004) in combination with random
sample consensus (FiscHLER & BoLLEs 1981).
Fig.2 shows the result for the acquisition
of a fagade by an uncalibrated ordinary vid-
eo camera before and after adjustment of two
loops. The camera was moved in a pattern ac-

Fig.3: Mosaicking of approx. 1,200 images
with 480 x 320 pixel resolution. Top: Footprints
of the adjusted images (every 10" drawn). Mid-
dle: Aerial mosaic built by using the estimated
sequential links only (detail). Bottom: Mosaic
after adjusting four loops (detail). Image data:
©GeoContent provided by Google.

cording to the oo sign. The mosaic obtained by
applying the consecutive homographies only
is shown in Fig. 2, top, and reveals numerous
discrepancies due to drift. Subsequent adjust-
ment yields a consistent result. The gauge
freedoms for the mosaics have been fixed by
selecting the mean cumulative homography
(10) as reference transformation.

For the provision of airborne imagery we
abused a virtual globe system as an image
source and camera simulator. This guaran-
tees that the model assumptions are valid — all
uncertainties stem from tracking and match-
ing, respectively. The images have a rather
poor resolution of 480 x 320 pixel. The given
camera path features varying heights above
the ground as well as changing roll, pitch, and
yaw angles. During the flight, the camera car-
ried out a 180-degree-turn around its optical
axis, see Fig. 3. Four loop closing events have
been identified by visual inspection. The com-
puting time for the adjustment was 1.4 sec-
onds on a standard CPU at 1.59 GHz with non-
optimized Matlab code in four iterations.

4.2 Simulated Indoor Exploration

To the author’s knowledge, there are no pub-
licly available 3D data that contain sensor mo-
tion for sequential links and additional cross
links with uncertainty information as well as
ground truth for evaluation, neither derived
from visual data nor from laser scans. There-
fore, we restricted our investigation to syn-
thetic data reflecting already derived naviga-
tion solutions obtained by dead reckoning. In
doing so, we are omitting the effects of spe-
cific feature tracking and/or feature matching
techniques, which are outside the scope of this
investigation.

Fig. 4 summarizes the experimental setup,
the simulated data and the results. The cho-
sen sensor trajectory imitates indoor explo-
ration by a forward looking moving video
camera. The camera visits two rooms, moves
along corridors, and finally revisits its start-
ing point. The results could be provided by a
visual SLAM algorithm, e.g. a sliding window
bundle adjustment. Gaussian noise has been
added to the successive relative motion. This
results in the camera path depicted in Fig. 4,
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centre. The gap between the starting and end
points of the path is huge. The result after
closing and adjusting the three loops given by
the fundamental cycle basis depicted in Fig. 1
(Loops 1, 2 and 3) is clearly more consistent.
The computing time for the adjustment was
0.1 seconds at 1.59 GHz with a non-optimized
Matlab implementation.

Most of the absolute sensor poses change
considerably during the adjustment. However,
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Fig. 4: Synthetic data with 3,000 camera poses
(every 10" is plotted) simulating indoor explo-
ration by a moving camera with subsequent
place recognition and loop adjustment. Top:
Ground truth with three loops. Middle: Noise
and drift added to the consecutive motion. Bot-
tom: Trajectory after adjustment of the loops.

the relative consecutive motions change only
slightly due to the least squares approach. Lo-
cally, the trajectory is hardly affected while,
globally, consistency is achieved. For the de-
termination of the empirical accuracy of the
adjustment result, we compute the test statistic

- )T (z +25" )71 (p=p"")

~Fre. @7
based on the Mahalanobis distance w.r.t. refer-
ence values of the parameters, i.e., the ground
truth (McGLoNE et al. 2004, DIcKSCHEID et al.
2008). The test statistic is [, -distributed
w1th R = DS degrees of freedom We obtain
= 1.0174 which is lower than the 0.95-quan-
tile 1.0176 of the F-distribution. Thus the ac-
curacy potential has been fully exploited.

5 Conclusions

We have proposed a statistically optimal ap-
proach to adjust multiple loops simultaneously
in particular for image alignment in 2D and
simultaneous localization and mapping in 3D.
The adjustment model chosen and the param-
eterizations used enable an efficient imple-
mentation: Hundreds of images or poses can
be adjusted within a second. To come up with
a set of consistent loop constraints, we exploit
the natural order of datasets given by the se-
quential acquisition process of moving map-
ping sensors.

Visual inspection of the test results clearly
reveals the capability of the approach to com-
pensate for inevitable drift, which indicates
that the approach supports the generation of
consistent mosaics and scene reconstruc-
tions. For path planning during exploration,
such loop closing implies an obvious strategy:
loops should be detected and closed as soon as
possible and wherever possible.
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Line based Matching of Uncertain 3D Building Models
with IR Image Sequences for Precise Texture

Extraction

Dorota lwaszczuk, Lubwic HoEGNER, MicHAEL ScHmiTT & Uwe STiLLa, Minchen

Keywords: line matching, infrared images, building model, texture

Summary: Thermal building textures are used
for the detection of damaged or weak spots in the
insulation of building hulls. These textures can be
extracted from directly geo-referenced oblique air-
borne infrared (IR) image sequences by projecting
a 3D building model into the images. However, the
direct geo-referencing is often not sufficiently ac-
curate and the projected 3D model does not match
the structures in the image. Thus we present a
technique with the main goal of finding the best fit
between the 3D building model and the IR image
sequence. For this purpose we correct exterior ori-
entation via line based matching. We assign image
lines to projected model lines based on the distance
and angle between them. The maximum distance
and maximum angle between assigned lines is giv-
en by the uncertainties in the projected lines, which
is derived from the uncertainties in the 3D build-
ing model and from the uncertainties in the camera
position and orientation by error propagation. Then
we use the random sample consensus (RANSAC)
to remove incorrect correspondences. The corre-
spondences selected by RANSAC are adjusted us-
ing the least squares method. In the adjustment we
consider both uncertainties in the model and in the
image features. To evaluate the presented method
we test it running the algorithm among the set of
images and visually assess the improvement.

Zusammenfassung: Linienbasierte Zuordnung
von unsicheren 3D-Gebdudemodellen mit IR Bild-
sequenzen zur prdzisen Texturgewinnung. Thermi-
sche Gebédudetexturen werden fiir die Detektion
von Schwach- und Schadstellen in der Isolation von
Gebdudehiillen eingesetzt. Solche Texturen konnen
aus den direkt georeferenzierten, infraroten (IR)
Luftbildsequenzen gewonnen werden, indem das
3D Gebdudemodell ins IR Bild projiziert wird. Das
direkte Georeferenzieren ist jedoch oft nicht genau
genug und das projizierte 3D Modell stimmt nicht
mit den Bildstrukturen tiberein. Deswegen wird
hier eine Technik prasentiert, mit dem Ziel, die bes-
te Anpassung zwischen dem IR Bild und dem 3D
Gebdudemodell zu finden. Dafiir korrigieren wir
die Parameter der dufleren Orientierung mittels li-
nienbasierter Zuordnung. Die Bildlinien werden
den projizierten Modelllinien aufgrund der Entfer-
nung und aufgrund des Winkels zwischen ihnen
zugeordnet. Die maximale Distanz und der maxi-
male Winkel zwischen zugeordneten Linien erge-
ben sich aus der Unsicherheit der projizierten Lini-
en, die aus den Unsicherheiten der Kameraposition
und Orientierung und aus den Unsicherheiten der
3D-Gebidudemodelle mittels Fehlerfortpflanzung
berechnet werden. Danach verwenden wir RAN-
dom SAmple Consensus (RANSAC), um die feh-
lerhaften Korrespondenzen auszusortieren. Die
von RANSAC ausgewihlten Korrespondenzen
werden mit der Methode der kleinsten Quadrate
ausgeglichen. Bei der Ausgleichung werden zwei
Unsicherheiten beriicksichtigt: die des 3D Gebéu-
demodells sowie die der Bildmerkmale. Um die
présentierte Methode zu evaluieren, wird der Algo-
rithmus in einer Bildsequenz angewandt und die
Verbesserung visuell beurteilt.

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany

DOI: 10.1127/1432-8364/2012/0135

www.schweizerbart.de

1432-8364/12/0135 $2.75



512 Photogrammetrie o Fernerkundung « Geoinformation 5/2012

1 Introduction

Thermal inspections of buildings contribute
to the detection of damaged and weak spots
in the building structure. Three dimensional
(3D) spatial referencing of the captured imag-
es helps the interpretation of the data, espe-
cially for large area inspection using images
taken by a mobile mapping system. Fagades
seen from the street level can by captured by a
camera mounted on a vehicle (HOEGNER et al.
2007) and the roofs are imaged from a flying
platform. Using multi aspect airborne oblique
images, the missing walls in inner yards are
captured. The spatial reference is achieved by
combining infrared images with 3D building
models via texture mapping. The existing 3D
building models can be projected into the in-
frared (IR) images and the building textures
can be extracted. For the projection the exte-
rior and interior orientation parameters of the
camera need to be known. These parameters
can be determined directly from the naviga-
tion device and camera system calibration pa-
rameters (camera calibration, boresight and
lever-arm calibration). Unfortunately, the di-
rect geo-referencing is often not sufficiently
accurate and the model does not match the
structures in the image. To refine the regis-
tration a model-to-image matching should be
carried out.

2 Related Work

In literature the model-to-image matching
problem for airborne imagery is frequent-
ly addressed and many methods for solving
the problem have been presented. FrRUH et al.
(2004) propose line matching based on slope
and proximity by testing different random
camera positions. However, as DING & Zak-
HOR (2008) mentioned, this method requires
high computational effort. Hsu et al. (2000)
search for the best camera position by mini-
mizing the disagreement between projected
features and features detected in the image.
Other authors propose methods for coarse ori-
entation which use vanishing points (DING &
ZAxHOR 2008, FOrRSTNER 2010). These methods
lead to faster results, but they assume so called

“Manhattan scenes”, where many horizontal
and vertical lines can be detected in the image.
In some works (VosseLMAN 1992, EUGSTER &
NEeBIKER 2009) relational matching is applied,
which does not only consider the agreement
between an image feature and a model feature,
but also takes the relations between features
into account.

Methods can also be differentiated based on
which image features they use for matching.
Some authors propose points (DING & ZAKHOR
2008, AvBELJ et al. 2010), but most works con-
sider lines as more natural for building struc-
tures and use them for co-registration (DEBEV-
EC 1996, FrUH et al. 2004, Scuenk 2004, Euc-
STER & NEBIKER 2009). In some papers hybrid
methods employing points and lines at the
same time are presented (ZHANG et al. 2005,
TiaN et al. 2008).

Only few authors take the uncertainty of
the applied 3D models into account. Usually
the models used for these kinds of matching
are stored in a parameterized form (SESTER
& FOrRSTNER 1989, LowE 1991, DEBEVEC et al.
1996, VosseLMmaN 1998), which is very useful
for 3D reconstruction, because the parame-
terized models represent simple buildings or
building primitives. However, reconstructed
building models are frequently modelled by
polyhedra and stored in a format supporting
polyhedral models, e.g. CityGML. Thus, for
matching images with existing 3D building
models other methods should be developed.

In our research we present a method for
matching polyhedral 3D building models with
thermal IR imagery. Because we do not use
the parametric model representation, we can-
not directly apply the stochastic model pro-
posed by SEsTER & FORSTNER (1989). In con-
trast to HOEGNER et al. (2007) we do not use
terrestrial image sequences but instead match
images taken by a camera mounted on a fly-
ing platform. We extend our previous work
(AvBELJ et al. 2010) as we do not use the inter-
section points but apply a line based match-
ing and consider both, the uncertainties in
the 3D building model and those in the image
features. The goal of this technique is an im-
provement of the camera position, so that the
best fit between the 3D building model and the
image structure is achieved.
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3 Line based Matching

In the presented research the main goal is to
find the best fit between the existing 3D build-
ing model and the IR image sequence. We as-
sume a calibrated camera system with GPS/
INS navigation, known interior orientation
of the IR camera, and known lever-arm and
bore-sight parameters. Accordingly, the cam-
era position and orientation are determined
quite accurately. This allows the projection of
the 3D building models into the image using
the collinearity equations. Unfortunately the
projected 3D model often does not match the
structures in the image. On one hand this is a
consequence of the remaining error after the
camera calibration and the camera pose (po-
sition and orientation) determination. On the
other hand the mismatch can be related to the
rolling shutter effect. Rolling shutter occurs
in cameras with a line-wise readout system
when the photographed objects or the camera
are moving. Such systems are often used in IR
cameras, thus the rolling shutter effect is par-
ticularly noticeable in IR images taken by a
moving camera and can lead to a “shrinking”
or “stretching” effect on the imaged objects.
Another reason for the mismatches can be the
unmodelled lens distortions of the IR camera
or unmodelled vibrations of the camera. To re-
duce all these remaining errors we propose a
matching procedure between the 3D models
and each IR image frame.

Our method is based upon the least squares
method. We use the stochastic model to em-
bed the uncertainties of the extracted image
lines and the uncertainty of the 3D building
models. The uncertainty of the image lines is
given by the uncertainty of the extraction pro-
cess of the lines, and the uncertainty of the 3D
building models is a result of the inaccurate
extraction process and generalization. In this
research we use 3D building models generated
from aerial images. Therefore we assume the
roofs to be more reliable, because they were
directly measured during the 3D reconstruc-
tion. Besides, the radiometric properties of the
ground (sidewalks and streets) in thermal IR
are similar to the properties of the walls, so
that the edges between have very low contrast
and often cannot be extracted.

3.1 Line Parameterization

Polyhedral 3D building models are stored
as a set of polygons defined by lines (edges)
and points (corners). Lines are natural build-
ing structures, which can be detected in the
image. To use these lines for co-registration a
mathematical description of a line is needed.
Typically a line in 3D is described by a direc-
tion vector v and a point P. For this descrip-
tion any point P belonging to the line can be
used, thus there is more than one set of param-
eters describing one line. To solve this prob-
lem RoBerTs (1988) introduced a line repre-
sentation which is unique and unambiguous.
This line representation was discussed, varied
and applied in photogrammetric context by
ScHENK (2004).

Roberts’ line representation is based on two
orientation parameters (o, ) and two position-
al parameters (X, Y)). The azimuth a and ze-
nith 6 can be deduced from the spherical co-
ordinates of vector v. (X, Y)) are coordinates
of the intersection point with the plane XY,
where X’Y’Z’ is the rotated original coordinate
system XYZ, so that the Z’-axis is parallel to
the line (Fig. 1a). All equations required to cal-
culate these parameters are given by SCHENK
(2004) and MeEierHOLD et al. (2008). Each
point on the line can be expressed as

X X, cosacos@—Y sina+tcosasind
Y |=| X,sincxcos@+Y, cosa+tsinasing |
VA —X,sin@+tcos@

(1

As we can see, all lines, including verti-
cal and horizontal ones, are defined using (1).
This parameterization uses four parameters,
which is the number of degrees of freedom of
a 3D line. We use this representation of lines
to express the edges of the 3D building model.

Similarly, we searched for a 2D line repre-
sentation which uses the minimal number of
parameters and is defined in all cases. For this
purpose the representation with angle y and
distance p can be used:

xcosy+ysiny—p=0, )
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Fig.1: Parametrization of a line — graphical
representation a) in 3D space using 4 param-
eters; b) in 2D space using 2 parameters.

p denotes the shortest distance from the line
to the origin of the coordinate system, and y
denotes direction angle of the normal vector
to the line (Fig. 1b).

3.2 Assignment of Corresponding
Lines

Assignment of corresponding lines is carried
out in the 2D image space. The model lines
are projected into the image using coarse exte-
rior orientation parameters obtained by direct
georeferencing, and for each model line po-
tentially corresponding image lines are found.
In this work we apply an assignment based on
relative position and orientation. We calcu-
late a buffer S, around every projected visible
model line segment. The width 2:4p of S, is
given by 4p =35, where o, is the uncertainty
of the parameter p (distance) of the projected
model line, calculated by propagating the un-
certainty of the camera position and the un-
certainty of the model. For all image line seg-
ments within the buffer we calculate the an-
gle difference 4y, (Fig. 2). All model line seg-
ments for which 4y, is smaller than a threshold
Ay, . are accepted as correspondences. Ay, is

calculated as 4y, = 3'0,, where o, is the un-
certainty of the parameter (angle) y of the pro-
jected model line, which is calculated by prop-
agating the uncertainty of the camera position
and the uncertainty of the model. Formally we
can write these conditions as:

1>l if{e.e,}cs Alay|<ar. @

J

A;/ij =|7i_}/j|’ )

where /  denotes the i model line, S, is the
search space for the i model line (buffer
around /, ), [, denotes the J" image line, e, and
e, are the end points of the j image 11ne 7, 1is
the y-parameter of the representation given by
(2) for the projection of the i model line and y,
is the y-parameter for the j” image line.

This search for correspondences is applica-
ble in our case because we assume to know
the exterior orientation of the camera from the
GPS/INS path precisely enough for the pro-
jected model lines to be only a few pixels away
from their corresponding image features. To
ensure a reliable assignment a visibility check-
ing algorithm is also required, so that hidden
edges are not projected into the image and no
correspondences for them are assigned.

I

Fig.2: Assignment of correspondences. /  is
the i model line. For every [ (in black) a
search space S, (the buffer around [ ) is de-
fined. If both end points ¢, and e, of i |mage line
are within S, and the angle difference Ay, be-
tween/ andl is smaller then a threshold, then
the |mage line I.is accepted as a correspond-
ence for /. (in green). Otherwise / is rejected
as a correspondence forl (in red)

mi
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3.3 Line Based Least Squares
Adjustment

The correspondence between 3D coordinates
and their perspective projection into the im-
age is given by the collinearity equations. The
collinearity equations can be combined with
(1) and the parameters m and d from the line
representation

l:y=mx+d )

can be calculated. Detailed equations needed
to express m and d in terms of camera posi-
tion parameters are given by MEIERHOLD et al.
(2008). The authors also mention the problem
of vertical image lines, which cannot be ex-
pressed using (4) and propose to change the
line representation to

l:x=m'y+d', where m':i, d':i. ©)
m m

The problem during the adjustment is that
some lines can change from being non-verti-
cal to being vertical in the iteration process,
so that the Jacobian matrix would have to be
re-designed. To avoid this problem we use (2),
express y and p in terms of camera orientation
parameters and use them as observations.

Y= arctan(—%} p= 4 7)

m’ +1
For the adjustment we use the least squares
method with the model:

A A A

}/j tv, = f(X07YO’ZO’&)9¢?7’%ac{i70i’XSi7YSi) °
8

V]

p;tvy, =

f(XoﬂYO7ZO’é)’¢9’%’aiaeiaXSi’YSi’c’XO’yO) (9)

In (8) and (9) the hat “~” is used for un-
knowns to be estimated. f denotes the func-
tional model derived from the modified collin-
earity equations (7) based on the exterior ori-
entation of the camera (X, Y, Z,, w, ¢, k), the
interior orientation parameters (c, x,, y,) and
the parameters (o, 0,, X, Y) of the 3D lines.
The interior orientation parameters and the
parameters of the 3D lines are assumed to be

constant. v, and v, denote the corrections we
seek to minimize in the least squares context:

(39,7 +.9,7) > min. (10)

Writing the model in a vector form, where

b =[%.0075Pasreeeens Vo 2u1 (11)
V=000, 500 V01 12)
x=[X,.Y,.2,.0,6,%] (13)
we get:

b+ v =1(X) =f(X +AX), X=X+AX. (14)
Here b denotes the observation vector for
n-correspondences, X denotes the vector of es-
timated unknowns, and X denotes the vector
of approximated values for unknowns. Apply-
ing a first order approximation using a Taylor
series the Jacobian matrix A is calculated as

N (15)
ox
Then AX and V are estimated using
Ax=(ATP,A) AP, (b-f(X)), (16)
V= AAR—(b—f(X)) . 17)
where P,, is the weighting matrix and
P,=Q, " '=0,-C, . (18)

Q,, denotes the weight coefficient matrix,
C,, denotes the covariance matrix and o7 de-
notes the variance factor.

3.4 Uncertainty of the Building Model

The uncertainty of the building model is re-
lated to the inaccuracies of creation and gen-
eralization. Many building models are created
from aerial imagery, where the roof corners
and the height to the ground are measured.
Hence often the roof overlap is not modelled,
and the wall edges are less accurate (less reli-
able) than the roof edges. We assume differ-
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ent accuracy values for the roof points and for
the wall/ground points in the model, which are
presented graphically as ellipses in Fig. 3. The
Z-coordinate is assumed to be less accurate
than X- and Y-coordinates. In Fig.3 it can be
observed that in the case of oblique airborne
images not only the X- and Y-components, but
also the Z-component of the uncertainty has
a strong influence on the position error of the
projected point.

The model uncertainty can be embedded
into the model presented in section 3.3 ex-
tending the vector of unknowns with the mod-
el line parameters:

A A

A:[A}oayoazoa&)’éa’%a&péi:/\A/Sfa);sl']- (19

Also the functional model f (14) has to be
extended with equations for the model line pa-
rameters as follows:

o+ ‘;m‘ = &z

0. +v, =6 (20)
X +‘;va =X

Y, + {;Y.\'i =Y

Accordingly the Jacobian matrix A is ex-
tended with 4n observations and 47 unknowns.
Unfortunately the uncertainties of the param-
eters of the 3D line models (o, 0, X, Y,) are
not directly known. Usually the p0s1t10n accu-
racy of the 3D building models created from
aerial imagery is given for building corners.

Fig.3: Projection of model point uncertainty
into the image in oblique geometry.

Therefore the uncertainty in the parameters of
the 3D line models (a,, 0, X, Y;,) has to be cal-
culated using error propagatron law:

C, =FC_F". 21

C_, denotes the covariance matrix for 3D
coordinates of the corners, F is the Jacobian
for the function transforming the XYZ coor-
dinates to line parameters a, 0, X, Y, and
C, denotes the covariance matrix for the line
parameters The uncertainty of X and Y de-
pends on the coordinate system. Therefore all
calculations should be carried out in the local
coordinate system.

3.5 Reliability and Uncertainty of
Image Lines

Edge extraction is carried out using the Can-
ny algorithm. The edges are detected with dif-
ferent extraction parameters. By varying the
minimum edge strength required for a feature
to be accepted as an edge, different results
are achieved. Lowering this parameter results
in multiple detections, because low-contrast
edges are also included. However, these edges
are less reliable as building edges. Setting a
high minimum edge strength means “strong-
er” edges can be detected, but there may not
be a sufficient amount to fit the model. Thus
we propose edge detection with varying mini-
mum edge strength. As a result we get three
sets of detected edges. We then combine all
three edge sets using the minimum strength
to weight them.

Additionally, we assume that building edg-
es correspond to long image lines. Short lines
more likely correspond to other objects or to
noise. Therefore we also use the length of the
detected lines for weighting. The weights of
the lines are calculated as follows:

Ly
817504 255

max

22)

where g, denotes the weight for the j* im-
age line, /, denotes the length of the j” line,

a, € [0, 255] denotes the threshold for the min-
imum edge strength used for the extraction of
the /# lineand d,_is the length of the diagonal
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Fig.4: An exemplary IR frame (a) and the weighting of the lines extracted in this frame (b). Three
different minimum edge strengths were used for the extraction.

of the entire image. An exemplary weighting
of the lines is presented in Fig 4.

We use weighting to identify the reliable
edges and do not consider those with low
weights for the assignment of correspondenc-
es.

For the image features the position uncer-
tainty of the end points is given. Thus, we cal-
culate the P,, matrix for y and p using error
propagation as shown in (21).

4 Elimination of Incorrect
Correspondences Using
RANSAC

The method of assigning correspondences de-
scribed in section 3.2 allows for the selection
of multiple image lines corresponding to one
model line. This leads to many incorrect cor-
respondences, which have to be eliminated or
reduced. For this purpose we apply the ran-
dom sample consensus — RANSAC (FISCHLER
& BoLLes 1981). From the set of all hypotheti-
cal correspondences selected in the procedure
from section 3.2, we randomly select three
correspondences from different parts of the
model and calculate exterior orientation pa-
rameters without redundancy. We then check
how many of the remaining correspondences
fit the randomly estimated exterior orienta-
tion parameters. This procedure is repeated k-
times, and £ is calculated as

_ log(1-0.99)
Clog(l-(1-€))’

where 7 is the number of necessary observa-
tions, ¢ € (0,1) is the outliers rate and the prob-
ability that RANSAC makes at least one error
free selection is 99 %. We estimate ¢ as

23)

E=N=Ny, (24)
where N is the number of hypothetical corre-
spondences selected by the assignment algo-
rithm and N,, , is the number of model lines
which have at least one assigned image line.
The RANSAC algorithm results in new exte-
rior orientation parameters and a set of correct
correspondences. These data are taken as the
input for the adjustment procedure described
in section 3.3.

5 Data Description

For our experiments we used a test dataset
captured in a densely built-up area in the cen-
tre of Munich, Germany. The thermal imag-
es were taken using the IR camera AIM 640
QLW FLIR with a frame rate of 25 images per
second. The camera was mounted on a plat-
form carried by a helicopter. The flying height
was approximately 400 m above ground lev-
el. The camera was forward-looking with an
oblique view of approximately 45°. The size
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of the images is 640 x 512 pixels. According
to the flying height, camera orientation and
camera parameters, the ground resolution of
the IR images varies from about 0.5 m in the
foreground to about 1.4 m in the background
of the oblique images.

For geo-referencing we use data acquired
by an Applanix POS AV 510 GPS/INS sys-
tem. To correct the INS drift a Kalman filter is
applied and an extended bundle adjustment is
carried out (KoLeckr et al. 2010). The correct-
ed exterior orientation parameters are used for
the model projection.

The 3D building models were created semi-
automatically using commercial software for
3D building reconstruction from nadir view
aerial images and stored in the CityGML for-
mat. In this format the buildings are stored
face-wise as sequences of 3D points. Accord-
ingly, all the lines are stored twice (once in
each of the two faces intersecting at that line),
and points even occur three or more times. We
therefore reorganize the model to reduce dou-
ble lines. We collect all points (corners) and
remove repetitions. Then we store lines and
faces as references to the points.

(b)

6 Results

We carried out tests with the data described
in section 5. An exemplary frame with the
image lines (cyan, blue and magenta) and the
projected model (yellow and green) is pre-
sented in Fig. 5a. The model lines which have
correspondences are printed in green and the
model lines without correspondences in yel-
low. The image lines without correspondenc-
es are presented in cyan; image lines which
were assigned to model lines, but refused by
RANSAC are depicted in blue, and image
lines which were accepted by RANSAC and
taken as input for the adjustment are depict-
ed in magenta. Fig. 5b shows the same frame
with the projected model before (red) and after
(green) adjustment.

In Fig.5b an improvement of the position
of the projected model can be observed. Pro-
jected building structures match the IR image
very well. Thanks to this, thermal building
textures can be extracted precisely. Neverthe-
less, accuracy of the exterior orientation pa-
rameters estimation is not very high. For the
exemplary frame from Fig. 5 the standard de-

Fig.5: Exemplary frame with extracted lines and a projected model: (a) before matching, where
cyan = image lines without correspondences, blue = image lines with correspondences but re-
fused by RANSAC, magenta = accepted image lines, green = model lines with correspondences,
yellow = model lines without correspondences; and (b) after matching, where red = 3D building
model projected with initial exterior orientation parameters, green = 3D building model projected

with adjusted exterior orientation parameters.
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viations are g, =3.8 m, 6,=6.5m, 5,=4.5m,
o, =0.60°% 0,=0.69° and g, = 0.39°. This is
related to the low resolution of the images and
the low accuracy of the extracted edges.

To evaluate the method and to investigate
the sensitivity of the method with respect to
changes in the initial exterior orientation we
selected one frame and carried out a test in
which we generated normally distributed ran-
dom numbers with mean ¢ = 0 and standard
deviationo _=1m, o, =0.1°and used them
to degrade the initial exterior orientation pa-
rameters. We successively repeated the test
with increasing o, and o, . Results of this
investigation are presented in the first row of
Tab. 1. For comparison we conducted the same
test without RANSAC (second row of Tab. 1).

Tab.1: Percentage of successfully matched
samples with downgraded initial exterior orien-
tation. o denotes the standard deviation used
for the generation of normally distributed ran-
dom numbers, witho = o, ,, 0,,,,, Wwhere 0, , =
1m, and o, = 0.1° First row: results using
RANSAC; second row: results based on the
assignment of correspondences without outlier
detection.

Successfully matched samples when
downgrading the exterior orientation with
normally distributed numbers using mean

p = 0 standard deviation (%)

c 36 40 5S¢ 76
1) 96 68 65 61 46
2 98 43 20 16 0

Tab. 1 shows that our method works for well
geo-referenced images. The search for corre-
spondences proposed in section 3.2 delivers
good results if the camera position and rota-

tions are known with an accuracy of 1-2m
and 0.1-0.2°, respectively. As we mentioned in
section 3.2, the size of the search space S, and
the angular threshold are calculated based on
the expected displacement and rotation of the
projected model lines, which are in turn cal-
culated from the propagation of errors in the
3D building model and the exterior orientation
parameters. If we downgrade the initial exte-
rior orientation by 40, we get the width param-
eter of the buffer 4p = 3-6, in range of about
40 pixels and the angular threshold Ay = 35,
which corresponds to about 8°. The values are
so high, because o, and o, are calculated as
propagation of the uncertainty of the camera
position and orientation and the uncertainty
of the 3D building model. This leads to many
incorrect correspondences with ¢ = 85 %. In
case of downgrading with 70 we get ¢ = 93 %.
The typical least squares adjustment method
cannot cope with such a large number of out-
liers. However, using RANSAC the algorithm
is robust even if the camera is “shifted” from
the initial position by few meters (e.g. Fig. 6).
For 7o we still get 46 % successfully matched
samples.

7 Discussion and Future Work

Line based model-to-image matching has high
potential for co-registration of buildings with
oblique airborne images. Edges are the most
representative features for building structures
and can be easily detected in the image using
standard image processing algorithms. Con-
sidering the uncertainty of image lines and of
the building model, as proposed in this paper,
a better fit between the building model and the
image structures is achieved. However, esti-

Fig.6: Exemplary frame with the 3D building models projected with exterior orientation parame-
ters downgraded by normally distributed numbers with p and 7o (red) and projected 3D building

models after adjustment (green).
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mated exterior orientation should not be un-
derstood as the true position of the camera, but
only as parameters needed for a better initial
projection in order to obtain a sufficient num-
ber of correct correspondences. In the future,
neighbouring frames should also be employed
in the adjustment to improve the relative ori-
entation of the sequence. We expect that this
will stabilize the model-to-image matching,
in particular by reducing the “jumping” of the
camera.

The uncertainty of the building models al-
lows the calculation of the corrections for the
model parameters. However, these corrections
cannot be applied to improve the geometry of
the model, because in the presented adjust-
ment no constrains for planes are implement-
ed. Therefore, some coplanar 3D building
lines which originally belonged to one plane
can be non-coplanar after adjustment. Nev-
ertheless, the corrected position in the image
can be used for texture extraction.

Applying the RANSAC algorithm we get
good results not only for very well geo-refer-
enced data but also for mid-quality geo-ref-
erencing. However, further improvements in
the search for candidate correspondences are
needed in case of low-quality input. Some al-
ready existing methods, e.g. vanishing points
or relational matching, can be applied to find
coarse exterior orientation parameters.

As an alternative or complement to
RANSAC an outlier detector within the ad-
justment can be implemented using the cofac-
tor matrix for the corrections Q . However,
only incorrect image lines can be efficiently
detected. Errors in the model lines are difficult
to recognize because their redundancy com-
ponents are low, and therefore the influence of
the errors on the correction for each parameter
is very small.

In IR images depicting urban scenes it is
often difficult to extract building edges on
the ground. Often pavement appears similar
to walls. Accordingly, in some frames a very
good fit between the 3D building models and
roof structure was achieved, while in the walls
some remaining displacements occurred.

In the future more attention should be paid
to the rolling shutter effect. This phenomenon
should also be taken into consideration in the
adjustment. Typically the IR cameras read out

the measured radiation row-wise. If the cam-
era is moving each row is read at a different
point in time, and therefore at a different posi-
tion, which should be accounted for in the geo-
metrical model used for estimation.
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Registration
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Summary: Most of the image registration/match-
ing methods are applicable to images acquired by
either identical or similar sensors from various po-
sitions. Simpler techniques assume some object
space relationship between sensor orientations,
such as near parallel image planes, certain overlap,
and comparable radiometric characteristics. More
robust high-level feature-based methods allow for
larger variations in image orientation and texture;
for example, SIFT (scale invariant feature trans-
form), a highly robust registration technique for
wide baseline images. Nevertheless, registration
between LiDAR (light detection and ranging) in-
tensity and optical (satellite and aerial) images is
still a big challenge, as substantial differences do
exist in their radiometric characteristics. Review-
ing and testing popular multiple domain image reg-
istration techniques, such as feature-based SIFT,
intensity-based MI (mutual information), and fre-
quency-based LPFFT (log-polar fast fourier trans-
form), it is realized that no single technique could
solve LiDAR intensity and optical image registra-
tion completely. Alternatively, a new approach to
robust LiDAR/optical imagery registration, taking
advantages of feature-, intensity-, and frequency-
based methods, is proposed. Initial testing with a
few datasets showed good performance of the new
method, achieving pixel-level accuracy for the reg-
istration.

Zusammenfassung: Die meisten Methoden der
Bildregistrierung/Bildanpassung konnen auf Bil-
der angewandt werden, die entweder mit identi-
schen oder dhnlichen Sensoren aus verschiede-
nen Positionen aufgenommen werden. Einfachere
Techniken basieren auf der Annahme eines spe-
ziellen Zusammenhangs im Objektraum, wie z.B.
anndhernd parallele Bildebenen, eine bestimmte
Uberlappung oder dhnliche radiometrischen FEi-
genschaften. Robustere high-level merkmalsba-
sierte Methoden ermoglichen grofere Variationen
in Bildorientierung und -textur, z.B. SIFT (Scale
Invariant Feature Transform), eine sehr robuste
Technik fiir die gegenseitige Registrierung von
Bildpaaren mit langen Basislinien. Dennoch ist die
Registrierung von LiDAR (Light Detection And
Ranging) Intensitétsbildern und optischen (satelli-
ten- oder flugzeuggestiitzten) Bildern noch immer
eine grofle Herausforderung, da erhebliche Unter-
schiede in ihren radiometrischen Eigenschaften be-
stehen. Ein Test mehrerer beliebter Techniken zur
Registrierung von Bildern aus unterschiedlichen
Doménen wie z.B. das merkmalsbasierte Verfahren
auf Basis von SIFT, das intensitdtsbasierte Verfah-
ren mit Hilfe von MI (Mutual Information) sowie
das frequenzbasierte Verfahren LPFFT (Log-Polar
Fast Fourier Transform), haben gezeigt, dass keine
Technik einzeln das Problem der Registrierung von
LiDAR Intensititsbildern und optischen Bildern
vollstdndig 16sen kann. Als Alternative wird eine
neue Bildregistrierungsmethode fiir LIDAR Inten-
sitdts- und optische Bilder vorgeschlagen, welche
die Vorteile der merkmalsbasierten, intensitédtsba-
sierten und frequenzbasierten Methoden verbindet.
Erste Tests des Verfahrens mit wenigen Datensét-
zen lieferten gute Ergebnisse mit Genauigkeiten in
der GroBenordnung von einem Pixel.
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1 Introduction

1.1 Motivation

Image registration is a core task for various
applications in digital photogrammetry, com-
puter vision, remote sensing, and vision-aid-
ed navigation. Its purpose is to estimate the
geometric transformation using an adequate
number of correspondences between images
acquired at different times, perspectives or
even from different sensors. Image matching
methods, computing those correspondences,
are typically applicable to images acquired by
either identical or similar sensors from vari-
ous positions, and in the past few years, much
effort has been devoted to develop automatic
tie point extraction methods (REmonDINO &
REssL 2006).

As a growing number of various image sen-
sors provide multiple image coverage world-
wide, the need for registering imagery ac-
quired from different airborne and spaceborne
platforms is growing. Several satellite systems
deliver high resolution imagery in short repeat
time, large-format aerial digital cameras pro-
vide multispectral imagery at unprecedented
resolution, LiDAR (light detection and rang-
ing) systems collect both range and intensity
images at local scale, while IfSAR (interfero-
metric synthetic aperture radar) data are ac-
quired from spaceborne and airborne platform
at global scale, etc. All those data should be
accurately registered for data fusion to sup-
port better geospatial data and information
extraction.

The motivation for this study comes from
three applications: terrain-based navigation,
improving the geo-referencing of satellite im-
agery by using ground control, and develop-
ing a new man-made object modelling meth-
ods via fusing LiDAR and aerial images. In
all those applications, LiDAR intensity and
optical image registration plays an important
role. It should be noted that data collected only
from airborne/spaceborne platforms is consid-
ered in this study.

Registering LiDAR intensity and optical
images is a particularly difficult task due to
their substantially different characteristics,
such as different sensing methodology (e.g.

wavelength, passive/active image acquisition),
geometric and radiometric differences, etc. In
aLiDAR system, electromagnetic pulses in the
visible and/or infrared bands are emitted from
a transmitter, and besides the range measure-
ment, the strength of the reflected pulse is re-
corded, which is known as the intensity value.
A LiDAR intensity image is typically gener-
ated by rasterizing the intensity values of the
point cloud. With increasing laser point den-
sity, e.g. 8-15 points per m?, it is possible to
obtain high-resolution LiDAR intensity imag-
es; nevertheless, they are still poor in quality
in comparison with optical images. The main
reason is the problem of rasterizing the irregu-
larly distributed point cloud. After several ras-
terization tests, 1 m GSD is selected based on
our data.

1.2 Review of Multiple-Domain Image
Registration Methods

Multiple-domain image registration, also
known as multi-modal image registration, has
been investigated for decades, and, in general,
can be classified into three major categories:
feature-based, intensity-based, and frequen-
cy-based.

Feature-based registration methods use the
similarity between features from the image
pair to determine the transformation param-
eters. Low-level feature-based techniques use
low-level features, such as points, corners and
edges extracted from images. Unfortunately,
the identification of conjugate corners or edg-
es is difficult in the LiDAR intensity and opti-
cal image pair due to the irregular and sparse
nature of LiDAR points at break lines. High-
level feature-based techniques use high-level
features such as regional descriptors and shape
descriptors. SIFT (Lowe 1999, 2004) can be
regarded as a complex descriptor, which could
provide good registration results between aer-
ial and satellite images, but failed in LiDAR
intensity and optical image domains (Ju et al.
2011, TotH et al. 2010). The reason is that the
substantial differences between the LiDAR in-
tensity and optical image make the key points
quite different in the two domains. Even for
those key points extracted from similar loca-



Hui Ju et al., Robust LiDAR/Optical Imagery Registration

525

tions, their descriptors can be still quite differ-
ent, leading to mismatches. In contrast, fusing
LiDAR and optical imagery for modelling of
building facades is different. More important-
ly, the terrestrial laser scanner is much closer
to the building, which can provide much dens-
er and nearly regularly distributed points on
the facades. Consequently, features, like cor-
ners of windows and doors, are easy to identi-
fy on the facades. Therefore, SIFT works rath-
er well for terrestrial laser scanner and optical
camera data (Bonm & Becker 2007, BECKER
& Haara 2008). For the airborne data, alter-
natively, other primitives, such as 3D straight
lines and surface patches extracted from Li-
DAR data, are generally considered to be used
to fuse optical images (HaBIB et al. 2004, Kim
& Hagis 2009). Note that in those approaches,
LiDAR intensity is hardly considered.
Intensity-based registration methods usu-
ally define an intensity-based similarity meas-
ure between the templates (reference/target)
or images, and then perform an optimization
over allowed transformations to maximize this
measure. For example, LSTM (least square
template matching) is used to estimate the
template-to-template transformation, which
is normally an affine model (GrUN 1985).
Once enough correspondences are found via
LSTM, the transformation between the image
pair can be determined, and thus, image reg-
istration is achieved. For the multiple domain
image registration, the method based on MI
(mutual information) (VioLa & WELLs 1997)
is one of the most popular ones, widely used
in medical imaging applications and proved
to be very effective. The basic concept of MI-
based image registration comes from the in-
formation theory. Each image is regarded as
a 2D discrete signal, carrying information. If
two images are matched, their mutual infor-
mation should be large and their joint entropy
should be small. The transformation parame-
ters are solved via maximizing the MI value
based target function, in which different kinds
of constraints to describe feature characteris-
tics or spatial information can be introduced
to improve the registration results. Although
a few studies applying MI-based registration
methods on multiple domain imagery in the
fields of photogrammetry and remote sens-
ing are reported, such as registration between

TerraSAR-X and IKONOS images (Surt &
REeINARTZ 2010) as well as between terrestrial
camera image and infrared image (Liu et al.
2010), they have not been applied to LiDAR
intensity and optical images. According to our
limited datasets, NMI (normalized mutual in-
formation) can be used to find the transforma-
tion parameters, in the latter case; preliminary
test results are discussed in the section 2.2.

Frequency-based registration methods use
characteristics, such as the phase in the spec-
tral domain to determine the transformation
parameters between two images. Note that
these techniques are typically restricted to
handle images with limited surface-induced
distortions. A popular frequency-based meth-
od is LPFFT (log-polar fast fourier transform)
which estimates the shift or similarity trans-
formation between image pairs without any
feature detection (REppy & CHATTERI 1996,
WOLBERG & Zoxkal 2000, ZokAl & WOLBERG
2005). Based on our experiences, it is difficult
to achieve reliable results applying the tradi-
tional LPFFT to our data.

Experimental results of using SIFT, MI and
LPFFT on LiDAR intensity and optical imag-
es are given in section 2.

1.3 Proposed Method

The main contribution of this paper is to pro-
pose a hybrid multiple domain image registra-
tion method using a coarse-to-fine strategy,
which largely refines our previous approach
(Totn et al. 2011). First, a modified LPFFT
with an internal validation module is used to
estimate the coarse similarity transformation
between LiDAR intensity and optical image
pair. Next, strong HCs (Harris corners) in both
images are generated and transformed to the
other image via the estimated coarse transfor-
mation, and, subsequently, scale- and rotation-
invariant PDF (probability density function)
mean-shift matching (Comaniciu et al. 2003)
is performed to find the correct correspond-
ences. Finally, the RANSAC (random sample
consensus) (FiscHLER & BoLLEs 1981) scheme
is used to remove outliers and estimate the pa-
rameters of an affine transformation.
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1.4 Data

To support this study, two datasets were used.
The 1 m GSD orthorectified satellite images
by GeoEye, acquired in January 2010, and 1 m
GSD intensity images from airborne LiDAR
data by Fugro-EarthData from 2009 covering
the San Diego, California, USA area, repre-
sent a typical mix of terrain topography and
landscape, including residential areas, roads,
and vegetated areas. The 0.2 m GSD high res-
olution DMC aerial imagery and 1 m GSD in-
tensity image from LiDAR data by ODOT (the
Ohio Department of Transportation) cover the
corridor area of highway 1-70 in the Belmont
County and highway 161 in Franklin County,
Ohio, USA.

2 Experiences with SIFT, Ml and
LPFFT

In this section, test results of applying SIFT,
MI and LPFFT to LiDAR intensity and optical
image registration are discussed. These expe-
riences directly inspired us to seek an alterna-
tive approach.

21 SIFT

In our early study, the baseline SIFT imple-
mentation was used for multiple domain im-
age registration. It was found that SIFT can
provide reliable matching results between sat-
ellite and aerial images. However, based on
our limited data, SIFT matching between Li-
DAR intensity and optical images is not reli-
able. Fig. 1 shows typical SIFT matching re-
sults for a LiDAR intensity and satellite im-
age pair. The number of the matched features
is pretty small, and, more importantly, none
of the matches is correct for this image pair,
though there are keypoints extracted at sim-
ilar locations. The main reason for the fail-
ure of SIFT matching is that it is very diffi-
cult to find similar keypoints in both images
due to the substantial differences in radiomet-
ric characteristics and, in some extent, spatial
resolution.

2.2 Mi

To assess the MI-based registration perfor-
mance on LiDAR intensity and optical image
pairs, only simplified test scenarios are used.

Fig. 1: SIFT matching results between LiDAR intensity image (top) and satellite image (bottom).
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Also, the LiDAR intensity image is manually
aligned with the optical image. Then, differ-
ent scale, rotation and translation parameters
are computed through expanding the correct
parameters (s), ¢, t,, t,) by a combination
of incremental values (As, A and At) via (1).
Those parameters are applied to the optical
image, and then, the NMI (normalized mutual
information) is computed for each image pair.
3D surfaces extended by (s, 9, NMI) and (t . t,,
NMI) are used to visualize the performance.
The NMI surface should peak at the location
of the correct parameters (s, ¢,) and (t_,, tyO),
respectively. For our tests, As = 0.05, Ap = 1°
and At = 1 pixel. Fig. 2 illustrates the typical
NMI surface w.r.t. translation parameters (a)
and w.rt. scale and rotation parameters (b).
Clearly, NMI can be used to locate the correct
parameters in a given searching space. Fig. 2b
shows that NMI is more sensitive to scale than
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NMI is a reliable indicator to locate the
correct transformation parameters in a given
(limited) search space; however, the determi-
nation of the right search space can be diffi-
cult.

2.3 LPFFT

Using the LPFFT registration method, scale
and rotation parameters of the similarity mod-
el are estimated in the first step. Next, the sec-
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ond image is transformed based on the esti-
mated scale and rotation values, so the images
have comparable orientation and scale. Final-
ly, the translation parameters are estimated by
NCC (normalized cross correlation). For effi-
cient processing, FFT-accelerated NCC (FFT
NCC) is used. In our testing, the cross phase
correlation, i.e. the response to iFFT (inverse
fast fourier transform) of the phase difference
turned out to be very noisy. Simply consider-
ing the maximum response, which would indi-
cate the correct scale and rotation parameters,
is just not reliable. Therefore, a validation of
the scale and rotation based on a Monte Carlo
test is proposed, and provided good results.

According to our tests, using FFT NCC to
compute the translation parameters is gener-
ally not reliable. Therefore, to estimate the
translation parameters, a different approach
was proposed. First, both images are con-
verted into binary edge images; and then, a
number of reference patches are automatical-
ly generated in the reference image. Next, the
reference patches are matched in the second
image based on template NCC matching. Ide-
ally, image coordinate differences between all
reference and matched patches should be iden-
tical, representing the common shift between
the image pair. Our results confirmed the fea-
sibility of the proposed procedure.

3 Methodology
Based on our experiences, the registration of
the LiDAR intensity and optical image pair

by the tested registration methods alone is just
not reliable. Therefore, the coarse-to-fine hy-
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Fig.4: Proposed multiple domain image regis-
tration workflow.

brid multiple domain image registration ap-
proach is proposed; the workflow is illustrated
in the Fig. 4. In the following subsections, the
main components will be discussed in detail.

3.1 Similarity Transformation
Estimation

The workflow of the adapted LPFFT similar-
ity estimation approach is given in the Fig. 5.
First, using the LPFFT, two parameters (scale
and rotation) of the similarity model are es-
timated. LPFFT could provide a number of
possible scale and rotation parameters from
which the correct ones have to be identified
through a validation. The validation of the
scale and rotation parameters is achieved via
a Monte Carlo test; more specifically, a Monte
Carlo test is performed for a set of scale and
rotation values computed using (1), where
the two originally estimated parameters (s,
¢,) are perturbed by a combination of incre-
ment values (As, Ag). Next, the second image
is transformed using each scale and rotation
combination in the set. If the scale and rotation
parameters are correct, the image pair should
have comparable orientation and scale. FFT-
accelerated NCC, an efficient NCC computa-
tion method, is used to estimate the transla-
tion parameters for each image pair based on
the maximum NCC values. For correct scale
and rotation parameters, the maximum NCC
values of all image pairs should fall in a sig-
nificantly high range, which means that small
scale and rotation changes around the correct
scale and rotation still lead to a high NCC
value. If the estimated scale and rotation are
wrong, the maximum NCC values of all im-
age pairs should be small. Fig. 6 shows a typi-
cal NCC surface based on wrong and correct
parameters, (s, ¢,), respectively.

Next, the second image, B, is transformed
using the estimated (correct) scale and rotation
parameters, at which translation difference
may still exist between the two images. To es-
timate the translation parameters, both images
are converted into binary edge images. Then,
a number of reference patches are automati-
cally generated in the reference image, and fi-
nally, those reference patches are matched in
the second image based on the template NCC
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Fig. 8: (a) Histogram of column difference, translation in x and (b) row difference, translation in y.

matching. Fig. 7a shows the reference patches
in the LiDAR intensity image A. Fig. 7b rep-
resents the matched templates in the second
image. The template size is empirically de-
termined, e.g. 0.3 times the image height and
width. Ideally, image coordinate differenc-
es between all reference and matched patch-
es should be identical. In reality, mismatch-
es cannot be ruled out, and thus, the correct
translation parameters are determined based
on a statistical analysis of all column and row
differences. For example, as shown in Fig. 8,
most x-translations, t , fall between -3 and 0
pixels, and their accumulated total count over
the interval is 28 out of 57. Similarly, the ma-
Jority of y-translations t_are between -1 and 0
pixels, totalling 47 out of 57. Thus, the average
values t = -2.5, t = -1 pixels are accepted as
the translation parameters.

3.2 Scale-, Rotation-invariant
Regional PDF Descriptor
Matching

The proposed feature generation and match-
ing approach is illustrated in the Fig. 9. First,
the HC detector is used to extract local fea-
ture points. As HCs in the two images are dif-
ferent, HCs from one image are transformed
to the other image via the estimated similar-
ity model from the adapted LPFFT. Square re-
gions centred on those HCs are created in both
images. Next, rotation-invariant kernel based
PDF (probability density function) descrip-
tor is created by applying a circular Epanech-
nikov kernel to the square region centred at
the HC. The scale factor is known from the
adapted LPFFT, hence the PDF descriptor is
scale-invariant by adjusting the Epanechnikov
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Fig. 9: Proposed affine transform estimation method.
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kernel. The intensity PDF of the circular re-
gion is approximated by the normalized histo-
gram; note for the 8-bit input image, the fea-
ture descriptor is 256-dimensional. Although
the histogram is not the best nonparametric
density estimation, it was proven to be suffi-
cient for PDF matching purpose (ComANICIU
et al. 2003). The similarity between two PDF
descriptors is computed via the Bhattacharyya
coefficient. Selecting PDF as feature descrip-
tor is based on our earlier evaluation of mul-
tiple-domain image matching based on differ-
ent feature spaces (Ju et al. 2011).

If the similarity transformation is adequate
(and properly estimated), the transformed fea-
ture locations should be close to the correct
positions, and consequently, PDF mean-shift
matching can fast reach the local maximum.
PDF mean-shift matching is an efficient and
robust object tracking method which can track
objects under different illumination condi-
tions and perspectives. In short, it maximizes

Similarity Score

i i i i i i |
1 s 2 BE 1 1k i s L}

# of iteration

le}

the Bhattacharyya coefficient by finding the
mode (peak) of the density in the local neigh-
bourhood using mean-shift to recursively
move to a new location (update). Feature re-
gion size can influence the PDF mean-shift
matching performance and it is selected em-
pirically. In our data, 50—110 pixels are appro-
priate. Fig. 10a shows an original feature in the
LiDAR intensity image and Fig. 10b depicts
the matched feature in the satellite image.
Fig. 10c shows the PDF similarity score curve
versus number of iterations; the local maxi-
mum is reached at the 4" iteration. Fig. 10d
is the comparison between the reference PDF
(blue) and the matched PDF (red).

All original features in the image pair are
transformed to the other image; original fea-
tures in the image A (set A ) are transformed
to the image B to form the set A,. The same
operation is applied to the original features in
the image B. The PDF mean-shift matching is
performed on features between Aj and A, as

{b)
PDF Comparison

R R s
! = POF of relorence emplate
Bt niin iy ——— Dot mnschad POF

3 1
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Fig. 10: (a) Feature location in the LiDAR intensity image, (b) matched feature location in the satel-
lite image, (c) PDF similarity score curve and (d) comparison of reference PDF and matched PDF.
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well as between B, and B, to find matched fea-
tures with a similarity score larger than 0.7.
Correspondences from A <A, and B «<>B, are
merged as the complete set of tie points. De-
pending on object space characteristics, either
affine and collinearity models, or more so-
phisticated models can be formed based on the
matched feature locations. In all cases, blun-
der detection is necessary, which is based on
RANSAC. In our test, RANSAC affine model
estimation specifying a 0.5 pixel threshold for
residual errors is used.

4 Experimental Results and
Precision Analysis

The proposed approach was implemented in
MATLAB and tested using the data intro-
duced in section 1.4. Four aerial/LiDAR and
satellite/LiDAR intensity image pairs were
selected to evaluate the registration perfor-
mance. The overlap is more than 90 % in the
aerial/LiDAR and 100 % in the satellite/Li-
DAR image pairs. The extents of the over-
lap areas of the test image pairs are shown
in Tab. 1. After RANSAC affine model es-
timation, the number of inliers is more than
enough to determine the 6 parameters of the
affine transformation in all tests. The RMSE
(root-mean-square error) of position errors is
used to judge the registration precision. Simi-
larly to the re-projection error, the position er-
ror is computed as the position difference be-
tween the matched and transformed points in
the optical image. The RMSE is computed on

a pixel basis. As seen in Tab. 1, pixel level reg-
istration precision is obtained.

5 Conclusion

Feature-based SIFT registration, intensity-
based MI registration, and frequency-based
LPFFT registration methods were tested in
this paper. Due to very different characteris-
tics of LiDAR intensity and optical images,
SIFT is unable to provide acceptable results
based on our somewhat limited dataset. MI-
based methods show good performance if
the correct search range is given, which is a
hard task. The traditional LPFFT has difficul-
ty with finding the correct scale and rotation
parameters from a set of candidates, and, in
addition, the translation parameter determi-
nation is not reliable using FFT-accelerated
NCC. Therefore, a hybrid method is proposed
which is based on a two-step approach. The
adapted LPFFT with a Monte Carlo validation
check for the scale and rotation parameters,
and estimating translation parameters based
on the template NCC matching, is used to es-
timate an initial similarity transformation.
Then, the scale- and rotation-invariant cir-
cular PDF descriptors centred at local strong
HCs are created in each image, and then they
are transformed to the other image via the es-
timated similarity transformation. The trans-
formed feature location is the starting search
position of a mean-shift PDF matching. In the
final step, RANSAC affine model estimation
is applied to the matched correspondences.

Tab. 1: Registration precision and performance and size of the test areas.

Aerial/LiDAR 311 312 4-11 4-12
Position RMSE (pixel) 0.95 1.16 0.99 1.13
Inlier/matched 16/30 11725 8/16 1526
%Z{ﬁ%j‘feﬂ(;‘;)h ) 463x811 | 465x804 | 473823 | 458x8I8
Satellite/LiDAR 06 07 08 09
Position RMSE (pixel) 1.15 1.29 1.30 1.25
Inlier/matched 17/29 28/57 28/54 13/28
?Vﬁiﬁ%;ljﬁ:;)h ) 663x331 | 860x1426 | 723x970 | 326575
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(b)

Fig. 11: (a) Registration between LiDAR intensity and satellite image pair, (b) beween LiDAR inten-

sity and aerial image pair.

This registration method is applied to LIDAR
intensity and optical images. The results on
a few image pairs have shown good perfor-
mance, as pixel level registration precision
was obtained.
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Identifying Correspondences in Sparse and Varying 3D
Point Clouds using Distinctive Features

DaNIEL MuHLE, Hannover, STerFeN ABraHAM, Hildesheim, MANFRED WIGGENHAGEN

& CHRisTIAN HEIPKE, Hannover
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Summary: In a wide range of applications stereo
systems are used to extract geometric information
from the scene observed with the stereo cameras.
One possible solution to reconstruct the motion of
such a system is to establish correspondences be-
tween points of the point clouds generated from
stereo matching of image features at different ep-
ochs. There exists a large variety of approaches to
establish correspondences between image or 3D
data. A special group of algorithms, mostly in-
spired by the work of Lowk (2004), is based on the
notion of distinctive feature descriptions. These al-
gorithms assume the existence of a dense neigh-
bourhood changing not too much over time. But the
prevalence of untextured regions or computational
constraints hindering the use of computationally
expensive dense stereo matching approaches often
result in only sparse point clouds and thus these ap-
proaches cannot be used for the registration of
sparse 3D data. In our work we present a new ap-
proach that uses the basic principles of distinctive
feature descriptions and extends them in a way that
they can be applied to identify corresponding
points between sparse 3D point clouds. Further-
more, an evaluation is given investigating the ad-
vantages and limitations of our approach. The re-
sults clearly show the effectiveness of the presented
distinctive features to establish point matches be-
tween sparse 3D point clouds.

Zusammenfassung: In vielen unterschiedlichen
Anwendungsbereichen werden Stereosysteme ver-
wendet, um geometrische Informationen iiber die
aufgenommene Szene zu extrahieren. Eine dabei
anfallende Teilaufgabe ist das Identifizieren von
Korrespondenzen zwischen Punkten einer 3D
Punktwolke, die zu unterschiedlichen Zeitpunkten
durch das Stereomatching von Bildmerkmalen ent-
standen ist. Inspiriert durch die Arbeit von Lowe
(2004) sind fiir die Suche nach korrespondierenden
Punkten eine ganze Reihe von Ansétzen entstan-
den, die auf charakteristischen Beschreibungen
aufsetzen. Alle diese Verfahren setzen das Vorhan-
densein einer dicht besetzten Nachbarschaft vor-
aus, die sich iiber die Zeit hinweg nicht zu stark
andert. Allerdings fiihren untexturierte Bereiche
oder Echtzeitanforderungen, die den Einsatz von
rechenintensiven dense-matching Ansitzen verbie-
ten, zu diinn besetzten 3D Punktwolken, so dass
die bekannten Verfahren nicht unmittelbar verwen-
det werden konnen. In unserer Arbeit wird ein neu-
artiger Ansatz vorgestellt, der auf den Grundprin-
zipien der charakteristischen Beschreibungen auf-
baut und diese so erweitert, dass sie fiir die Punkt-
zuordnung in diinn besetzten 3D Punktwolken ge-
eignet sind. Dariiber hinaus wird eine Untersu-
chung vorgestellt, die die Vorteile und Grenzen des
entwickelten Ansatzes aufzeigt. Die Ergebnisse
zeigen deutlich die Leistungsfdhigkeit der entwi-
ckelten charakteristischen Beschreibung fiir die
Zuordnung von diinn besetzten 3D Punktwolken.

1 Introduction

One task towards reconstructing the motion of
a stereo system, e.g. used as a robot’s eyes as
it traverses through its environment, is to es-
tablish correspondences between points of the
point clouds reconstructed from stereo match-
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ing of image features at different epochs.
There exists a variety of approaches to estab-
lish correspondences between image or 3D
data. A special group of algorithms, mostly
inspired by the work of Lowe (2004), is based
on the notion of distinctive feature descrip-
tions. Typical examples of these approaches
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are SIFT (Lowke 2004) and Spin Images (JoHN-
SoN & HEBERT 1999) for the registration of 2D
and 3D data. Most of these approaches cannot
be used directly for the registration of sparse
3D data, though, as they assume the existence
of a dense neighbourhood that does not signi-
ficantly change over time. Sparse and varying
point clouds must be expected if such a sys-
tem is used in a man-made environment with
untextured regions on floors and walls or if
real-time constraints hinder the use of com-
putationally expensive dense stereo matching.

In our work we present an approach that
uses the basic principles of distinctive feature
descriptions and extends them in a way that
they can be applied to identify point match-
es between sparse point clouds. The resulting
distinctive feature vector is sparse and dis-
crete and can be used to establish correspond-
ences efficiently. After discussing the state-of-
the-art in section 2, a detailed description of
the proposed algorithm is given in section 3.
The performance of the presented approach is
tested on different sequences of a stereo sys-
tem moving along a corridor. The established
correspondences between points are used to
reconstruct the motion of the system. Further-
more, in section 4 an evaluation is given inves-
tigating the overall performance and limita-
tions of our approach. The results clearly show
the effectiveness of the presented distinctive
features for the matching between sparse 3D
point clouds. Section 5 presents some ideas for
future extensions.

2 Related Work

The point clouds that are generated at the ep-
ochs # =i and ¢ = j, while e.g. a stereo system
mounted on a robot platform traverses down
a hallway, are related by a rigid transforma-
tion/T,, where the symbol /T, combines the ro-
tation /R, and the translation ‘t. The rotation
/R, rotates a point ’x, defined in the coordinate
system at ¢ = i into the coordinate system at
¢ = j. The translation ‘t, between the epochs
is defined w.r.t. to the coordinate system at
t = i. Given the point clouds from two epochs
one seeks to find the transformation /T, mini-
mizing the error e given in (1) for all n corre-
sponding points.

n
e=
k=1

ikx—iRjikx+itj“ o)

A prerequisite for the solution of this task is
to identify point correspondences between the
point clouds at =i and ¢ =. If the correspond-
ences are known, established approaches like
ICP (iterative closest point) (BesL & McKay
1992) and its variants (RusiNnkiEwicz & LE-
voy 2001) or least squares matching (GRUN
& Axca 2005) can be used to find the opti-
mal solution for /T, that minimizes the error
given in (1). As the focus of our work is an
algorithm to establish point correspondences
between sparse and varying point clouds we
first give in section 2.1 a short overview about
the generally applied matching workflow, and
show in section 2.2 the general ideas behind
the use of distinctive features for the task of
identifying correspondence either in 2D or 3D
data. In section 2.3 we give a detailed expla-
nation of the contribution of our work. For the
experiments presented in section 4 signalized
targets are used that can be identified easily
in the stereo image pairs to create a sparse 3D
point cloud. Approaches that allow the deri-
vation of a sparse point cloud from dense but
irregularly sampled point clouds can be found
e.g. in STUCKLER & BEHNKE (2011) and Novat-
NACK & NisHiNo (2007).

2.1 Common Matching Workflow

Overviews of approaches for the matching of a
large variety of input data can be found e.g. in
Brown (1992), SEEGER & LaBoureux (2000),
ZitovA & Frusser (2003) or McGLONE et al.
(2004, chap. 6.3). In general, approaches used
for the matching of a variety of input data, fol-
low a similar scheme:

Defining the feature space

The feature space defines the input data used
for matching. Typical examples for the 2D and
3D case are grey values, gradients, corners
and 3D point clouds. A feature is an element
taken from the set of the input data.
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Defining the parameter space

The dimension of the parameter space is de-
fined by the choice of transformation used
for mapping of the input data. Typical trans-
formations that are often used in the context
of feature matching are homographies, affine
and Euclidean transformations.

Establishing assignments using a
similarity measure

Matched features are identified by defining
a similarity measure that is computed either
for all combinations or a reasonable subset of
the used/extracted features. Two features can
for instance be matched if a) their respective
similarity is the largest and b) the similarity
is discriminative, i.e. it is above and the ratio
between the second-best and the best match is
below a pre-defined threshold.

2.2 Matching with Distinctive
Features

Recently, feature representations that are
unique and distinctive are widely used in the
area of photogrammetry and computer vision.
For these representations two different terms
are used in the literature: descriptor and sig-
natures. The differentiation between these
terms is not always clear and sometimes they
are used ambiguously. In Lowe (2004) a de-
scriptor is defined as a distinctive and com-
pressed representation of the original input
data. In contrast, CALONDER et al. (2008) de-
fine a signature as the result of a mapping
F : RP — R that transforms the input data
x, € RP, Vk = 1...n with the dimension D into
another space with the dimension d. To avoid
any ambiguities, we will use the term distinc-
tive (feature) description in the following. The
most important properties of distinctive de-
scriptions independent of their actual realiza-
tion are:
® The distinctive description is invariant
w.r.t. a variety of changes of the input data.
Typical changes comprise e.g. illumination
changes, translation, rotation and/or scaling.
® The computation of a similarity measure
between any two descriptions can be done

using simple distance metrics like the Eu-
clidean distance.

Examples for distinctive description used
to match two-dimensional image data are the
SIFT and SURF descriptors (Lowe 2004, Bay
et al. 2008). For the identification of corre-
sponding points in point clouds derived from
either range scanner like e.g. the Microsoft
Kinect system or terrestrial laser scanner,
FLInT et al. (2008), WANG & BRENNER (2008),
Lo & SieBerT (2009), BarRNEA & FiLiN (2010)
and WEINMANN et al. (2011) directly apply
variants of the SIFT algorithm that consider
the special characteristics of the available 3D
data. All these approaches require that the ir-
regular 3D data must be resampled to a regular
two-dimensional grid. Furthermore, the point
signatures (CHua & Jarvis 1997), spin imag-
es (JounsoN & HEBERT 1999), the approach of
GELFAND et al. (2005) and the NARF (normal
aligned radial feature) developed by STEDER
et al. (2011) are more examples of algorithms
that use distinctive feature descriptions to es-
tablish matches between points from differ-
ent point clouds. All these approaches have
in common, that they incorporate points or
information from a densely sampled local
neighbourhood to define a unique local frame
of reference. The definition of the local refer-
ence frame is usually the first step to achieve
invariance against rotation and translation of
the input data. A well-designed computation
of the distinctive description allows the usage
of simple distance metrics for the matching
step and makes it robust against other changes
of the input data like scaling or change of il-
lumination. Furthermore, the developed fea-
ture descriptions simplify the matching step
and established approaches like clustering or
binary space-partitioning trees can be used
to accelerate the search for matching descrip-
tions (e.g. WINKELBACH & WAHL 2008, NISTER
& STEWENIUS 2006).

2.3 Contribution of Our Work

Most of the known approaches that rely on
distinctive descriptions to find matching point
pairs between point clouds or surface data re-
quire the existence of a densely sampled and
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regular neighbourhood that does not change
too much over time. Typical examples for data
fulfilling such a requirement are the results
from dense stereo matching or data acquired
with a laser scanner. For these types of input
data it is relatively easy to establish a unique
frame of reference to be robust against rota-
tion and translation. For systems generating
sparse point clouds with local neighbourhoods
that change over time as new points become
visible and other points move out of the field
of view, the known approaches using distinc-
tive descriptions for matching cannot be used
directly. The algorithm presented in section 3
extends the existing approaches for matching
3D points and presents solutions to:
® achieve invariance against rotation and
translation of the input data for sparse and
varying point clouds,
® compute a distinctive description that is just
as sparse and varying as the input data,
o cfficiently compute a similarity measure for
the sparse and varying distinctive descrip-
tion.

3 Matching between Sparse and
Varying Point Clouds

The proposed scheme to find matching point
pairs in sparse and changing 3D point clouds
follows the workflow of the existing approach-
es that use distinctive descriptions for match-
ing. The first step is the definition of a lo-
cal frame of reference to achieve invariance
against rotation and translation of the point
cloud. In the second step a sparse 2D distinc-
tive description D is computed from selected
points in a local neighbourhood. For the third
step the sparseness of the 2D distinctive de-
scription is exploited to derive a compact 1D
description that allows an efficient computa-
tion of similarity between two distinctive de-
scriptions.

3.1 Identification of Locally Planar
Neighbourhoods

The first step for the computation of the dis-
tinctive description for a point x in a sparse
and varying point cloud is identical to the ap-

proaches mentioned in section 2.2: the estima-
tion of a plane normal n from points in a local
neighbourhood. To increase the probability
that the normal does not change when neigh-
bouring points disappear or new ones enter the
camera’s field of view only those points are se-
lected for the computation of n that lie approx-
imately on the same plane as x. For the estima-
tion of n and the identification of points lying
in the same plane as x a brute-force approach
using the RANSAC algorithm (FiscHLER &
BotLLes 1981) is applied. The functional model
is the Hessian normal form given by (2), where
d represents the distance of a point x to the
plane with its normal n.

n-x=d )

The simple brute-force approach used here
is sensible as the processed point clouds con-
tain only few points lying mostly on the planar
walls of a hallway. For these constraints the
RANSAC algorithm needs only a small num-
ber of iterations to find a good solution. For the
selection of the local neighbours we define the
following parameters: a) maximum number
n, .. of neighbours considered, b) minimum
number 7, of neighbours considered, and
¢) a maximum radius 7, _used in the nearest
neighbour search. As a result of this first step
we have associated every point x of a point
cloud with a locally planar neighbourhood, a
normal vector n and a set P = {x...x } of its
n neighbours. Those points with a non-planar
neighbourhood are not considered further in
the matching process.

3.2 The 2D Distinctive Description

The computation of the entries d, for the two
dimensional description D is done in three
steps. First, for a neighbour x, a local frame
of reference is defined where the x-axis is giv-
en by the direction from x to x, projected into
the local plane and the z-axis is given by the
local normal n. The y-axis is computed from
the cross product of the x- and z-axis. Sec-
ond, as shown in Figs. 1(a) and 1(b) all neigh-
bours x;:Vj = l...n are projected into the x,
y-plane of the local reference frame and trans-
formed into two dimensional polar coordi-
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nates. Fig. 1(b) shows that for all neighbours
x, the radial distance d. w.r.t. x and the angle
0, w.rt. the x-axis of the local reference frame
are used as entries into D. Third, the steps one
and two are repeated for all remaining neigh-
bours. In contrast to e.g. the point signatures
(CHua & Jarvis 1997), that use exactly one
reference direction to define a local frame of
reference, the approach presented here defines
a local frame of reference for every neigh-
bour. Such a strategy is advantageous if the
structure of a local neighbourhood changes
over time. If that is the case it is not advis-
able to select one of the neighbours as a refer-
ence direction, because that point might dis-
appear from the stereo system’s field of view
and then a new reference direction must be
selected and thus the distinctive description
changes completely. The proposed computa-
tion of the entries d, : Vk = 1...n? for the dis-
tinctive description D also fulfils the require-
ment of invariance w.r.t. rotation and transla-
tion of the point cloud. The computed entries
(relative angles and distances) are not changed
by a rotation around the z-axis and the use of
a local frame of reference eliminates the influ-
ence of a translation. The distinctive descrip-
tion is not invariant w.r.t. scaling that changes
the length of distances. Scale invariance can
be achieved, however, when ratios of distanc-
es are used instead of distances.

3.3 A Compact Distinctive
Description

It is clear from the algorithm in section 3.2
and Fig. I(b) that the two dimensional dis-
tinctive description is still sparsely popu-
lated. This special structure of D allows,
analogously to the idea given in CALONDER
et al. (2009), to design a more compact vari-
ant of the distinctive description. For a com-
pact version of D, the non-discrete entries
d, : Vk=1...n% d, € D are mapped into an in-
teger scalar s, : s, € {1,2,...2p}, where p is a
parameter of the mapping and influences the
discretisation. Finally, the s, are pooled in an
ordered result set S containing only unique
values. As shown in section 3.4, the usage of
integer values is advantageous as it allows an
efficient implementation for the comparison of
two distinctive descriptions. The s, are com-
puted by applying the mapping T:d, — s, to
all entries d, in D. For T the quad tree index
(FINKEL & BENTLEY 1974) is used that recur-
sively divides the 2D space into discrete grids
and gives an integer index for a two dimen-
sional point. The only parameter of the quad
tree index is p defining the number of quad-
rants used for the partitioning of the two di-
mensional space. This parameter controls the
loss of accuracy caused by the discretization.
For a chosen value of p = 16 the x-axis (radial
distances d) and the y-axis (angle 0) will be
partitioned into 2#?= 256 bins. The value of

|
L
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= pn
[
. 1
|
® T [ram]
a0 e

Fig. 1: Example for one iteration of the computation of the sparsely populated distinctive descrip-
tion D. (a) Definition of a local frame of reference. The x-axis is given by the direction to point 1;
the z-axis points toward the reader. The n neighbours are transformed into the local frame and
converted to polar coordinates (distance and direction). (b) Part of the descriptor D computed from
the neighbourhood shown in (a). The entries into D are the polar coordinates of all neighbours for

the local frame of reference.
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p must be chosen w.r.t. to the density of the
point cloud and must be large enough to avoid
the event that neighbouring points fall into the
same bin and are thus assigned the same in-
dex.

3.4 Matching of 3D Points

In order to determine the change of orienta-
tion between two epochs, it is necessary to es-
tablish correspondences between individual
points of both point clouds. To find matched
points a similarity measure d,  is computed for
all possible combinations of the 7 respectively
m compact distinctive descriptions S, and S,
fort=iandt=j, where n=|S|and m = |S| The
chosen similarity measure should support reli-
able matching of distinctive descriptions even
if they match only partially and have a differ-
ent number of entries. From section 3.3 it is
clear that the proposed distinctive description
encodes the structure of the local neighbour-
hood in a one-dimensional vector of unique
integers: that means if two descriptions have
identical entries it is very probable that they
encode the structure of the same neighbour-
hood. Thus a possible similarity measure for
the identification of matched points can be de-
fined by the overlap of the two ordered and
unique sets S, and S,.

The first step to compute the overlap consists
in determining the intersection S, = S, S,
and the union S, =S, U S, for the dlstmctlve
descriptions S, and S] Both the intersection
and the union can be found efficiently as we
are using sets of integer values for which a
comparison of two values is very fast.

The similarity d;: d,, € [0...1] of two dis-
tinctive descrlptlons is then given by (3).

_U_ Sq)
< BN 3)

Two descriptions are matched if their
matching score d,;is the highest (greedy ap-
proach) and is above a pre-defined threshold
t,. The threshold ¢, can be computed by defin-
ing a minimum number 7, of neighbours that
must be visible at # =i and ¢ = for a successful
match. A formula for the computation of #, is
given in (4) where n =[S |and m =[S .

2
n

t[ — min (4)
n+m-— n

min

At the end of section 3.3 it is mentioned that
it is important to select a value of p according
to the point density of the observed 3D point
clouds. If p is too small two neighbouring
points might fall in the same bin and are as-
signed the same index. Such an event reduces
the total number of entries in the distinctive
description S, because we allow only unique
values to be present. As a result the identifica-
tion of matching points might fail because the
minimum number of identical entries (see (4))
is not reached.

3.5 Robust Filtering of Matches

Applying the matching scheme described
above to point clouds generated by a stereo
system at ¢t =i and ¢ = j results in a set of m
candidate pairs {(*x,”x)} for point corre-
spondences. Following the insights of Satt-
LER et al. (2009) we use a RANSAC based ap-
proach to eliminate wrong correspondences
and to estimate the change of orientation be-
tween two epochs. The functional model used
by the RANSAC algorithm is given in WENG
et al. (1992) and needs at least three non-col-
linear correspondences to compute the change
of orientation /T, between the two epochs ¢ = i
and 1=

In every iteration of the algorithm three
pairs of correspondences are chosen random-
ly. In order to evaluate the quality of each hy-
pothesis all points at # = are transformed into
the epoch ¢ = i using /T, and a best match for
every transformed point is identified with a
nearest-neighbour search. The quality of the
current hypothesis e,  is given by (5) where
n is the number of matches identified by the
nearest-neighbour search and ||| is the L2-
norm of a vector.

— i i i i
€y —Z"*x— R, "x+ t_,." ®)
k=1

The orientation T, is computed from all cor-
respondences found by the nearest-neighbour
search, of the best hypothesis according to the
functional model given in WENG et al. (1992).
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4 Experimental Results

To evaluate the performance of the proposed
matching scheme three different image se-
quences were recorded with a multi-stereo
system traversing down a hallway. The two
stereo systems A and B were mounted on a
mobile platform in a way that the respective
fields of view faced the opposite walls. The
performed motion patterns were a pure planar
motion without any rotation (E1), a planar mo-
tion where a rotation was only possible around
the normal of the ground plane (E2) and a free
motion with rotation around all axis (E3). An
example of the planar motion of case E2 is giv-
enin Fig. 2. The sequences were recorded with
a frame rate of 15 Hz and the stereo systems

moved at a speed of approximately 2% be-
tween 2 and 4 metres down the hallway. The
total number of frames captured in the differ-
ent experiments is given in Tab. 1.

For the experiments signalized circular tar-
gets that can be identified reliably in the imag-
es were fixed on the walls of the hallway. The
position of the centre of these targets is found
using an ellipse measurement algorithm (Lun-
MANN 1986). The result of this feature extrac-
tion step is a list of image coordinates for the
targets in both images of a stereo pair. With
the known epipolar geometry of the stereo
system corresponding targets can be identi-
fied easily using the approach in OTEPKA et al.
(2002), where the fact is exploited that match-
ing points in both images of the stereo system

Fig.2: Planar motion of two rigidly connected stereo systems A and B traversing down a hallway
and observing signalized target on the opposite walls.

Tab. 1: Aggregated numbers used for the performance evaluation of point matching between two

epochs.

E1 A E1B E2 A E2 B E3 A E3B
# stereo pairs 121 120 200 160 290 290
# connected epochs 3173 3247 5313 4964 19215 23273
# possible matches 64197 64436 91085 95359 | 361526 | 469029
# established matches | 49580 50481 78121 72811 214285 | 314917
# wrong matches 0 0 0 674 60 5
match quality ¢, 77 % 79 % 86 % 76 % 59 % 67 %
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have identical epipolar angles. The epipolar
angle for a point is given as the intersection
angle of its image ray and an epipolar plane
defined e.g. by the epipole and the optical axis.
Finally, the 3D point cloud is given by a for-
ward intersection for all identified stereo cor-
respondences.

41 Evaluation Criteria

The evaluation of the performance of the pro-
posed matching algorithm follows the scheme
presented in Mikorajczyk et al. (2005) where
it is used to compare different image matching
approaches. While MikoLaiczyk et al. (2005)
analyse the performance of the detection and
the matching step, we concentrate only on the
matching. In our case the detection has been
performed by the sterco reconstruction of the
extracted image features (signalized targets)
and will not be examined any further.

For the evaluation the true number of pos-
sible matches between the point clouds of any
two epochs must be known. In order to provide
such information a bundle adjustment for all
six sequences was performed (three different
motion patterns for two stereo systems A and
B). Within the adjustment the change of orien-
tations T, w.r.t. to a reference epoch ¢, and the
3D coordinates of the point cloud, defined in
the global frame of reference, were estimated.
The inner orientation for all cameras, the rela-
tive orientations of the stereo systems and the
lengths of their baselines were determined in
advance and used as fixed parameters in the
adjustment. Given the adjusted T, the trans-
formation /T, for any combinations of two ep-
ochs =i and t = can be computed. Then the
point cloud of ¢ = i is transformed into the ep-
och =j and all possible matches are identified
using a nearest-neighbour search. This num-
ber is used as ground truth for the evaluation.

To differentiate between different aspects
influencing the performance of the matching
we first compute a quality measure g, and
then three values o, , v, and s, for every ‘com-
bination of epochs characterlzlng three possi-
ble sources that affect the proposed algorithm:

Overall match quality

The match quality g;; is computed as ratio

P
q = ||_| , where |]P’,. m.| is the ground truth for
TP,
inj
the number of possible matches between ¢ = i
and7=jand [P |is the number of matches es-
tablished by the proposed algorithm.

Overlap of point clouds

The overlap o, ; of the point clouds at 7 = i and
t =j can be computed with (6) and is identical
to the computation of the similarity measure
given in section 3.4.

[P |

—_— 6
TRl -] ©

Change of view direction

The change of the view direction v,  is comput-
ed w.r.t. to the normal direction of the points
in the point cloud (see section 3.1). From the
set |]P’ JOf points visible at both epochs, those
matched pairs {"x,”x: Vk = l...n} are select-
ed for which a normal direction n could be
computed. For all n pairs {¥n,”n} the angular
difference v, is given by v, = arccos(*n - /*n),
where “#n - /n is the dot product of two vectors
and the function arccos(") returns an angle in
the interval [0...x]. From all v, the median v, is
determined and finally v, ; is given by v, = v,.

Scale change

To assess the influence of scale changes, i.e.
different distances between the stereo system
and the point cloud, on the matching process,
the number s, is computed. First, the cen-
troids of the pomt clouds at =i and ¢ = are
computed according to (7).

- .

- 2 X X€|]Ptﬂj|
[y

XZ_ZMX /kxe| 1ﬂ/| (7)
N

The number s, is then given as a relative
j A

~min (|51 )
i~ N

|j
X)

max( X )

i~

change s, ; of the distanc-
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esatz=iand¢=j w.rt. to the centroids, where
the functions min(,,) and max(,) return the
minimum and maximum values of their re-
spective arguments.

The values o, , v, and s, ; reflect the two ma-
jor influences on the matchmg process. On the
one hand, the overlap o, ; can be used to assess
the influence of changing neighbourhoods on
the matching process, because point clouds
with a low overlap usually show large changes
in the local neighbourhood of a point as well.
On the other hand, uncertainties in the 3D po-
sition of points may lead to different quad tree
indices during the computation of the distinc-
tive description. The biggest influences on the
point uncertainty result from large differences
in the view directions and distance changes.

4.2 Evaluation Results

For the computation of the distinctive descrip-
tion for every point of every point cloud the
parameters defined in section 3 must be set ac-
cording to the point density of the point cloud.
For the experiments the following values are
chosen: maximum radius of local neighbour-
hood », . =750 mm, maximum number of se-
lected nelghbours n,.. = 12, minimum num-
ber of neighbours n, = 4 and total number of
bins (27) for the computation of the quad tree
index with p = 64.

A first impression of the performance of the
proposed matching scheme is given by the re-
sults presented in Tab. 1. Here the number of
connected epochs are those combinations of
epochs where the respective point clouds have
at least three identical points, the possible
matches represent the true number of matches
derived from the results of the bundle adjust-
ment (see section 4.1) and the wrong matches
are the false positives before robust filtering.
The differences in the number of recorded
frames and connected epochs are caused by
the different motion pattern. In the first ex-
periment the stereo systems were moved in a
straight and direct line down the hallway and
thus only a smaller number of frames is nec-
essary to capture the entire scene. In the last
experiment, the systems were carried by hand
and moved forward and backward along the
corridor with changing rotations and trans-

lations. Such a motion pattern led to a larger
number of frames and the continuously chang-
ing view directions resulted in more overlap-
ping fields of view than for the translational
motion and thus a larger number of connected
epochs.

Tab. 1 shows that in most of the six experi-
ments about 70—80 % of all possible matches
were identified based on their respective dis-
tinctive descriptions. The most remarkable
fact is that, at least w.r.t. to the large number
of true matches, almost no false matches were
established. None of these false positives were
used to compute the change of orientation /7,
between two epochs, because they were all
successfully eliminated by the robust filtering
process given in section 3.5.

For the detailed analysis of the performance
of our proposed matching algorithm in Fig. 3,
the match qualities ¢, , for any combination of
epochs ¢ =1 and ¢ = are grouped w.r.t. to the
different causes that possibly affect the match-
ing process, i.e. the computed o, , v, and s,
For the visualization in Fig.3 the dlfferent
groups are plotted on the x-axis and the distri-
bution of the match quality for every group is
plotted on the y-axis.

For clarity of the representation the distri-
bution of the g, , for every group is represented
by the 5 %- and 95 %-quantiles and the me-
dian. The graphs in the Fig.3 show a repre-
sentative subset of the results for all six image
sequences. No result for the first experiment
(pure translation) is shown, as that motion pat-
tern did not give enough variety for the change
of view directions and scale.

For the graphs the groups with a very low
relative frequency are statistically not relevant
and have been omitted. Figs. 3(a)-3(f) clearly
show that the major source of influence is the
change of the local neighbourhood indicated
by a low overlap between the point clouds.
This is supported by the observation that the
median of the match quality is decreasing and
the distribution is broadening with a reduced
overlap. The Figs. 3(a) and 3(d) show that up
to an overlap of 70 % for 90 % of all connect-
ed epochs, i.e. those between the 5 % and the
95 % quantiles, a match quality in the range
of 60 %-100 % (Fig.3a) and 55 %-95%
(Fig. 3(d)) is achieved. For an overlap of 40 %
the median goes down to 70 % (Fig. 3(a)) and
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Fig. 3: The graphs show the dependency between
ent sources influencing the matching. The bars at

the achieved match qualitites g, and the differ-
the bottom represent the relative frequency of

the respective group. The lines in the graph represent the distribution of the grouped matching
quality using the 5 %-, 95 %-quantiles and the median. Groups with a relative frequency smaller

than 5 % are not considered.

50 % (Fig.3(d)) respective 70 % and 90 %
of all connected epochs achieve a match
quality in the interval from approximately
30 %95 %.

The position uncertainty of a 3D point does
not seem to have a strong influence on the
match quality. Figs. 3(b), 3(c), 3(e) and 3(f)
show that a change of the respective influence
parameter does not change the median or the
shape of the distribution significantly.

Larger changes in the local neighbourhood,
caused by missed detections or points moving
in or out of the stereo system’s field of view,
obviously have the effect that the similarity
measure computed for two actually matching
points is below the lower threshold #, defined
in section 3.4 and as a result that match is re-
jected incorrectly.

5 Conclusions and Future Work

A new approach to establish correspondenc-
es between points of sparsely populated and
varying point clouds is presented in this pa-
per. The identified matches can be used e.g. to
estimate the change of orientation /T, between
two epochs ¢ =i and ¢ =. The proposed algo-
rithm is based on the known basic principles
of matching using distinctive feature descrip-
tions and extends them in a way that they can
be used to identify corresponding 3D points
in sparse and varying point clouds. The algo-
rithm is an extension of the spin images (JOHN-
soN & HEeBerT 1999). It exploits the fact that
applying the spin image algorithm to sparse
point clouds gives a sparse 2D distinctive de-
scription that can be compressed further. The
resulting compact 1D description is designed
in a way that it allows an efficient matching of
two descriptions.
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The evaluation of image sequences record-
ed by two stereo systems shows that our ap-
proach allows an efficient and reliable match-
ing of 3D points. The number of true positives
is mostly above 70 % and the number of false
positives is much smaller than 1 %. The false
positives are all eliminated successfully by ro-
bust filtering of the established matches.

A limiting prerequisite of the presented
matching scheme is that the point clouds at
different epochs ¢ =i and ¢ = j must have the
same scale as absolute distances are used in
the computation of the distinctive description.
For a more general variant of the description
it would be possible to use ratios of distances
that are invariant against scale changes. Such
a variant of the compact distinctive descrip-
tion could be used to extend existing image
based matching approaches like SIFT (e.g.
Lowe 2004). The identified correspondences
between two images can be used to compute
3D model coordinates. Based on these model
coordinates a scale invariant distinctive de-
scription could be used differently:

Application for checking image based
matching

Possible matches with further images are first
established using the known image based
matching algorithms and then they are ad-
ditionally verified using a scale invariant
distinctive description for 3D points. Only
matches passing both approaches are accepted
and the number of false positives might be re-
duced.

Application for connecting images
with large perspective change

Usually the image based approaches have
problems to correctly identify correspond-
ences for larger perspective changes. Here a
distinctive description for 3D points might be
helpful to find additional correspondences.

It becomes apparent that it might be advan-
tageous to combine image based distinctive
descriptions with the proposed description for
3D data. Such a combination of 2D and 3D
data is also presented in Wu et al. (2008).

A further extension would be the lifting of
the constraint that the neighbourhood used for

the computation of the distinctive description
must be approximately planar. The basic prin-
ciples used here can be transferred easily to
the case of arbitrary 3D neighbourhoods. It re-
mains to be investigated how much the chang-
ing 3D neighbourhood effects the results.
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Multi-View Extraction of Dynamic Pedestrian Density Fields
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Summary: In the framework of macroscopic mod-
els of human crowds, pedestrian dynamics are de-
scribed via local density and flow fields. In this pa-
per, we expand our previous work on the extraction
of pedestrian trajectories and density fields from
video recordings of crowd experiments in two
ways. Firstly, we include data from different video
cameras in order to cover a larger observation area.
Secondly, we improve our previous density estima-
tion method by introducing a new kernel function
which (a) yields density fields that are also differen-
tiable functions in time and (b) models the influ-
ence of multiple neighbouring pedestrians on the
personal space of an individual.

We apply this density computation method to pe-
destrian trajectories extracted from video data of a
crowd experiment conducted by us, and compare
the results with other common methods for density
computation in this context: a technique based on
Voronoi diagrams, and a fixed-bandwidth estima-
tor. We come to the conclusion that the technique
proposed by us combines advantages from both al-
ternative methods, yielding spatio-temporally
smooth density fields close to the standard defini-
tion of density at all scales.

Zusammenfassung: Multiperspektivische Erfas-
sung dynamischer Dichtefelder von Fufigingern.
Makroskopische Modelle zur Beschreibung von
Personenbewegungen greifen auf Konzepte wie lo-
kale Dichte- oder Flussfelder zuriick. In einer frii-
heren Arbeit haben wir ein Verfahren beschrieben,
durch das individuelle Trajektorien sowie Dichte-
felder mithilfe von Videoaufnahmen von Experi-
menten mit Personenstromen erfasst werden kon-
nen. Dieses Verfahren wurde in zweierlei Hinsicht
erweitert bzw. verbessert: Zum einen konnen Vide-
odaten aus mehreren Kameras dazu verwendet
werden, einen grofleren Beobachtungsbereich ab-
zudecken. Zum anderen kann unsere Methode der
Dichteschitzung durch Verwendung einer anderen
Kernfunktion verbessert werden. Der so erhaltene
Schétzer liefert Dichtefelder welche (a) bzgl. des
Zeitparameters differenzierbare Funktionen dar-
stellen und (b) den Einfluss mehrerer benachbarter
Personen auf den von einem Individuum einge-
nommen Raum modellieren.

Mithilfe dieser Methode berechnen wir Dichte-
felder auf Grundlage von Trajektorien, welche aus
Videoaufnahmen eines von uns durchgefiihrten
FuBgéngerexperiments gewonnen wurden. Das Re-
sultat vergleichen wir mit zwei in diesem Kontext
gebrduchlichen Methoden zur Dichteberechnung:
einem auf Voronoi-Diagrammen basierenden Ver-
fahren sowie einem Kerndichteschitzer mit kon-
stanter Bandbreite. Wir kommen zu dem Schluss,
dass mit unserem Ansatz Vorteile der beiden alter-
nativen Methoden vereint werden, indem die Be-
rechnung raumezeitlich glatter Dichtefelder ermog-
licht wird, welche auf allen Skalen standardméBig
berechnete Dichtewerte approximieren.

1 Introduction

The study of pedestrian dynamics has impor-
tant applications in crowd management such
as devising strategies for the evacuation of

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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buildings or public places. In order to evaluate
the predictive power of mathematical models
designed to emulate human crowd behaviour,
it is a common procedure to compare numer-
ical simulations based on these models with
empirical data.
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Furthermore, different modelling ap-
proaches demand the extraction of different
types of data: For example, the social force
model (HELBING & MoLNAR 1995) and cellular
automaton model (BURSTEDDE et al. 2001) aim
at predicting pedestrian trajectories, whereas
continuum methods adopted from fluid me-
chanics (HuchEs 2002) describe the dynamics
via the density and flow of the crowd. In our
work, we develop models based on these three
approaches in order to simulate intersecting
pedestrian flows and compare these simula-
tions with the real world. Here, we describe
one important part of this work: the extraction
of the trajectories and a dynamic, continuous
density field from video recordings of human
crowd experiments. The work presented here
is an extension of PLAUE et al. (2011).

1.1 Challenges and Contribution
In section 2, we describe an experiment that

was conducted with the purpose of demon-
strating the dynamic behaviour of intersect-

ing pedestrian flows (Fig. 1). To this end, we
set up an experiment where two unconfined,
perpendicularly intersecting pedestrian flows
have been recorded by multiple cameras with
overlapping fields of view. To the best of our
knowledge, no such experiment has previous-
ly been conducted.

In that section, we also describe a semi-au-
tomatical technique to extract the spatio-tem-
poral positions of pedestrians in a crowd of
low density at close range from an arbitrary
observation angle. Due to constructional limi-
tations, it was not possible to install the cam-
eras to provide a bird’s eye view. This situa-
tion is very different from most experimental
setups found in the common literature, where
a bird’s eye view installation of the camera(s)
in sufficient height provides an advantageous
perspective. In some studies, the heights of the
pedestrians are also indicated by visual mar-
kers, which also greatly facilitate automated
pedestrian tracking (BoLTes et al. 2010). Hav-
ing neither bird’s eye views nor markers, we
devised a method to extract the floor positions
of the pedestrians without knowing their re-

T
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Fig.1: Human crowd experiment from three different observation points. Bottom right: extracted
pedestrian positions at time step t = 68.2 s of group A (red diamonds) and group B (blue). Arrows
indicate current velocity; the maximal length corresponds to 1.4 m/s.
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spective body heights beforehand. Further-
more, we perform a fusion of data from multi-
ple video cameras.

The estimation of the density field of a
sparse crowd is a challenging task because
of the low number of samples. In section
3, we propose a novel method to compute a
high-resolution smooth density field from the
spatio-temporal positions of the pedestrians
based on a kernel density estimator with vari-
able bandwidth. In that section, we also give
a comparison of our results with other densi-
ty estimators. Finally, an overview of future
work will be given in section 4.

1.2 Related Work

Human crowd experiments

Empirical data for the evaluation of human
crowd models are usually extracted from
video recordings of either naturally occur-
ring crowds (HELBING et al. 2007) or pedestri-
an flows that have been produced under con-
trolled conditions (DAaMEN & HOOGENDOORN
2003, GaLEA et al. 2011, ZHANG et al. 2011). In
general, the latter are devised to demonstrate
crowd behaviour in special situations such as
evacuation or passage through a bottleneck. In
our work, we wish to analyze the dynamics of
intersecting pedestrian flows. A very similar
experiment with this purpose has been con-
ducted by Guo et al. (2010); however, data
from only one camera was processed in that
case. Also, in our experiment, the pedestrians
did not move along specified, confined corri-
dors.

(Semi-) automatic pedestrian tracking

There exists a large body of literature on meth-
ods for the detection and automatic tracking of
humans. The range of application of such al-
gorithms varies greatly. For example, SCHMIDT
& Hinz (2011) address the problem of tracking
the positions of pedestrians from aerial im-
ages which provide very low resolution, and
CRrEMERS (2006) proposes a method to track
the contour of an individual through noise and
occlusion. For an overview on different meth-
odologies, we refer to Hu et al. (2004).

In this work, we follow the suggestion of
Bortes et al. (2010), who process video data
similar to ours, and use the Lucas-Kanade al-
gorithm (S & Tomast 1994) to facilitate the
extraction of the spatio-temporal positions of
the pedestrians. Additionally, we employ an
algorithm to merge the trajectories from dif-
ferent overlapping camera views via the Hun-
garian method (Kuun 1955, Munkres 1957).
Note that we merge the trajectories after pro-
cessing the video data, in contrast to the de-
tection of objects from multiple views during
tracking (see for example KAnN et al. 2001).

Pedestrian density estimation

Probably the most basic way to compute a
density would be to divide the number of pe-
destrians in a given region by the area of that
region, at a given point in time. However, this
“standard” density estimator is not a smooth
point-wise density function and yields data
with large scatter.

At least two approaches for measuring the
(local) density of human crowds have been
suggested in the literature as alternatives:
® [n HeLBING et al. (2007), a local density field

is computed via the sum of Gaussians with

fixed standard deviation (typically 0.7 m)

centred at each pedestrian. Formally, this

approach is identical to kernel density es-

timation with fixed bandwidth, which is a

basic tool in statistical data analysis (see

SiLvermMAN 1986, for example). This meth-

od yields a smooth density field defined at

every point.

® In STEFFEN & SEYFRIED (2010), estimators
are proposed based on the Voronoi diagram
defined by the position of each pedestrian
as a Voronoi site. The main idea in this ap-
proach is to account for the personal space
occupied by each pedestrian, and this per-
sonal space is represented by the area of the
corresponding Voronoi cell. The values for
the Voronoi density are very close to stand-
ard densities, but with a significantly small-
er scatter. However, the Voronoi estimator
does not yield a smooth local density de-
fined at every point.

The algorithm that we propose here is con-
ceptually a combination of the Voronoi esti-
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mator (accounting for personal space) and the
fixed-bandwidth kernel estimator (yielding
smooth density fields).

2 Experiments and Trajectory
Extraction

In the following, we describe human crowd
experiments that we conducted in the lobby
of the Department of Mathematics building
of Technische Universitédt Berlin in December
2010, and the extraction of the trajectories of
the participants from video streams captured
by several cameras.

2.1 Experimental Setup

In the experiment which we use to illustrate
our method, two pedestrian flows (group 4,
142 subjects, and group B, 83 subjects) inter-
sected at an angle of 90 degrees for one min-
ute in a region of about 25 m?, reaching a peak
density of about five pedestrians per m?. The
scene was recorded from a gallery at a height
of about 6 m with five networked and tempo-
rally synchronized JVC VN-V25U surveil-
lance video cameras. Here, we will analyze
the data provided by the three central cameras
which covered the area where the actual in-
tersecting of the pedestrian flows took place

(Fig. 1).

2.2 Extraction of Spatio-Temporal
Positions

For camera calibration, we assumed a pinhole
model and estimated the model parameters by
measurement of the world and image coordi-
nates of about 30 fixed reference points in the
scene. For each camera, this procedure result-
ed in a camera matrix, and thus enabled us to
deduce the parameters of a homography be-
tween the camera’s image plane and the floor.
The video data have been analyzed in a semi-
automatical manner for each camera as de-
scribed in the following (see also PLAUE et al.
2011). Our main goal is the supervised extrac-
tion of reliable data.

1. The video is played back frame by frame.
Image segments corresponding to the heads
of pedestrians that newly enter the scene
are marked manually. These templates are
used to determine the head positions in the
next frame via the Lucas-Kanade tracking
method (SHr & Tomast 1994). Based on the
difference of spatial positions in consecu-
tive frames as well as the residual i.e., dif-
ference between the detected texture and
the template, an error score is computed for
each person. If this score is too high or the
user spots a possible tracking error regard-
less of the score, the head position/template
can be corrected manually.

2. Once the image coordinates of the heads of

the pedestrians have been determined, the
video is played again from the beginning.
For each pedestrian in the frame, the head
position is shown together with the corre-
sponding floor position, initially under the
assumption that every pedestrian has a
standard height of 4 = 1.70 m. In each frame
the user may correct the floor position of
a pedestrian by simply clicking into the
frame, and the current height and floor po-
sition coordinates are updated via the hom-
ography determined in camera calibration.

3. Each pedestrian is assigned a final height
value equal to either the arithmetic mean
of the height values from the corrections
in step 2, or equal to the standard height
h = 1.70 m if no user instruction for this pe-
destrian is available during this step. Based
on this final height value and the image
coordinates of the head, in each frame we
compute the world coordinates (X, Y, 0) of
each pedestrian’s position on the floor.

Remarks

® In our scenario, the floor position of most
of the pedestrians is visible at some point
in time, for example before entering or ex-
iting the crowded intersection area. There-
fore, manual correction of the floor position
is feasible.

® In order to improve the user’s corrections
of the floor positions it might be reasonable
to provide a view of all cameras and the re-
spective positions during step 2.

® One might introduce/implement a pattern
recognition module to carry out the func-
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tion of an automatic marker. However, even
if the whole algorithm provided a fully au-
tomatic analysis, manual verification would
nevertheless be good experimental practice
in order to obtain reliable data.

2.3 Merging Trajectories from
different Camera Views and
Smoothing

The above procedure yields the positions of the
pedestrians on the floor covered by each cam-
era. Originally the cameras were positioned
so that these floor areas overlapped. However,
it was not immediately possible to merge the
trajectories since they are not labelled as indi-
vidual pedestrians. To solve this problem, we
implemented the following algorithm:

1. For each pair of pedestrians captured by
different cameras, compute their distance
in each frame. Compute the mean value
across the frames. Due to measurement er-
rors, this value does not vanish even if it is
computed for the same pedestrian captured
by two different cameras. However, we ex-
pect the mean distance to be minimal if the
same pedestrian is captured by two differ-
ent cameras. If two pedestrians do not ap-
pear together in at least one frame, a very
large distance value is assigned to this pair
of pedestrians. If one camera captures few-
er pedestrians than the other, pedestrians
very far away will be added to this data set
to yield a square distance matrix.

2. The problem to find the permutation of la-
bels that yields the minimal distance for
each pair of pedestrians is a combinatorial
optimization problem that we solve with the
Kuhn-Munkres algorithm, also known as
the Hungarian method (Kunn 1955, Munk-
RES 1957). Data that cannot be assigned au-
tomatically can be assigned manually, or be
discarded. In our case, data from about 15
pedestrians had to be managed in this way.

3. Due to systematic errors such as lens dis-
tortion and due to errors in the measure-
ment process, the positions of the pedes-
trians from the cameras on the side show a
displacement with respect to those obtained
from the central view. We use the central
view as a reference and shift the positions

from the cameras on the side towards the
corresponding positions from the central
camera for the differences between the lo-
cations in different videos to be minimized
after merging the data. Finally, for each pe-
destrian, all available data points are ap-
proximated by cubic B-splines to yield
smooth trajectories (¢, X(2), Y(z)). By differ-
entiating these trajectories with respect to
the time parameter ¢z, the velocities of the
pedestrians can be easily computed (Fig. 1).

A frame of the analyzed video sequence
can be seen in Fig. 1. Since we use the central
camera as the reference view in step 3 above,
measurement errors are particularly visible in
the camera views from the side. One can see
that in this particular scene, the positions of
some pedestrians located near the intersection
area are not marked. This is due to the fact
that these pedestrians could not be reliably as-
signed a trajectory over a sufficiently extend-
ed time period, and therefore were discarded.
Note that with the currently available image
size of 640 %480 pixels, it proves difficult to
trace individual pedestrians in a very crowded
scene, even for an attentive human observer.
In our earlier experiments, we bypassed this
problem by equipping the subjects with col-
oured clothing hoping to establish a better vis-
ual contrast.

3 Variable-Bandwidth Kernel
Density Estimation

In the following, we describe and investigate
a novel method for kernel density estimation.
We apply this technique to compute a density
field from the trajectories of the pedestrians.

3.1 Definition

Consider a Gaussian kernel density estimator
with variable bandwidth to compute the den-
sity at time ¢ and position x:

ptx) =

1 1 x, () x|
Ly | |

exp
2 & (Ad, (1)) 2(4d, (1))’
M
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Here, J denotes an index set labelling the
pedestrians, and A is an additional dimension-
less smoothing parameter. The bandwidth
Ad (1) is estimated from the trajectories x,(z) of
the pedestrians — the formal analogy in statis-
tical data analysis is also known as a sample
smoothing estimator (TERRELL & ScoTT 1992).
For example, assuming A = [, for the nearest-
neighbour kernel estimator (PLAUE et al. 2011),

d,(0)= min [x,(0)=x,(0)] . )

However, this kernel and therefore the to-
tal density are not differentiable with respect
to time. Furthermore, it does not account for
the fact that the personal space of a pedestrian
is affected not only by the nearest pedestrian
but also by other pedestrians in the immediate
vicinity. Therefore, we propose the following
alternative:

1

Ry
d}m(t):( Y [x-x,0) } 0B

jed,j#i

This is a smooth function and at the same
time generalizes the nearest-neighbour kernel
as its limiting case of p — oo.

3.2 General Properties and
Parameters

In Fig.2, a toy-model calculation for a single
pedestrian is shown in order to demonstrate
how the bandwidth is determined by multiple
neighbouring pedestrians for reasonable val-

2 -

bandwidth {m)

1 1.5 2 25
distance {m)

Fig.2: The bandwidth, defined by (3) with
p =4, assigned to a particular pedestrian A as
a function of the distance to another individual
pedestrian B. Dotted line: with no other pedes-
trian present. Solid line (dashed line): with one
other pedestrian C (three other pedestrians C,
D and E) located at a constant distance of two
metres to A.

ues of the parameters p and 4. For large val-
ues of the parameter p, the bandwidth only
depends on the nearest neighbour. For small
values of p, the bandwidth is a function of all
nearby pedestrians, and it decreases with the
number of nearby pedestrians. Therefore, this
parameter defines the degree to which other
nearby pedestrians influence personal space.
Fig.3 shows the density field computed
with this kernel at a particular point in time.
By comparison with the fixed-bandwidth es-
timator, this figure also illustrates how the
variable-bandwidth estimator distributes “pe-
destrian mass” to favour densely crowded re-
gions. We would like to note that this feature
is consistent with a model assumption that is
frequently found in the description of pedes-
trian dynamics (“chemotaxis”): interactions
between pedestrians are repulsive for short
distances and attractive for longer distances
(see for example SCHADSCHNEIDER et al. 2002).
Also, we expect the proposed density esti-
mator is useful for the visualization of other
types of data, in particular if one is interested
in highlighting clusters. For large values of the
parameter A, the density field becomes more
spatially smoothed and less “fine-grained”,
distributing pedestrian mass more broadly.

density (m")

density {m™)

Fig. 3: Top: pedestrian density field, computed
with the kernel defined by (3) with A =1, p = 4;
bottom: computed with a fixed bandwidth of
d = 1 m. Black indicates a density >4 m=2.
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3.3 Comparison with other Density
Estimators

In Fig. 4, a plot of the density versus time is
shown, averaged over the regions marked in
Fig.3, and computed by four methods: the
standard method of counting people in the
region, a fixed-bandwidth kernel estimator,
our variable-bandwidth estimator, and finally
the density estimator based on Voronoi dia-
grams denoted in STEFFEN & SEYFRIED (2010)
as “D,,”. The regions have the respective areas
A,=158m?, A, = 6m?, and 4, = I m°.

Remark

The Voronoi method in its original form is
not designed for unconfined crowds; we work
around this fact by assuming that the pedes-
trians stop and cease to move once they exit
the area covered by the cameras, thereby lim-
iting the size of the boundary Voronoi cells.
More recently, LippLE et al. (2011) propose to
simply cut off the Voronoi cells beyond a disk

.

60 70 80 80 100 110

Fig. 4: From top to bottom: pedestrian density,
spatially averaged across the areas marked A,,
A, and A, in Fig.3. Kernel density with fixed
bandwidth d = 0.7 m (blue line), with variable
bandwidth (black line), Voronoi density (dashed
green line), standard density (thin black dashed
line).

of certain radius centred at the respective pe-
destrian.

All methods yield results very similar to
the standard density when computed for very
large regions, with the possible exception of
the Voronoi estimator (without cut-off) be-
cause of boundary cells of infinite size. How-
ever, for smaller regions, the fixed-bandwidth
estimator typically yields values that are sig-
nificantly lower than the standard density
since a large portion of the pedestrian mass is
located outside the respective region. For very
small “microscopic” regions, such as 4,, the
densities computed with the fixed-bandwidth
estimator can be larger than the standard den-
sity since pedestrian mass from outside the
region cumulates inside the region regardless
of the number of pedestrians already occu-
pying that location. In contrast to this, Fig. 4
demonstrates that the estimator proposed by
us yields values that are close to the standard
density at all scales. As a result, small tem-
poral variations in density are also described
more faithfully by this estimator. Therefore,
we may compute pedestrian density data with
high spatio-temporal resolution and high pre-
cision. We expect that this feature is particu-
larly useful to analyze the fine structure of
fundamental diagrams (ZHANG et al. 2011).

4 Conclusion and Future Work

In this work, we present a framework for
measuring local density fields from video re-
cordings of human crowds captured by multi-
ple cameras. By utilizing methods from pho-
togrammetric image analysis, we first extract
the trajectories of the pedestrians from each
camera, and merge these data by matching lo-
cations with minimum spatio-temporal dis-
tance.

From these trajectories, we compute the pe-
destrian density field via a modified version of
a nearest-neighbour kernel estimator recently
proposed by us, with an additional parameter
p that serves as a temporal smoothing parame-
ter for the bandwidth. The density obtained in
this way is a smooth function of the object co-
ordinates and time, and faithfully represents
the standard density when averaged over re-
gions of arbitrary sizes.
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In addition, the reader may be aware that
the density field is applicable in the estimation
of a flow field by requiring that the continuity
equation holds. This approach is the subject of
present work, the results of which will be re-
ported in PLAUE et al. (2012), where we will
also describe how obstacles and boundaries
can be taken into account.

Note that the automatic, data-driven esti-
mation of values for p and Z is still an open
problem in our context. Methods from statis-
tical data analysis for automatic bandwidth
selection might prove to be appropriate tools
to attack this problem (Comaniciu 2003, Wu
2007).
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Testing the Radiometric Performance of Digital
Photogrammetric Images: Vicarious vs. Laboratory
Calibration on the Leica ADS40, a Study in Spain
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Go GoNzALEZz-AGUILERA & JaviER GomEz-LAHOZ, Salamanca, Spain

Keywords: ADS40, radiometric calibration, test field, aerial images

Summary: This paper deals with the vicarious
calibration of a linear array sensor, ADS40, and the
comparison and analysis with the laboratory cali-
bration provided by the manufacturer. For this pur-
pose, a specific test field located in the city of Avila
(Spain) was designed for the two different flights
performed during the 8th and 9th of April, 2010
with a spatial resolution of 10 cm and 25 cm, re-
spectively. In addition, a reflectance measurement
campaign was performed during the flight using an
ASD FieldSpec 3 Hi-Res spectroradiometer, ob-
serving a group of 24 targets which included natu-
ral and artificial surfaces. Two study cases were
considered: with and without atmospheric correc-
tion. In order to take into account atmospheric ef-
fects, the reflectance method based on the radiative
transfer model was applied to establish the relation-
ship between sensor and ground magnitudes. Com-
pared to the calibration results provided by the
manufacturer, the results of the vicarious calibra-
tion are better. In particular, the root-mean-square
grey value error (RMSE) reached through the vi-
carious calibration in the different reference sur-
faces is lower than for the laboratory calibration,
which considers always the same atmospheric mod-
el. Finally, analyzing the stability of the calibration
and its relation with the flying height, the calibra-
tion of the lower flight (10 cm) was extrapolated to
the 25 cm flight, obtaining similar accuracies.

Zusammenfassung: Dieser Artikel beschéaftigt
sich mit der Feldkalibrierung (vicarious calibrati-
on) der Luftbildzeilenkamera ADS40 und ver-
gleicht die Ergebnisse mit denen der vom Hersteller
gelieferten Laborkalibrierung. Zu diesem Zweck
wurde in Avila (Spanien) ein Testfeld angelegt, das
am 8. und 9. April 2010 in zwei verschiedenen Ho-
hen so iiberflogen wurde, dass eine Bodenauflo-
sung (Ground Sample Distance, GSD) von 10 cm
bzw. 25 cm entstand. Gleichzeitig mit der Uberflie-
gung wurden 24 radiometrische Referenzflachen,
die sowohl natiirliche als auch kiinstliche Oberfla-
chen besallen, vermessen. Dabei kam das Feld-
spektrometer FieldSpec 3 Hi-Res der Firma ASD
zum Einsatz. Die aufgenommenen Kanile wurden
sowohl unter Beriicksichtigung eines Atmospha-
renmodells als auch ohne ein solches ausgewertet.
Als Atmosphirenmodell wurde das 6S (Second si-
mulation of the satellite signal in the solar spec-
trum), Version 1.1, verwendet. Die Genauigkeit der
Feldkalibrierung war etwas hoher als die der La-
borkalibrierung des Herstellers. Das zeigte sich
insbesondere bei unterschiedlichen Oberflichen-
materialien. Ein weiteres Ergebnis war, dass die
Ergebnisse der Kalibrierung des niedrigeren Flu-
ges (GSD 10 cm) mit nur einem geringen Genauig-
keitsverlust auf die groBere Flughdhe (GSD 25 cm)
extrapoliert werden konnten.

1 Introduction

Nowadays, the exploitation of physical quanti-
ties is still not widespread in thematic applica-
tions of aerial images captured by photogram-
metric techniques. Nevertheless, as long as the
sensor is properly calibrated, it is possible to

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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obtain absolute values of radiance or reflec-
tance, and therefore, these sensors can be used
for multispectral classification, vegetation rate
calculation and estimation of biophysical vari-
ables, providing the advantage over the satel-
lite systems of offering high resolution imag-
es and allowing a data acquisition depending
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on user demand (HONKAVAARA & MARKELIN
2007).

In 2000, Leica Geosystems introduced the
photogrammetric scanning sensor ADS40
(Sanpau et al. 2000). This camera is innova-
tive in the field of photogrammetry, not only
due to its linear sensor characteristics, but also
because of the camera manufacturer provides
information about the laboratory radiometric
calibration (BEisL et al. 2006), and because
the application of some atmospheric correc-
tion algorithms and an empirical bidirectional
reflectance distribution function (BRDF) cor-
rection are part of the photogrammetric work-
flow provided by the manufacturer’s software
(BEsL et al. 2008).

There are various radiometric calibration
methods in remote sensing (DE VRIES et al.
2007, HonkAvAARA et al. 2009, KAASALAINEN
et al. 2009), but the basic principles are the
same (WAGNER 2010). While the radiometric
processing chain is popular for remote sensing
systems, those approaches are not directly ap-
plicable in photogrammetric processing due to
special features of photogrammetric data ac-
quisition (REap & GraHAM 2002). In remote
sensing, here are three types of radiometric
calibration of optical sensors (DINGUIRARD &
SLATER 1999, HonkAvAaARA et al. 2009, WAGNER
2010): pre-flight (at laboratory with Lamber-
tian or spherical reflectors), on board (taking
regular measurements of stable targets) and
vicarious (based on object pseudo-invariant
reflectance).

The radiometric processing methods of
photogrammetric imagery are under devel-
opment, and several organizations are cur-
rently developing radiometric block adjust-
ment software (HonkavaAra et al. 2009), spe-
cifically for photogrammetric sensors. In a
vicarious calibration and validation, the test
site performance becomes relevant and must
be assessed, although optimal construction of
permanent radiometric test sites for high res-
olution airborne imaging systems is an unre-
solved issue (Honkavaara et al. 2010). Ideally,
the field targets used in radiometric calibration
either for satellite or airborne sensors should
accomplish a set of characteristics (TEILLET et
al. 2007, HoNkavaAra et al. 2010). Specially
for the latter ones, the requirements related to
stability, location, terrain height and climate/

atmospheric properties are the most difficult
to realize, i.e., uniformity, sufficiently large
footprint, flatness, high signal-to-noise ratio,
Lambertian reflectance, as well as minimiz-
ing aerosols, water vapour and clouds. Natu-
ral and/or anthropogenic targets are used fre-
quently, i.e., rocks or gravel parcels, concrete
areas (which can also be painted), sand etc.
Specific artificial targets are also common,
i.e., transportable tarpaulins or carpets etc.

The authors of this paper conducted some
preliminary experiments for radiometric cal-
ibration of aerial images with the Intergraph
DMC frame camera, analyzing the incor-
poration of radiometric transfer models into
the conventional photogrammetric process
(HErRNANDEZ-LOPEZ et al. 2011). Recently, very
interesting studies on the validation of the ra-
diometric processing chain (MARKELIN et al.
2010) and the reflectance calibration of the
ADS40 were performed (BEisL & ADIGUEZEL
2010). Some of the products processed with the
Leica software are evaluated by using ground
reflectance measurements as a reference. The
results show a reasonably good agreement be-
tween the calibration results and the reference.

This article presents an experiment carried
out in Avila (Spain) with the ADS40 sensor.
The experiment compared the vicarious cal-
ibration of two different flights (10 cm and
25 cm GSD, ground sample distance) with the
laboratory calibration provided by the manu-
facturer: with and without atmospheric cor-
rection. A series of check surfaces with dif-
ferent properties have been established for the
validation process. During the whole study,
the analysis was always based on the Level 0
(L0, raw data) images in nadir direction, with-
out compression and without any geometric or
radiometric processing.

This study advances in the research direc-
tions raised by the EuroSDR project “Radio-
metric aspects of digital photogrammetry
images” (Honkavaara et al. 2011), which fo-
cused on the convenience of performing vi-
carious calibrations. The main scientific con-
tribution of this work is that remote sensing
methodologies for radiometric calibration are
adapted, extrapolated and applied to a photo-
grammetric linear array sensor. Methodologi-
cally this implies the application of a rigorous
photogrammetric model of the observation
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geometry to obtain the geometrical parame-
ters required for atmospheric correction. We
also carry out an experimental validation of
our method, comparing the vicarious calibra-
tion to the laboratory calibration and assessing
the influence of atmospheric correction (sec-
ond simulation of the satellite signal in the so-
lar spectrum (6S) model) on the results.

2 Materials and Methods

2.1 Photogrammetric linear Sensor
ADS40-SH52

The sensor used was the Leica ADS40-SH52,
with 62.7 mm focal length, 6.5 um pixel size, a
12,000 pixels array, and a field of view of 64°.
It has four panchromatic CCDs: one oriented
forward by 27° one oriented backwards by
16°, and two nadir views at 2°. It also has four
multispectral CCDs: red (R), green (G), blue
(B) and near infrared (NIR), providing views
that are 2° off nadir. The bandwidths are 465—
680 nm for the panchromatic channel, 428—
492 nm for the blue band, 533-587 nm for the
green band, 608—662 nm for the red band, and
833-887 nm for the infrared band, without
overlap between bands (CaseLLa et al. 2008,
MARKELIN et al. 2010).

The camera was calibrated in November
2007 in a laboratory with a uniform white tar-
get and an integrating sphere. The calibration
parameters are available from Leica on re-
quest (BEisL et al. 2000).
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2.2 Photogrammetric Flights

The city of Avila, located 100 km from Ma-
drid, was chosen as a test area. In this area, the
conditions for photogrammetric flights are fa-
vourable due the cleanness of the air in this re-
gion. Furthermore, the area comprises an ur-
ban area, but also the surroundings including
agricultural vegetation, so it has a large size
and radiometric range.

The images used in the calibration process
were captured on April 8th, 2010 with an ex-
cellent illumination and a clean atmosphere.
The flight was conducted at 1000 m flying
height, resulting in a GSD of 10 cm, distribut-
ed in 7 strips in East-West direction and one in
North-South over the test field. The area cov-
ered was approximately 22 km?. A flight over
the same area with a GSD of 25 cm was per-
formed at the next day, 9th of April, with a fly-
ing height of 2500 m, distributed in 10 strips
in East-West and another one in North-South
direction. The covered area is 75 km? (Fig. 1).
We worked with images in Level 0 (LO, raw
data) of RGB and NIR bands, all of them in the
close nadir direction, with 12-bit radiometric
resolution.

2.3 Radiometric Campaign

The calibration zone was equipped with seven
portable reflectance tarpaulins. Six tarpaulins
had different spot colours: black, white, blue,
red, green and gray, with a size of 5x5 m>.
The seventh was a 6-step grey-scale tarpaulin

4744 N
—-

A=Al W % 5 W
vt el

40F &' N

AP

407 &M H

407 35N

0N I R |
— e ——p—

Fig. 1: Flight patterns: GSD of 10 cm on left and of 25 cm on right with control strip in N-S direction

in both flights, CyL = Castillay Ledn.



560

Photogrammetrie o Fernerkundung « Geoinformation 5/2012

of 5x1 m? (Fig.2). These tarpaulins (12 tar-
gets) were used as control surfaces to perform
the calibration process. The number of spec-
trometer measurements was 5 in each big tar-
paulin and 10 in every step of grey-scale tar-
paulin.

In addition, 12 check areas were selected
for validation (Fig. 3). Three check areas were
natural surfaces, covered by sand, grass and a
track. Seven check areas corresponded to ar-
tificial surfaces of different colours, namely
green, white, garnet and the colour of football
soil, and to different materials, namely as-
phalt, concrete soil and cement. The last two
check areas corresponded to paved ground
and bushes. Their homogeneity was lower
than the homogeneity of the other check ar-
eas, but their presence is quite common in the

Fig. 2: Test field: Calibration surfaces.

study area. All the 12 check areas were used in
the validation process.

In order to acquire spectral measurements
in the field, an ASD FieldSpec3 spectroradi-
ometer was used as a remote detector of the
radiant flux coming from the surface in the
visible and near infrared ranges. This model
provides a spectral range of 350-2500 nm, a
data sampling time of 0.1 seconds per spec-
trum, and a maximum spectral resolution of
3 nm (£1.0 nm wavelength accuracy) with a
maximum noise equivalent radiance of 1.4
107 W-cm2-sr”!. The optical fiber was mount-
ed with a 25° field of view registering. In the
check areas we defined between one and five
check targets, each corresponding to a small
patch of approximately 1x 1 m?. In each ob-
servation cycle, 120 spectra were measured
over each target and then averaged to get the
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Sand {5) Grass (25} Track {10) Asphalt{10)  Concrate Soil (18] Cament (10)
Garmed Soi (10)  White Soil (10)  Football Sofl (5)  Geeen soil (10) Paved (10) Bush (&)

Fig. 3: Examples for targets (1 x 1 m?) in the check areas and the number of reflectance values
derived from spectrometer measurements per check area between brackets. As there are five
measurements per target, the number of targets per check area is the number of measurements
divided by five. For instance, there was one target over sand, but five targets over grass.
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Fig. 4: Standard deviation of measurements (reflectances in %) on the check surfaces.

final spectra. Before each target measurement,
a reference measurement was made with a cal-
ibrated white reference standard (Spectralon
Labsphere ®). The spectra were measured in
absolute radiance mode. Afterwards, the radi-
ances were scaled with the reference measure-
ments to produce the reflectance values per
target. Finally, these target reflectances were
weighted with the ADS40 channel spectral
sensitivities to get the reflectances per MS
channel. This procedure was repeated five
times per target to obtain five representative
reflectance values per target. The radiometric
samples were georeferenced by determining
the centres of the respective targets using a
dual-frequency GNSS receiver. The accuracy
(RMSE) of the target coordinates was better
than 0.1 m. Fig. 3 shows examples for targets
(I x 1 m?) from each of the check areas and the
number of reflectance values per check area
used for evaluation. As there were five reflec-
tance values per target, the number of targets

per check area is equal to the number of re-
flectance values divided by five. The overall
number of targets in all check areas was 24,
and the total number of reflectances measured
in the check areas was 120.

Fig.4 shows the standard deviation of the
measurements for each check area. We can
observe the highest values in the check area
covered by vegetation (grass and bush) in the
NIR band. All the spectral measurements per
target were used independently for the cali-
bration procedure (in case of the tarpaulins)
and for evaluation (targets in check areas). All
the targets (calibration or check surfaces) are
visible in at least 5 strips. To obtain the cor-
responding colour vectors in the images, for
each image a target appeared in we deter-
mined the average digital number per band in
a small square window. The size of this win-
dow was 7 x 7 pixels in the images with 10 cm
GSD (calibration and validation) and 3 x 3 pix-
els in the images with 25 cm GSD.
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2.4 Radiometric Calibration

Radiative transfer model

The equation of radiative transfer establishes
the relation between reflectances measured on
the surface and the apparent reflectance at the
sensor, taking into account the processes of
atmospheric dispersion and absorption (VER-
MOTE et al. 2000).

ps(ei’ev’dj’zl’zs) :pa(ei’ev’dj’zs)

pt Ti(ei’zt)TT(ev’Zs)Tg(9ﬂH~ 4 Zs)

VoLt

(1

In (1), p, is the apparent reflectance at the
sensor, p_ is the intrinsic reflectance of the at-
mosphere, S is the atmospheric albedo, 7, is
the global transmittance due to molecular ab-
sorption, 7, is the descending transmittance,
7! is the upward transmittance, p, is the target
reflectance measured at the surface, 6, is the
zenith angle of the illumination, 6 is the ze-
nith angle of observation, @ is the azimuth an-
gle between the plane of observation and the
illumination, z, is the elevation of the ground
point and z_ is the altitude of the sensor.

To obtain the atmospheric parameter values
necessary to calculate reflectances at the sen-
sor (p,, E,, Sz, 7, 7, ) using (1), the model 6
(VERMOTE et al. 2006) can be used, which re-
quires information about the geometry of il-
lumination and observation (explained in the
next section) for each of the target and band
image involved in the process. So, 0, 0, @, z,
and z_ will be the input geometric parameters
in the model 6S.

If no such atmospheric correction is ap-
plied, the sensor and ground reflectance are
considered to be equal, in which case (1) is
simplified as follows:

Ps =P @

The apparent reflectance of the sensor p,
can also be expressed as a function of the ob-
served digital number (DN) recorded by the
sensor (VERMOTE et al. 2006):

[ A —
I_S(ztazs)pt

P, = nL, ~ 7(c,+c -DN)
* E,-cosf, E, -cosé,
E, - :
Sy +e DN = LS8 3)

T

In (3), L, is the radiance at the sensor, £,
is the exoatmospheric solar irradiance at the
top of the atmosphere (TOA), c, (offset) and
¢, (gain) are the calibration coefficients and p_
can be obtained either by the 6S model in (1)
or by (2).

For the ADS40 sensor, the linear model
suggested by the manufacturer is set up in a
way that the offset ¢, is corrected by the sys-
tem during its registration, so it can be set to
zero (BEeisL 2006). This aspect was checked by
the authors. The solution obtained with deter-
mining an unknown offset parameter did not
result in an improvement, so that a calibration
model with only one parameter (the gain c))
was used in this study. In the calibration pro-
cess, the reflectance measurements for each
target can be transformed to the images via
(D) or (2), where they are related to the digi-
tal numbers measured in the corresponding
image windows and the radiometric calibra-
tion coefficient ¢, via (3). Each observed digi-
tal number in an image results in one observa-
tion equation. This over-determined system is
solved by least squares methods (HERNANDEZ-
Lopez et al. 2011).

In this study, the vicarious calibration is
named case ‘I’, referring to the number of co-
efficients used (only gain) and the calibration
of the manufacturer is named case ‘M’. If the
atmospheric correction is applied the letter
‘a’ is added. So, case ‘I’ refers to the vicari-
ous calibration without atmospheric correc-
tion, case ‘1a’ to the vicarious calibration with
atmospheric correction, case ‘M’ to the cali-
bration provided by the manufacturer without
atmospheric correction and case ‘Ma’ to the
calibration provided by the manufacturer with
atmospheric correction. In this work, we did
not consider the impact of errors in the atmos-
pheric parameters in (1).

Geometry of illumination and
observation

To carry out the vicarious calibration with
high resolution photogrammetric images it is
recommendable to know the three-dimension-
al geometry of the scene with the highest ac-
curacy possible if atmospheric correction is to
be carried out (HERNANDEZ-LoOPEZ et al. 2011).
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It is not required in the case without atmos-
pheric correction.

The geometry of the scene for each target is
defined by the position of the sun, target and
Sensor.

The GNSS field measurements and the data
provided by the flight company are needed to
find the three-dimensional geometry of obser-
vation, i.e. the relative position between target
and sensor. We determined the exterior ori-
entation parameters by aerial triangulation of
the LO images; note that there is an individu-
al set of orientation parameters for each scan-
line and band: GPS time, position of projec-
tion centre (X,Y,Z) and attitude (omega, phi
and kappa). In this study, the positions of the
(calibration and check) targets were rigorously
georeferenced on the ground using a dual-fre-
quency GNSS receiver and back-projected to
the LO images using the orientation parame-
ters. Back-projection requires an iterative pro-
cess and also a proper handling of structure
and image information. To solve this problem,
an application based on the ADS Info kit pro-
vided by Leica Geosystems was developed
(TemPELMANN et al. 2005). As a result, we ob-
tain the GPS time for the time each target was
imaged and consequently also the projection
centre coordinates, which are used to calcu-
late the azimuth and zenith angles of obser-
vation between target and sensor required to
determine the atmospheric correction param-
eters in (1). The back-projected points are used
to define the n xn windows to determine the
DN values. We do not consider the oblique-
ness of the terrain since all our targets are in
horizontal terrain.

The solar position algorithm (SPA) library
(Repa & ANDREAS 2008) was used to calculate
the illumination geometry, relative position
between target and sun, expressed as the geo-
detic azimuth and the zenith angle at the mo-
ment of the data acquisition using GPS time

and target position (geodetic latitude, geodetic
longitude and orthometric height).

Atmospheric characterization

With regard to the atmospheric parameters,
the values of aerosol optical depth (AOD)
were taken from AERONET (AERONET
2010). Due to the absence of closer stations,
the value of AOD was extracted as the average
of the values of the two closest stations, Au-
tilla and Caceres, both at a distance of 100 km
from Avila.

The cleanness of the atmosphere at the day
of the flight was remarkable, so that the AOD
values were pretty similar (Tab. 1). The “Mid-
latitude Summer” atmospheric model and the
continental aerosol model (VERMOTE et al.
2006) were used to obtain the atmospheric pa-
rameters (p_, S, 7, T, 7, ) for each of the test
field measurements based on the 6S model, us-
ing the geometrical parameters derived in the
way explained in the previous section. The ef-
fects of the quality of the atmospheric param-
eters on the calibration results were not con-
sidered in this study.

Solution

The calculation of the calibration is composed
of an overdetermined system based on the cal-
ibration targets (Fig. 2), and takes into account
that for each target we obtain one correspond-
ing image observation in each image the tar-
get is visible in, using the mean digital number
(DN) value of window of 7 x 7 pixels. All the
reflectances measured at ground level (5-10
per target) are transformed to the images using
either (1) (with atmospheric correction) or (2)
(no atmospheric correction), where the obser-
vation equation is given by (3). In the adjust-
ment, the corrected reflectances are consid-
ered as the observations, whereas the digital

Tab. 1: Mean AOD calculated from the closest AERONET stations on April 8th, 2010.

Station | Long. Lat. AOD
B (at440nm) | G (at500nm) | R(at 675nm) | NIR (at 870 nm)
Autilla | —4.603 | 41.997 0.100 0.084 0.059 0.059
Caceres | —6.343 | 39.479 0.104 0.100 0.055 0.045
Mean 0.102 0.092 0.057 0.052
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numbers were used as constants. Consequent-
ly, two solutions were obtained, one without
atmospheric correction (case ‘1’) and the oth-
er with atmospheric correction (case ‘la’). In
both cases the overdetermined system has 450
observation equations and one unknown gain
parameter ¢, per band. Since some outliers
could remain in the measurements, the least
squares solution is stabilized with the modi-
fied Danish robust method (Caspary 1987,
KRraARup et al. 1980).

2.5 Validation

In order to evaluate the vicarious calibration
method and compare its effectiveness with the
one obtained by the laboratory calibration, we
applied all calibration parameters to the im-
age observations in the check targets (Fig. 3)
to propagate them into ground reflectanc-
es. The ground reflectances thus determined
were compared to the ground measurements.
The check targets were independent and not
used in the calibration process. In this way, for
each check measurement and image band, the
differences between the ground reflectances
Peatentarea» ODtained by applying the results of
the vicarious calibration (with and without at-
mospheric correction) to the grey levels, and
the measured ground reflectances p,
were examined. Similarly, the same compari-
son was done with those reflectances obtained
by applying the calibration coefficients pro-
vided by the manufacturer. In the cases when
atmosphere was considered, the sensor reflec-
tances were transformed into ground reflec-
tances using again the atmospheric character-
ization provided by the 6S model in (1).

To compare the different cases in a global
way, considering all the images and all the tar-
gets, the root-mean-square error (RMSE) of

Tab. 2: Gain coefficients (W-m-2-sr-:uym-"-DN-").

the reflectance differences expressed in reflec-
tance units (%) was used:

1
RMSE = \/F z (pmeasured - pca/cu/ated )2 (4)

where N is the number of image observations
for all check targets.

Furthermore, to analyze each check area
(corresponding to several targets of the same
land cover type) in an independent way, the
following values are determined independent-
ly for each check area, considering all the im-
ages: the maximal and minimal error, stand-
ard deviation, average error, the average abso-
lute error value, and the RMSE.

3 Results

3.1 Parameters of Flight Calibration,
Flight of 10 cm GSD

In this process all calibration surface tarps
were used. Tab.2 shows the gain coefficient
and the RMSE obtained from the vicarious
calibration, with atmospheric correction (1a’)
and without it (‘1’). The calculated values are
slightly higher than those provided by the
manufacturer in all bands (‘M”). The RMSEs
were smaller with atmospheric correction, ex-
cept for the R band.

3.2 Validation

Fig.5 shows the accuracy of these experi-
ments expressed as the RMSE in which all
the targets and all the images are considered.
Vicarious calibration (‘1” and ‘1a’) exhibits er-
rors between 2 and 2.6 % in the RGB bands
and a slightly higher one, 3.5 %, in the NIR

B G R NIR

¢ RMSE ¢, RMSE ¢ RMSE ¢, RMSE

case ‘la’ | 5.371-10°% | 9.0-10°% | 3.55110°5 | 9.0-10°* | 3.029:10°5 | 9.0-10°* | 3.11710°5 | 7.0:10°%

case ‘I’ | 5.67710° | 23107 | 3745105 | 1.2:107 | 3.095:10% | 3.0-10% | 3.225:10 | 15107
case ‘M’ | 4.65:10° - 3.3910°3 2.86:10°5 - 2781073 -




Tab. 3: Statistics of the errors of the vicarious calibration (case ‘1a’) using the different check surfaces expressed in reflectances (%), max = maximum
error, min = minimum error, std = standard deviation, RMSE = root-mean-square error, ave = average error, ave av = average absolute error value.

Vicarious Sand Asphalt  Track Cement Grass Paved Bush White Football Garnet Concrete Green
Soil Soil Soil Soil Soil
Blue max 3.90 373 2.73 2.29 3.72 2.99 4.90 2.68 1.20 2.49 1.22 2.06
min —6.04 —-0.30 -6.19 —8.75 —2.53 —3.54 -1.40 —6.10 —4.35 —-0.06 —4.13 -1.05
std 2.99 1.01 2.44 2.51 1.36 1.59 1.58 2.02 1.60 0.75 1.34 0.83
RMSE 2.94 2.02 2.45 3.53 1.87 1.61 1.90 2.22 2.08 1.63 2.05 1.32
ave 0.01 1.75 —-0.41 -2.51 1.29 —-0.31 1.10 —-0.96 -1.37 1.46 -1.56 1.03
ave av 2.08 1.77 1.76 291 1.75 1.31 1.42 1.77 1.60 1.46 1.73 1.22
Green max 2.21 4.03 4.55 1.75 2.51 3.50 4.25 6.60 1.66 1.07 1.69 2.60
min —6.10 —-0.26 -7.32 —8.85 —4.64 -2.39 -2.07 -2.14 —4.84 —0.41 —4.31 —-1.61
std 2.37 1.12 2.89 271 1.71 1.48 1.64 2.34 1.92 0.39 1.34 0.94
RMSE 2.43 1.71 2.90 331 1.71 1.49 1.72 3.59 2.00 0.62 1.53 1.48
ave —0.69 1.30 0.45 -1.93 0.13 0.26 0.63 2.74 —0.68 0.48 -0.77 1.15
ave av 1.45 1.34 2.46 242 1.34 1.23 1.31 3.00 1.31 0.53 1.18 1.35
Red max 2.68 391 5.14 2.24 2.57 11.84 7.36 7.08 1.06 1.29 2.54 1.49
min —7.25 —0.71 —7.63 -9.67 —3.84 —2.12 —4.86 —-0.98 -5.12 -2.03 —4.01 -1.77
std 278 1.24 3.08 3.12 1.34 3.45 3.11 2.30 1.63 0.96 1.40 0.74
RMSE 2.95 1.60 3.13 3.80 1.36 3.60 3.07 3.54 2.07 1.02 1.48 0.84
ave -1.12 1.01 0.71 —2.21 —-0.22 1.15 0.38 2.70 -1.33 —-0.35 —-0.50 0.41
ave av 1.90 1.13 2.75 2.79 1.01 2.06 2.61 2.82 1.52 0.87 1.18 0.71
NIR max 10.70 243 4.82 2.21 8.69 2.87 4.24 5.27 1.41 0.62 4.01 1.86
min —7.53 —2.04 —9.28 —6.32 —20.08 —3.45 —-13.00 -5.90 -5.00 -3.24 -3.01 —2.22
std 4.92 1.09 3.29 2.14 5.28 1.47 4.81 2.66 1.86 0.93 1.49 1.03
RMSE 4.94 1.09 3.27 2.38 5.29 1.55 4.96 2.64 1.94 1.41 1.48 1.04
ave 1.02 0.14 0.03 -1.07 —-0.52 —0.54 -1.55 —-0.14 —-0.67 -1.07 0.15 0.24
ave av 3.52 0.85 271 1.86 3.95 1.27 3.47 2.17 1.52 1.14 1.11 0.88
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Fig.5: Comparison of the vicarious calibration derived from the 10 cm flight (cases ‘1’ and ‘1a’)
and the laboratory calibration (cases ‘M’ and ‘Ma’) applied for the 10 cm flight.
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band. The influence of the atmospheric cor-
rection in the vicarious calibration was low for
all bands, B being the band showing the high-
est improvement (0.5 %). The RMSEs of the
laboratory calibration (‘M’ and ‘Ma’) are be-
tween 2.6 and 4 % in the RGB band and val-
ues close to 5 % in the NIR band. In the case
of ‘M’ the RMSE is higher when the wave-
length increases. The results of the calibra-
tion coefficients revealed a greater sensitivity
to the atmospheric effects (‘Ma’), especially
in the R and G bands (= 1 %). In this case, an
increase of the error of 0.5 % for the B band
was observed. The RMSEs in reflectances ob-
tained for all the bands after applying the vi-
carious calibration (‘1” and ‘la”) were smaller
than those errors resulting from the laborato-
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Fig.6: Maximal and minimal differences between the ground reflectance measurements and
those resulting from the vicarious calibration process (case ‘12’), with its average and standard
deviation (%).

ry calibration. The NIR band was most sig-
nificant since it provided an improvement of
about 2 %.

Tab. 3 shows the maximum and minimum
differences between the ground reflectance
measurements at the check surfaces and those
resulting from the vicarious calibration with
atmospheric correction (case ‘la’) in absolute
terms (expressed in %) and independently for
the 12 targets. It shows that the majority of the
surface types used as check surfaces may be
considered as invariant and suitable for radi-
ometric validation. In general, uniform sur-
faces that are artificially coloured such as gar-
net and green provided the best accuracies in
the four channels of the spectrum, while more
variable surfaces like sand or vegetation had



Tab. 4: Statistics of the errors based on the radiometric manufacturer calibration (case ‘Ma’) for different check surfaces expressed in reflectances (%),
max = maximal error, min = minimal error, std = standard deviation, RMSE = root-mean-square error, ave = average error, ave av = average absolute
error value.

ADS40 Sand Asphalt  Track Cement  Grass Paved Bush White Football - Garnet  Concrete Green

Soil Soil Soil Soil Soil
Blue max 5.52 5.89 5.09 5.85 4.18 6.00 593 8.89 3.67 3.32 4.84 3.58
min -3.26 1.63 -3.12 —4.48 -1.25 0.37 0.07 0.64 -1.34 1.00 -0.17 0.76
std 2.62 1.08 2.20 2.35 1.20 1.38 1.47 1.89 1.42 0.68 1.19 0.75
RMSE 3.31 3.88 3.13 2.77 2.39 3.37 2.79 577 1.92 2.45 2.69 2.76
ave 2.08 372 2.25 1.51 2.06 3.09 2.39 5.46 1.32 2.35 2.42 2.66
ave av 3.08 372 2.90 2.30 2.20 3.09 2.39 5.46 1.62 2.35 2.42 2.66
Green max 3.14 4.76 5.63 3.25 2.76 4.50 474 9.10 2.53 1.33 3.29 3.59
min —4.86 0.39 -5.95 =717 —4.01 —1.01 -1.50 0.49 -3.74 -0.13 —2.82 -0.49
std 2.28 1.16 2.81 2.67 1.64 1.38 1.62 2.31 1.84 0.39 1.32 0.91
RMSE 2.26 2.27 3.25 2.66 1.71 1.98 1.97 5.76 1.82 0.84 1.51 2.36
ave 0.34 1.96 1.66 -0.33 0.50 1.44 1.16 5.29 0.25 0.75 0.75 2.18
ave av 1.81 1.96 2.91 2.04 1.44 1.62 1.46 5.29 1.50 0.76 1.24 2.21
Red max 4.03 4.83 6.69 4.22 2.86 12.87 7.84 10.42 2.92 1.76 4.61 2.36
min -5.43 0.06 =570 -743 -3.29 -0.77 -4.03 2.48 -3.03 -1.50 -2.17 -0.77
std 2.64 1.31 2.98 3.05 1.28 3.30 3.01 2.28 1.55 0.95 1.40 0.71
RMSE 2.62 2.25 3.83 3.02 1.28 4.15 3.13 6.51 1.64 0.95 1.99 1.49
ave 0.40 1.84 2.43 -0.08 0.10 2.56 1.06 6.11 0.62 0.15 1.42 1.32
ave av 2.04 1.84 341 2.41 1.02 2.62 2.52 6.11 1.43 0.83 1.67 1.37
NIR max 13.33 4.22 8.45 6.44 13.57 5.76 6.90 11.56 4.94 1.48 7.68 4.87
min -3.18 -0.49 —4.89 -1.85 -13.72 -0.98 -9.05 0.96 —-1.01 -2.23 0.01 1.04
std 4.41 1.18 3.12 2.09 4.94 1.50 4.37 2.54 1.69 0.89 1.71 0.96
RMSE 6.28 2.08 5.02 3.89 6.44 2.65 4.54 6.87 343 0.89 3.85 345
ave 4.55 1.73 3.96 3.29 4.15 2.19 1.51 6.40 3.00 -0.14 3.46 3.32
ave av 5.34 1.76 4.39 3.51 5.70 2.24 4.04 6.40 3.08 0.72 3.46 3.32
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poorer results. These were anisotropic surfac-
es in which the reflection angles change and
the energy that is not gathered by the sensor
is lost. That produced a slight increase in its
RMSE and standard deviation (std).

The most uniform bands in terms of a simi-
lar error were B and G, and the most variable
band was NIR (Fig. 6). Here, as expected, the
higher error occurred in vegetated samples
(bush and grass), because there the NIR band
reflectance values and the standard deviation
of the measurements were higher.

Next, a comparison with the results ob-
tained using the coefficients of the ADS40
camera and atmospheric correction is done
(Tab.4). In general, for practically all check
surfaces the RMSEs of the vicarious calibra-
tion are slightly lower than those obtained
from the manufacturer calibration coefficients

(Fig. 7).

3.3 Application to 25 cm GSD Flight

In this section the use of the calibration com-
puted for the 10 cm flight was extrapolated to
the 25 cm flight. The main goal was to ana-
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lyze if it was possible to extrapolate the radi-
ometric results of the vicarious calibration to
different ground sample distances and flying
heights. The results obtained, considering all
the targets and all the images (Fig. 8) show a
very similar trend for both flights. In particu-
lar, the vicarious calibration exhibited RMSEs
lower than 3 % (except for the B band in case
‘I’, where it was 3.5 %). The atmospheric cor-
rection in the vicarious calibration improved
the results by 1.7 % in the B band, by 0.7 %
in the R band and by very small values in the
G and NIR bands. The vicarious calibration
(‘I’ and ‘la”) provided higher precisions than
those based on the laboratory calibration (‘M’
and ‘Ma’), with a larger variation for the NIR
band of about 2 %. Nevertheless, there was an
exception for the B band, which provided a
different performance. On one hand, without
atmospheric correction, the accuracy of the
vicarious calibration (‘1”) was slightly lower
than the laboratory calibration (‘M”). On the
other hand, the application of the atmospheric
correction on the laboratory calibration gener-
ated a solution slightly worse than the vicari-
ous one (0.7 %).

o

GIIIY

Fig.7: Maximal and minimal differences between the ground reflectance measurements and the
resulting from using the manufacturer calibration coefficients (case ‘Ma’), together with its average

and standard deviation (%).
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4 Discussion

Other authors such as HonkavaArRA & MAR-
KELIN (2007) have empirically analysed the
spectral response of different airborne sensors
through the use of grey patterns located in the
field. In particular, they have examined the
spectral response of the ADS40, DMC and Ul-
traCamD systems through the use of a pattern
with 8 different levels in grey scale. The con-
clusion is that these systems present an excel-
lent radiometric quality and can be calibrated.
The result of this investigation proved the sta-
bility of the radiometric laboratory calibration
of the ADS40-SHS.

With regard to the calibration surfaces, we
used PVC canvases to cope with the require-
ments mentioned in other works (HONKAVAARA
et al. 2010) and it has been determined that
they are suitable for the correct determination
of the radiometric camera calibration, in par-
ticular ADS40 sensor (MARKELIN et al. 2010).
However, sensor saturations were detected in
the original images in some bands for bright
objects, though the images have 12 bit dynam-
ic range.

In our investigation raw sensor data have
been used, considering the three-dimension-
al imaging geometry and a digital elevation
model. Processing methods relying on the rec-
tification and the consequent resampling of
images could involve alterations to the origi-
nal radiometric information.

The vicarious calibration is of interest in
cases when there is doubt as to the calibration
values supplied by the manufacturer or when
the calibration needs to be validated. The re-
sults are consistent with the recently published
papers (MARKELIN et al. 2010, Beist 2010),

o1 mia

RMSE (%)

Wk

showing that the RMSEs of surfaces reflec-
tances can be better than 5 % in most of the
evaluations. The performance varies between
the different bands. The performance of the
NIR band was lower (3—5 %) than the RGB
band in all the cases. The vicarious calibra-
tion of the 10 cm flight achieved better results
than the laboratory calibration; compared to
ground reflectances, RMSEs in the NIR band
decreased by about 2 %. In any case, the re-
sults achieved for a three-year old laboratory
calibration demonstrate the radiometric sta-
bility of the sensor. The good weather condi-
tions during the acquisition may have contrib-
uted to this result, and thus it would be inter-
esting to repeat the procedure under less fa-
vourable conditions. Check surfaces provided
large variations in reflectance, depending on
the surface and the analyzed band, but they
were never above 14 %, reaching even vari-
ations lower than 2 % for homogeneous and
synthetic surfaces.

The accuracy obtained from the 10 cm
calibration flight was preserved in the 25 cm
flight. After these experiences, it should be
mentioned that the errors increase with the
wavelength if the laboratory calibration is
used (case ‘M’). Likewise, if the atmospheric
correction is applied (case ‘Ma’) the accura-
cy for the B band gets worse. Therefore, the
best solution is the vicarious calibration with
atmospheric correction, named here case ‘la’.
In all the cases, R and G are the most stable
bands.

On the other hand, there are some ways for
improving the methodology that are worth
mentioning: first, concerning the in situ meas-
urements, the atmospheric measurements
could be improved. For future work, it would

mi a

Blue Green

Ma
NIR

Red

Fig.8: Comparison of the vicarious calibration derived from the 10 cm flight (cases ‘1’ and ‘1a’)
and the laboratory calibration (cases ‘M’ and ‘Ma’) applied for the 25 cm flight.
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be of interest to analyze the influence of the
quality of the meteorological parameters on
the final results. Furthermore, it would be in-
teresting to work on the influence of the view
direction of the acquisition on the calibration:
Although the images were taken approximate-
ly in nadir direction (2°) along the flying di-
rection and thus the Lambertian approxima-
tion of the surface for the atmospheric correc-
tion was applicable, it would be of interest to
consider surfaces with an anisotropic behav-
iour and then analyse bi-directional effects,
e.g. applying kernel-driven models (HERNAN-
pEZ-LOPEZ et al. 2011).

5 Conclusions

In the last years there has without doubt been
a convergence between photogrammetric and
remote sensing methods for radiometric cali-
bration. This study applied a combination of
the photogrammetric principles (collinearity
constraint, spatial resection, space intersec-
tion, ...) according to the mathematical model
of this linear sensor to establish the geometri-
cal relations required for radiometric calibra-
tion (TEMPELMANN et al. 2005) and the princi-
ples of remote sensing, which allow the use of
physical models for the image generation, tak-
ing into account the problems caused by the
atmosphere.

It has been shown that it is possible to per-
form a radiometric calibration of photogram-
metric images through the use of reflectance
measurements to obtain and validate the radi-
ometric camera calibration. It has been proven
that the solution based on the vicarious cali-
bration with the application of atmospheric
correction slightly exceeds the quality of all
bands based on the calibration given by the
ADS40 sensor manufacturer. However, the
ground reflectances obtained from the vicari-
ous calibration and the laboratory calibrations
provided by the manufacturer are both accept-
able accuracies because the RMSEs achieved
by validation for both cases are below 6 %.

It can be concluded that for this investiga-
tion, the consideration of atmospheric correc-
tion does not affect the results significantly
in the imagery acquired at a GSD of 10 cm.
Likewise, the use of a vicarious calibration is

feasible if it is done shortly before or after the
photogrammetric flight, and a different flying
height does not significantly affect the results.

The results corroborate the potential of the
ADS40 sensor and the need for appropriate
laboratory or vicarious calibration to take full
advantage of the high radiometric quality of
the images.
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Testing the Radiometric Performance of Digital
Photogrammetric Images: Vicarious vs. Laboratory
Calibration on the Leica ADS40, a Study in Spain

Davip HERNANDEZ-LOPEZ & BEATRIZ FELIPE-GARCiA, Albacete, NiLpa SANCHEZ, DiEe-
Go GoNzALEZz-AGUILERA & JaviER GomEz-LAHOZ, Salamanca, Spain

Keywords: ADS40, radiometric calibration, test field, aerial images

Summary: This paper deals with the vicarious
calibration of a linear array sensor, ADS40, and the
comparison and analysis with the laboratory cali-
bration provided by the manufacturer. For this pur-
pose, a specific test field located in the city of Avila
(Spain) was designed for the two different flights
performed during the 8th and 9th of April, 2010
with a spatial resolution of 10 cm and 25 cm, re-
spectively. In addition, a reflectance measurement
campaign was performed during the flight using an
ASD FieldSpec 3 Hi-Res spectroradiometer, ob-
serving a group of 24 targets which included natu-
ral and artificial surfaces. Two study cases were
considered: with and without atmospheric correc-
tion. In order to take into account atmospheric ef-
fects, the reflectance method based on the radiative
transfer model was applied to establish the relation-
ship between sensor and ground magnitudes. Com-
pared to the calibration results provided by the
manufacturer, the results of the vicarious calibra-
tion are better. In particular, the root-mean-square
grey value error (RMSE) reached through the vi-
carious calibration in the different reference sur-
faces is lower than for the laboratory calibration,
which considers always the same atmospheric mod-
el. Finally, analyzing the stability of the calibration
and its relation with the flying height, the calibra-
tion of the lower flight (10 cm) was extrapolated to
the 25 cm flight, obtaining similar accuracies.

Zusammenfassung: Dieser Artikel beschéaftigt
sich mit der Feldkalibrierung (vicarious calibrati-
on) der Luftbildzeilenkamera ADS40 und ver-
gleicht die Ergebnisse mit denen der vom Hersteller
gelieferten Laborkalibrierung. Zu diesem Zweck
wurde in Avila (Spanien) ein Testfeld angelegt, das
am 8. und 9. April 2010 in zwei verschiedenen Ho-
hen so iiberflogen wurde, dass eine Bodenauflo-
sung (Ground Sample Distance, GSD) von 10 cm
bzw. 25 cm entstand. Gleichzeitig mit der Uberflie-
gung wurden 24 radiometrische Referenzflachen,
die sowohl natiirliche als auch kiinstliche Oberfla-
chen besallen, vermessen. Dabei kam das Feld-
spektrometer FieldSpec 3 Hi-Res der Firma ASD
zum Einsatz. Die aufgenommenen Kanile wurden
sowohl unter Beriicksichtigung eines Atmospha-
renmodells als auch ohne ein solches ausgewertet.
Als Atmosphirenmodell wurde das 6S (Second si-
mulation of the satellite signal in the solar spec-
trum), Version 1.1, verwendet. Die Genauigkeit der
Feldkalibrierung war etwas hoher als die der La-
borkalibrierung des Herstellers. Das zeigte sich
insbesondere bei unterschiedlichen Oberflichen-
materialien. Ein weiteres Ergebnis war, dass die
Ergebnisse der Kalibrierung des niedrigeren Flu-
ges (GSD 10 cm) mit nur einem geringen Genauig-
keitsverlust auf die groBere Flughdhe (GSD 25 cm)
extrapoliert werden konnten.

1 Introduction

Nowadays, the exploitation of physical quanti-
ties is still not widespread in thematic applica-
tions of aerial images captured by photogram-
metric techniques. Nevertheless, as long as the
sensor is properly calibrated, it is possible to

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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obtain absolute values of radiance or reflec-
tance, and therefore, these sensors can be used
for multispectral classification, vegetation rate
calculation and estimation of biophysical vari-
ables, providing the advantage over the satel-
lite systems of offering high resolution imag-
es and allowing a data acquisition depending
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on user demand (HONKAVAARA & MARKELIN
2007).

In 2000, Leica Geosystems introduced the
photogrammetric scanning sensor ADS40
(Sanpau et al. 2000). This camera is innova-
tive in the field of photogrammetry, not only
due to its linear sensor characteristics, but also
because of the camera manufacturer provides
information about the laboratory radiometric
calibration (BEisL et al. 2006), and because
the application of some atmospheric correc-
tion algorithms and an empirical bidirectional
reflectance distribution function (BRDF) cor-
rection are part of the photogrammetric work-
flow provided by the manufacturer’s software
(BEsL et al. 2008).

There are various radiometric calibration
methods in remote sensing (DE VRIES et al.
2007, HonkAvAARA et al. 2009, KAASALAINEN
et al. 2009), but the basic principles are the
same (WAGNER 2010). While the radiometric
processing chain is popular for remote sensing
systems, those approaches are not directly ap-
plicable in photogrammetric processing due to
special features of photogrammetric data ac-
quisition (REap & GraHAM 2002). In remote
sensing, here are three types of radiometric
calibration of optical sensors (DINGUIRARD &
SLATER 1999, HonkAvAaARA et al. 2009, WAGNER
2010): pre-flight (at laboratory with Lamber-
tian or spherical reflectors), on board (taking
regular measurements of stable targets) and
vicarious (based on object pseudo-invariant
reflectance).

The radiometric processing methods of
photogrammetric imagery are under devel-
opment, and several organizations are cur-
rently developing radiometric block adjust-
ment software (HonkavaAra et al. 2009), spe-
cifically for photogrammetric sensors. In a
vicarious calibration and validation, the test
site performance becomes relevant and must
be assessed, although optimal construction of
permanent radiometric test sites for high res-
olution airborne imaging systems is an unre-
solved issue (Honkavaara et al. 2010). Ideally,
the field targets used in radiometric calibration
either for satellite or airborne sensors should
accomplish a set of characteristics (TEILLET et
al. 2007, HoNkavaAra et al. 2010). Specially
for the latter ones, the requirements related to
stability, location, terrain height and climate/

atmospheric properties are the most difficult
to realize, i.e., uniformity, sufficiently large
footprint, flatness, high signal-to-noise ratio,
Lambertian reflectance, as well as minimiz-
ing aerosols, water vapour and clouds. Natu-
ral and/or anthropogenic targets are used fre-
quently, i.e., rocks or gravel parcels, concrete
areas (which can also be painted), sand etc.
Specific artificial targets are also common,
i.e., transportable tarpaulins or carpets etc.

The authors of this paper conducted some
preliminary experiments for radiometric cal-
ibration of aerial images with the Intergraph
DMC frame camera, analyzing the incor-
poration of radiometric transfer models into
the conventional photogrammetric process
(HErRNANDEZ-LOPEZ et al. 2011). Recently, very
interesting studies on the validation of the ra-
diometric processing chain (MARKELIN et al.
2010) and the reflectance calibration of the
ADS40 were performed (BEisL & ADIGUEZEL
2010). Some of the products processed with the
Leica software are evaluated by using ground
reflectance measurements as a reference. The
results show a reasonably good agreement be-
tween the calibration results and the reference.

This article presents an experiment carried
out in Avila (Spain) with the ADS40 sensor.
The experiment compared the vicarious cal-
ibration of two different flights (10 cm and
25 cm GSD, ground sample distance) with the
laboratory calibration provided by the manu-
facturer: with and without atmospheric cor-
rection. A series of check surfaces with dif-
ferent properties have been established for the
validation process. During the whole study,
the analysis was always based on the Level 0
(L0, raw data) images in nadir direction, with-
out compression and without any geometric or
radiometric processing.

This study advances in the research direc-
tions raised by the EuroSDR project “Radio-
metric aspects of digital photogrammetry
images” (Honkavaara et al. 2011), which fo-
cused on the convenience of performing vi-
carious calibrations. The main scientific con-
tribution of this work is that remote sensing
methodologies for radiometric calibration are
adapted, extrapolated and applied to a photo-
grammetric linear array sensor. Methodologi-
cally this implies the application of a rigorous
photogrammetric model of the observation



David Herndndez-Lépez et al., Radiometric Performance of Digital Photogrammetric Images 559

geometry to obtain the geometrical parame-
ters required for atmospheric correction. We
also carry out an experimental validation of
our method, comparing the vicarious calibra-
tion to the laboratory calibration and assessing
the influence of atmospheric correction (sec-
ond simulation of the satellite signal in the so-
lar spectrum (6S) model) on the results.

2 Materials and Methods

2.1 Photogrammetric linear Sensor
ADS40-SH52

The sensor used was the Leica ADS40-SH52,
with 62.7 mm focal length, 6.5 um pixel size, a
12,000 pixels array, and a field of view of 64°.
It has four panchromatic CCDs: one oriented
forward by 27° one oriented backwards by
16°, and two nadir views at 2°. It also has four
multispectral CCDs: red (R), green (G), blue
(B) and near infrared (NIR), providing views
that are 2° off nadir. The bandwidths are 465—
680 nm for the panchromatic channel, 428—
492 nm for the blue band, 533-587 nm for the
green band, 608—662 nm for the red band, and
833-887 nm for the infrared band, without
overlap between bands (CaseLLa et al. 2008,
MARKELIN et al. 2010).

The camera was calibrated in November
2007 in a laboratory with a uniform white tar-
get and an integrating sphere. The calibration
parameters are available from Leica on re-
quest (BEisL et al. 2000).

-'.'“44:'."
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2.2 Photogrammetric Flights

The city of Avila, located 100 km from Ma-
drid, was chosen as a test area. In this area, the
conditions for photogrammetric flights are fa-
vourable due the cleanness of the air in this re-
gion. Furthermore, the area comprises an ur-
ban area, but also the surroundings including
agricultural vegetation, so it has a large size
and radiometric range.

The images used in the calibration process
were captured on April 8th, 2010 with an ex-
cellent illumination and a clean atmosphere.
The flight was conducted at 1000 m flying
height, resulting in a GSD of 10 cm, distribut-
ed in 7 strips in East-West direction and one in
North-South over the test field. The area cov-
ered was approximately 22 km?. A flight over
the same area with a GSD of 25 cm was per-
formed at the next day, 9th of April, with a fly-
ing height of 2500 m, distributed in 10 strips
in East-West and another one in North-South
direction. The covered area is 75 km? (Fig. 1).
We worked with images in Level 0 (LO, raw
data) of RGB and NIR bands, all of them in the
close nadir direction, with 12-bit radiometric
resolution.

2.3 Radiometric Campaign

The calibration zone was equipped with seven
portable reflectance tarpaulins. Six tarpaulins
had different spot colours: black, white, blue,
red, green and gray, with a size of 5x5 m>.
The seventh was a 6-step grey-scale tarpaulin
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Fig. 1: Flight patterns: GSD of 10 cm on left and of 25 cm on right with control strip in N-S direction

in both flights, CyL = Castillay Ledn.
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of 5x1 m? (Fig.2). These tarpaulins (12 tar-
gets) were used as control surfaces to perform
the calibration process. The number of spec-
trometer measurements was 5 in each big tar-
paulin and 10 in every step of grey-scale tar-
paulin.

In addition, 12 check areas were selected
for validation (Fig. 3). Three check areas were
natural surfaces, covered by sand, grass and a
track. Seven check areas corresponded to ar-
tificial surfaces of different colours, namely
green, white, garnet and the colour of football
soil, and to different materials, namely as-
phalt, concrete soil and cement. The last two
check areas corresponded to paved ground
and bushes. Their homogeneity was lower
than the homogeneity of the other check ar-
eas, but their presence is quite common in the

Fig. 2: Test field: Calibration surfaces.

study area. All the 12 check areas were used in
the validation process.

In order to acquire spectral measurements
in the field, an ASD FieldSpec3 spectroradi-
ometer was used as a remote detector of the
radiant flux coming from the surface in the
visible and near infrared ranges. This model
provides a spectral range of 350-2500 nm, a
data sampling time of 0.1 seconds per spec-
trum, and a maximum spectral resolution of
3 nm (£1.0 nm wavelength accuracy) with a
maximum noise equivalent radiance of 1.4
107 W-cm2-sr”!. The optical fiber was mount-
ed with a 25° field of view registering. In the
check areas we defined between one and five
check targets, each corresponding to a small
patch of approximately 1x 1 m?. In each ob-
servation cycle, 120 spectra were measured
over each target and then averaged to get the
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Sand {5) Grass (25} Track {10) Asphalt{10)  Concrate Soil (18] Cament (10)
Garmed Soi (10)  White Soil (10)  Football Sofl (5)  Geeen soil (10) Paved (10) Bush (&)

Fig. 3: Examples for targets (1 x 1 m?) in the check areas and the number of reflectance values
derived from spectrometer measurements per check area between brackets. As there are five
measurements per target, the number of targets per check area is the number of measurements
divided by five. For instance, there was one target over sand, but five targets over grass.
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Fig. 4: Standard deviation of measurements (reflectances in %) on the check surfaces.

final spectra. Before each target measurement,
a reference measurement was made with a cal-
ibrated white reference standard (Spectralon
Labsphere ®). The spectra were measured in
absolute radiance mode. Afterwards, the radi-
ances were scaled with the reference measure-
ments to produce the reflectance values per
target. Finally, these target reflectances were
weighted with the ADS40 channel spectral
sensitivities to get the reflectances per MS
channel. This procedure was repeated five
times per target to obtain five representative
reflectance values per target. The radiometric
samples were georeferenced by determining
the centres of the respective targets using a
dual-frequency GNSS receiver. The accuracy
(RMSE) of the target coordinates was better
than 0.1 m. Fig. 3 shows examples for targets
(I x 1 m?) from each of the check areas and the
number of reflectance values per check area
used for evaluation. As there were five reflec-
tance values per target, the number of targets

per check area is equal to the number of re-
flectance values divided by five. The overall
number of targets in all check areas was 24,
and the total number of reflectances measured
in the check areas was 120.

Fig.4 shows the standard deviation of the
measurements for each check area. We can
observe the highest values in the check area
covered by vegetation (grass and bush) in the
NIR band. All the spectral measurements per
target were used independently for the cali-
bration procedure (in case of the tarpaulins)
and for evaluation (targets in check areas). All
the targets (calibration or check surfaces) are
visible in at least 5 strips. To obtain the cor-
responding colour vectors in the images, for
each image a target appeared in we deter-
mined the average digital number per band in
a small square window. The size of this win-
dow was 7 x 7 pixels in the images with 10 cm
GSD (calibration and validation) and 3 x 3 pix-
els in the images with 25 cm GSD.
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2.4 Radiometric Calibration

Radiative transfer model

The equation of radiative transfer establishes
the relation between reflectances measured on
the surface and the apparent reflectance at the
sensor, taking into account the processes of
atmospheric dispersion and absorption (VER-
MOTE et al. 2000).

ps(ei’ev’dj’zl’zs) :pa(ei’ev’dj’zs)

pt Ti(ei’zt)TT(ev’Zs)Tg(9ﬂH~ 4 Zs)

VoLt

(1

In (1), p, is the apparent reflectance at the
sensor, p_ is the intrinsic reflectance of the at-
mosphere, S is the atmospheric albedo, 7, is
the global transmittance due to molecular ab-
sorption, 7, is the descending transmittance,
7! is the upward transmittance, p, is the target
reflectance measured at the surface, 6, is the
zenith angle of the illumination, 6 is the ze-
nith angle of observation, @ is the azimuth an-
gle between the plane of observation and the
illumination, z, is the elevation of the ground
point and z_ is the altitude of the sensor.

To obtain the atmospheric parameter values
necessary to calculate reflectances at the sen-
sor (p,, E,, Sz, 7, 7, ) using (1), the model 6
(VERMOTE et al. 2006) can be used, which re-
quires information about the geometry of il-
lumination and observation (explained in the
next section) for each of the target and band
image involved in the process. So, 0, 0, @, z,
and z_ will be the input geometric parameters
in the model 6S.

If no such atmospheric correction is ap-
plied, the sensor and ground reflectance are
considered to be equal, in which case (1) is
simplified as follows:

Ps =P @

The apparent reflectance of the sensor p,
can also be expressed as a function of the ob-
served digital number (DN) recorded by the
sensor (VERMOTE et al. 2006):

[ A —
I_S(ztazs)pt

P, = nL, ~ 7(c,+c -DN)
* E,-cosf, E, -cosé,
E, - :
Sy +e DN = LS8 3)

T

In (3), L, is the radiance at the sensor, £,
is the exoatmospheric solar irradiance at the
top of the atmosphere (TOA), c, (offset) and
¢, (gain) are the calibration coefficients and p_
can be obtained either by the 6S model in (1)
or by (2).

For the ADS40 sensor, the linear model
suggested by the manufacturer is set up in a
way that the offset ¢, is corrected by the sys-
tem during its registration, so it can be set to
zero (BEeisL 2006). This aspect was checked by
the authors. The solution obtained with deter-
mining an unknown offset parameter did not
result in an improvement, so that a calibration
model with only one parameter (the gain c))
was used in this study. In the calibration pro-
cess, the reflectance measurements for each
target can be transformed to the images via
(D) or (2), where they are related to the digi-
tal numbers measured in the corresponding
image windows and the radiometric calibra-
tion coefficient ¢, via (3). Each observed digi-
tal number in an image results in one observa-
tion equation. This over-determined system is
solved by least squares methods (HERNANDEZ-
Lopez et al. 2011).

In this study, the vicarious calibration is
named case ‘I’, referring to the number of co-
efficients used (only gain) and the calibration
of the manufacturer is named case ‘M’. If the
atmospheric correction is applied the letter
‘a’ is added. So, case ‘I’ refers to the vicari-
ous calibration without atmospheric correc-
tion, case ‘1a’ to the vicarious calibration with
atmospheric correction, case ‘M’ to the cali-
bration provided by the manufacturer without
atmospheric correction and case ‘Ma’ to the
calibration provided by the manufacturer with
atmospheric correction. In this work, we did
not consider the impact of errors in the atmos-
pheric parameters in (1).

Geometry of illumination and
observation

To carry out the vicarious calibration with
high resolution photogrammetric images it is
recommendable to know the three-dimension-
al geometry of the scene with the highest ac-
curacy possible if atmospheric correction is to
be carried out (HERNANDEZ-LoOPEZ et al. 2011).
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It is not required in the case without atmos-
pheric correction.

The geometry of the scene for each target is
defined by the position of the sun, target and
Sensor.

The GNSS field measurements and the data
provided by the flight company are needed to
find the three-dimensional geometry of obser-
vation, i.e. the relative position between target
and sensor. We determined the exterior ori-
entation parameters by aerial triangulation of
the LO images; note that there is an individu-
al set of orientation parameters for each scan-
line and band: GPS time, position of projec-
tion centre (X,Y,Z) and attitude (omega, phi
and kappa). In this study, the positions of the
(calibration and check) targets were rigorously
georeferenced on the ground using a dual-fre-
quency GNSS receiver and back-projected to
the LO images using the orientation parame-
ters. Back-projection requires an iterative pro-
cess and also a proper handling of structure
and image information. To solve this problem,
an application based on the ADS Info kit pro-
vided by Leica Geosystems was developed
(TemPELMANN et al. 2005). As a result, we ob-
tain the GPS time for the time each target was
imaged and consequently also the projection
centre coordinates, which are used to calcu-
late the azimuth and zenith angles of obser-
vation between target and sensor required to
determine the atmospheric correction param-
eters in (1). The back-projected points are used
to define the n xn windows to determine the
DN values. We do not consider the oblique-
ness of the terrain since all our targets are in
horizontal terrain.

The solar position algorithm (SPA) library
(Repa & ANDREAS 2008) was used to calculate
the illumination geometry, relative position
between target and sun, expressed as the geo-
detic azimuth and the zenith angle at the mo-
ment of the data acquisition using GPS time

and target position (geodetic latitude, geodetic
longitude and orthometric height).

Atmospheric characterization

With regard to the atmospheric parameters,
the values of aerosol optical depth (AOD)
were taken from AERONET (AERONET
2010). Due to the absence of closer stations,
the value of AOD was extracted as the average
of the values of the two closest stations, Au-
tilla and Caceres, both at a distance of 100 km
from Avila.

The cleanness of the atmosphere at the day
of the flight was remarkable, so that the AOD
values were pretty similar (Tab. 1). The “Mid-
latitude Summer” atmospheric model and the
continental aerosol model (VERMOTE et al.
2006) were used to obtain the atmospheric pa-
rameters (p_, S, 7, T, 7, ) for each of the test
field measurements based on the 6S model, us-
ing the geometrical parameters derived in the
way explained in the previous section. The ef-
fects of the quality of the atmospheric param-
eters on the calibration results were not con-
sidered in this study.

Solution

The calculation of the calibration is composed
of an overdetermined system based on the cal-
ibration targets (Fig. 2), and takes into account
that for each target we obtain one correspond-
ing image observation in each image the tar-
get is visible in, using the mean digital number
(DN) value of window of 7 x 7 pixels. All the
reflectances measured at ground level (5-10
per target) are transformed to the images using
either (1) (with atmospheric correction) or (2)
(no atmospheric correction), where the obser-
vation equation is given by (3). In the adjust-
ment, the corrected reflectances are consid-
ered as the observations, whereas the digital

Tab. 1: Mean AOD calculated from the closest AERONET stations on April 8th, 2010.

Station | Long. Lat. AOD
B (at440nm) | G (at500nm) | R(at 675nm) | NIR (at 870 nm)
Autilla | —4.603 | 41.997 0.100 0.084 0.059 0.059
Caceres | —6.343 | 39.479 0.104 0.100 0.055 0.045
Mean 0.102 0.092 0.057 0.052
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numbers were used as constants. Consequent-
ly, two solutions were obtained, one without
atmospheric correction (case ‘1’) and the oth-
er with atmospheric correction (case ‘la’). In
both cases the overdetermined system has 450
observation equations and one unknown gain
parameter ¢, per band. Since some outliers
could remain in the measurements, the least
squares solution is stabilized with the modi-
fied Danish robust method (Caspary 1987,
KRraARup et al. 1980).

2.5 Validation

In order to evaluate the vicarious calibration
method and compare its effectiveness with the
one obtained by the laboratory calibration, we
applied all calibration parameters to the im-
age observations in the check targets (Fig. 3)
to propagate them into ground reflectanc-
es. The ground reflectances thus determined
were compared to the ground measurements.
The check targets were independent and not
used in the calibration process. In this way, for
each check measurement and image band, the
differences between the ground reflectances
Peatentarea» ODtained by applying the results of
the vicarious calibration (with and without at-
mospheric correction) to the grey levels, and
the measured ground reflectances p,
were examined. Similarly, the same compari-
son was done with those reflectances obtained
by applying the calibration coefficients pro-
vided by the manufacturer. In the cases when
atmosphere was considered, the sensor reflec-
tances were transformed into ground reflec-
tances using again the atmospheric character-
ization provided by the 6S model in (1).

To compare the different cases in a global
way, considering all the images and all the tar-
gets, the root-mean-square error (RMSE) of

Tab. 2: Gain coefficients (W-m-2-sr-:uym-"-DN-").

the reflectance differences expressed in reflec-
tance units (%) was used:

1
RMSE = \/F z (pmeasured - pca/cu/ated )2 (4)

where N is the number of image observations
for all check targets.

Furthermore, to analyze each check area
(corresponding to several targets of the same
land cover type) in an independent way, the
following values are determined independent-
ly for each check area, considering all the im-
ages: the maximal and minimal error, stand-
ard deviation, average error, the average abso-
lute error value, and the RMSE.

3 Results

3.1 Parameters of Flight Calibration,
Flight of 10 cm GSD

In this process all calibration surface tarps
were used. Tab.2 shows the gain coefficient
and the RMSE obtained from the vicarious
calibration, with atmospheric correction (1a’)
and without it (‘1’). The calculated values are
slightly higher than those provided by the
manufacturer in all bands (‘M”). The RMSEs
were smaller with atmospheric correction, ex-
cept for the R band.

3.2 Validation

Fig.5 shows the accuracy of these experi-
ments expressed as the RMSE in which all
the targets and all the images are considered.
Vicarious calibration (‘1” and ‘1a’) exhibits er-
rors between 2 and 2.6 % in the RGB bands
and a slightly higher one, 3.5 %, in the NIR

B G R NIR

¢ RMSE ¢, RMSE ¢ RMSE ¢, RMSE

case ‘la’ | 5.371-10°% | 9.0-10°% | 3.55110°5 | 9.0-10°* | 3.029:10°5 | 9.0-10°* | 3.11710°5 | 7.0:10°%

case ‘I’ | 5.67710° | 23107 | 3745105 | 1.2:107 | 3.095:10% | 3.0-10% | 3.225:10 | 15107
case ‘M’ | 4.65:10° - 3.3910°3 2.86:10°5 - 2781073 -




Tab. 3: Statistics of the errors of the vicarious calibration (case ‘1a’) using the different check surfaces expressed in reflectances (%), max = maximum
error, min = minimum error, std = standard deviation, RMSE = root-mean-square error, ave = average error, ave av = average absolute error value.

Vicarious Sand Asphalt  Track Cement Grass Paved Bush White Football Garnet Concrete Green
Soil Soil Soil Soil Soil
Blue max 3.90 373 2.73 2.29 3.72 2.99 4.90 2.68 1.20 2.49 1.22 2.06
min —6.04 —-0.30 -6.19 —8.75 —2.53 —3.54 -1.40 —6.10 —4.35 —-0.06 —4.13 -1.05
std 2.99 1.01 2.44 2.51 1.36 1.59 1.58 2.02 1.60 0.75 1.34 0.83
RMSE 2.94 2.02 2.45 3.53 1.87 1.61 1.90 2.22 2.08 1.63 2.05 1.32
ave 0.01 1.75 —-0.41 -2.51 1.29 —-0.31 1.10 —-0.96 -1.37 1.46 -1.56 1.03
ave av 2.08 1.77 1.76 291 1.75 1.31 1.42 1.77 1.60 1.46 1.73 1.22
Green max 2.21 4.03 4.55 1.75 2.51 3.50 4.25 6.60 1.66 1.07 1.69 2.60
min —6.10 —-0.26 -7.32 —8.85 —4.64 -2.39 -2.07 -2.14 —4.84 —0.41 —4.31 —-1.61
std 2.37 1.12 2.89 271 1.71 1.48 1.64 2.34 1.92 0.39 1.34 0.94
RMSE 2.43 1.71 2.90 331 1.71 1.49 1.72 3.59 2.00 0.62 1.53 1.48
ave —0.69 1.30 0.45 -1.93 0.13 0.26 0.63 2.74 —0.68 0.48 -0.77 1.15
ave av 1.45 1.34 2.46 242 1.34 1.23 1.31 3.00 1.31 0.53 1.18 1.35
Red max 2.68 391 5.14 2.24 2.57 11.84 7.36 7.08 1.06 1.29 2.54 1.49
min —7.25 —0.71 —7.63 -9.67 —3.84 —2.12 —4.86 —-0.98 -5.12 -2.03 —4.01 -1.77
std 278 1.24 3.08 3.12 1.34 3.45 3.11 2.30 1.63 0.96 1.40 0.74
RMSE 2.95 1.60 3.13 3.80 1.36 3.60 3.07 3.54 2.07 1.02 1.48 0.84
ave -1.12 1.01 0.71 —2.21 —-0.22 1.15 0.38 2.70 -1.33 —-0.35 —-0.50 0.41
ave av 1.90 1.13 2.75 2.79 1.01 2.06 2.61 2.82 1.52 0.87 1.18 0.71
NIR max 10.70 243 4.82 2.21 8.69 2.87 4.24 5.27 1.41 0.62 4.01 1.86
min —7.53 —2.04 —9.28 —6.32 —20.08 —3.45 —-13.00 -5.90 -5.00 -3.24 -3.01 —2.22
std 4.92 1.09 3.29 2.14 5.28 1.47 4.81 2.66 1.86 0.93 1.49 1.03
RMSE 4.94 1.09 3.27 2.38 5.29 1.55 4.96 2.64 1.94 1.41 1.48 1.04
ave 1.02 0.14 0.03 -1.07 —-0.52 —0.54 -1.55 —-0.14 —-0.67 -1.07 0.15 0.24
ave av 3.52 0.85 271 1.86 3.95 1.27 3.47 2.17 1.52 1.14 1.11 0.88
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Fig.5: Comparison of the vicarious calibration derived from the 10 cm flight (cases ‘1’ and ‘1a’)
and the laboratory calibration (cases ‘M’ and ‘Ma’) applied for the 10 cm flight.
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band. The influence of the atmospheric cor-
rection in the vicarious calibration was low for
all bands, B being the band showing the high-
est improvement (0.5 %). The RMSEs of the
laboratory calibration (‘M’ and ‘Ma’) are be-
tween 2.6 and 4 % in the RGB band and val-
ues close to 5 % in the NIR band. In the case
of ‘M’ the RMSE is higher when the wave-
length increases. The results of the calibra-
tion coefficients revealed a greater sensitivity
to the atmospheric effects (‘Ma’), especially
in the R and G bands (= 1 %). In this case, an
increase of the error of 0.5 % for the B band
was observed. The RMSEs in reflectances ob-
tained for all the bands after applying the vi-
carious calibration (‘1” and ‘la”) were smaller
than those errors resulting from the laborato-
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Fig.6: Maximal and minimal differences between the ground reflectance measurements and
those resulting from the vicarious calibration process (case ‘12’), with its average and standard
deviation (%).

ry calibration. The NIR band was most sig-
nificant since it provided an improvement of
about 2 %.

Tab. 3 shows the maximum and minimum
differences between the ground reflectance
measurements at the check surfaces and those
resulting from the vicarious calibration with
atmospheric correction (case ‘la’) in absolute
terms (expressed in %) and independently for
the 12 targets. It shows that the majority of the
surface types used as check surfaces may be
considered as invariant and suitable for radi-
ometric validation. In general, uniform sur-
faces that are artificially coloured such as gar-
net and green provided the best accuracies in
the four channels of the spectrum, while more
variable surfaces like sand or vegetation had



Tab. 4: Statistics of the errors based on the radiometric manufacturer calibration (case ‘Ma’) for different check surfaces expressed in reflectances (%),
max = maximal error, min = minimal error, std = standard deviation, RMSE = root-mean-square error, ave = average error, ave av = average absolute
error value.

ADS40 Sand Asphalt  Track Cement  Grass Paved Bush White Football - Garnet  Concrete Green

Soil Soil Soil Soil Soil
Blue max 5.52 5.89 5.09 5.85 4.18 6.00 593 8.89 3.67 3.32 4.84 3.58
min -3.26 1.63 -3.12 —4.48 -1.25 0.37 0.07 0.64 -1.34 1.00 -0.17 0.76
std 2.62 1.08 2.20 2.35 1.20 1.38 1.47 1.89 1.42 0.68 1.19 0.75
RMSE 3.31 3.88 3.13 2.77 2.39 3.37 2.79 577 1.92 2.45 2.69 2.76
ave 2.08 372 2.25 1.51 2.06 3.09 2.39 5.46 1.32 2.35 2.42 2.66
ave av 3.08 372 2.90 2.30 2.20 3.09 2.39 5.46 1.62 2.35 2.42 2.66
Green max 3.14 4.76 5.63 3.25 2.76 4.50 474 9.10 2.53 1.33 3.29 3.59
min —4.86 0.39 -5.95 =717 —4.01 —1.01 -1.50 0.49 -3.74 -0.13 —2.82 -0.49
std 2.28 1.16 2.81 2.67 1.64 1.38 1.62 2.31 1.84 0.39 1.32 0.91
RMSE 2.26 2.27 3.25 2.66 1.71 1.98 1.97 5.76 1.82 0.84 1.51 2.36
ave 0.34 1.96 1.66 -0.33 0.50 1.44 1.16 5.29 0.25 0.75 0.75 2.18
ave av 1.81 1.96 2.91 2.04 1.44 1.62 1.46 5.29 1.50 0.76 1.24 2.21
Red max 4.03 4.83 6.69 4.22 2.86 12.87 7.84 10.42 2.92 1.76 4.61 2.36
min -5.43 0.06 =570 -743 -3.29 -0.77 -4.03 2.48 -3.03 -1.50 -2.17 -0.77
std 2.64 1.31 2.98 3.05 1.28 3.30 3.01 2.28 1.55 0.95 1.40 0.71
RMSE 2.62 2.25 3.83 3.02 1.28 4.15 3.13 6.51 1.64 0.95 1.99 1.49
ave 0.40 1.84 2.43 -0.08 0.10 2.56 1.06 6.11 0.62 0.15 1.42 1.32
ave av 2.04 1.84 341 2.41 1.02 2.62 2.52 6.11 1.43 0.83 1.67 1.37
NIR max 13.33 4.22 8.45 6.44 13.57 5.76 6.90 11.56 4.94 1.48 7.68 4.87
min -3.18 -0.49 —4.89 -1.85 -13.72 -0.98 -9.05 0.96 —-1.01 -2.23 0.01 1.04
std 4.41 1.18 3.12 2.09 4.94 1.50 4.37 2.54 1.69 0.89 1.71 0.96
RMSE 6.28 2.08 5.02 3.89 6.44 2.65 4.54 6.87 343 0.89 3.85 345
ave 4.55 1.73 3.96 3.29 4.15 2.19 1.51 6.40 3.00 -0.14 3.46 3.32
ave av 5.34 1.76 4.39 3.51 5.70 2.24 4.04 6.40 3.08 0.72 3.46 3.32
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poorer results. These were anisotropic surfac-
es in which the reflection angles change and
the energy that is not gathered by the sensor
is lost. That produced a slight increase in its
RMSE and standard deviation (std).

The most uniform bands in terms of a simi-
lar error were B and G, and the most variable
band was NIR (Fig. 6). Here, as expected, the
higher error occurred in vegetated samples
(bush and grass), because there the NIR band
reflectance values and the standard deviation
of the measurements were higher.

Next, a comparison with the results ob-
tained using the coefficients of the ADS40
camera and atmospheric correction is done
(Tab.4). In general, for practically all check
surfaces the RMSEs of the vicarious calibra-
tion are slightly lower than those obtained
from the manufacturer calibration coefficients

(Fig. 7).

3.3 Application to 25 cm GSD Flight

In this section the use of the calibration com-
puted for the 10 cm flight was extrapolated to
the 25 cm flight. The main goal was to ana-
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lyze if it was possible to extrapolate the radi-
ometric results of the vicarious calibration to
different ground sample distances and flying
heights. The results obtained, considering all
the targets and all the images (Fig. 8) show a
very similar trend for both flights. In particu-
lar, the vicarious calibration exhibited RMSEs
lower than 3 % (except for the B band in case
‘I’, where it was 3.5 %). The atmospheric cor-
rection in the vicarious calibration improved
the results by 1.7 % in the B band, by 0.7 %
in the R band and by very small values in the
G and NIR bands. The vicarious calibration
(‘I’ and ‘la”) provided higher precisions than
those based on the laboratory calibration (‘M’
and ‘Ma’), with a larger variation for the NIR
band of about 2 %. Nevertheless, there was an
exception for the B band, which provided a
different performance. On one hand, without
atmospheric correction, the accuracy of the
vicarious calibration (‘1”) was slightly lower
than the laboratory calibration (‘M”). On the
other hand, the application of the atmospheric
correction on the laboratory calibration gener-
ated a solution slightly worse than the vicari-
ous one (0.7 %).

o

GIIIY

Fig.7: Maximal and minimal differences between the ground reflectance measurements and the
resulting from using the manufacturer calibration coefficients (case ‘Ma’), together with its average

and standard deviation (%).
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4 Discussion

Other authors such as HonkavaArRA & MAR-
KELIN (2007) have empirically analysed the
spectral response of different airborne sensors
through the use of grey patterns located in the
field. In particular, they have examined the
spectral response of the ADS40, DMC and Ul-
traCamD systems through the use of a pattern
with 8 different levels in grey scale. The con-
clusion is that these systems present an excel-
lent radiometric quality and can be calibrated.
The result of this investigation proved the sta-
bility of the radiometric laboratory calibration
of the ADS40-SHS.

With regard to the calibration surfaces, we
used PVC canvases to cope with the require-
ments mentioned in other works (HONKAVAARA
et al. 2010) and it has been determined that
they are suitable for the correct determination
of the radiometric camera calibration, in par-
ticular ADS40 sensor (MARKELIN et al. 2010).
However, sensor saturations were detected in
the original images in some bands for bright
objects, though the images have 12 bit dynam-
ic range.

In our investigation raw sensor data have
been used, considering the three-dimension-
al imaging geometry and a digital elevation
model. Processing methods relying on the rec-
tification and the consequent resampling of
images could involve alterations to the origi-
nal radiometric information.

The vicarious calibration is of interest in
cases when there is doubt as to the calibration
values supplied by the manufacturer or when
the calibration needs to be validated. The re-
sults are consistent with the recently published
papers (MARKELIN et al. 2010, Beist 2010),

o1 mia

RMSE (%)

Wk

showing that the RMSEs of surfaces reflec-
tances can be better than 5 % in most of the
evaluations. The performance varies between
the different bands. The performance of the
NIR band was lower (3—5 %) than the RGB
band in all the cases. The vicarious calibra-
tion of the 10 cm flight achieved better results
than the laboratory calibration; compared to
ground reflectances, RMSEs in the NIR band
decreased by about 2 %. In any case, the re-
sults achieved for a three-year old laboratory
calibration demonstrate the radiometric sta-
bility of the sensor. The good weather condi-
tions during the acquisition may have contrib-
uted to this result, and thus it would be inter-
esting to repeat the procedure under less fa-
vourable conditions. Check surfaces provided
large variations in reflectance, depending on
the surface and the analyzed band, but they
were never above 14 %, reaching even vari-
ations lower than 2 % for homogeneous and
synthetic surfaces.

The accuracy obtained from the 10 cm
calibration flight was preserved in the 25 cm
flight. After these experiences, it should be
mentioned that the errors increase with the
wavelength if the laboratory calibration is
used (case ‘M’). Likewise, if the atmospheric
correction is applied (case ‘Ma’) the accura-
cy for the B band gets worse. Therefore, the
best solution is the vicarious calibration with
atmospheric correction, named here case ‘la’.
In all the cases, R and G are the most stable
bands.

On the other hand, there are some ways for
improving the methodology that are worth
mentioning: first, concerning the in situ meas-
urements, the atmospheric measurements
could be improved. For future work, it would

mi a

Blue Green

Ma
NIR

Red

Fig.8: Comparison of the vicarious calibration derived from the 10 cm flight (cases ‘1’ and ‘1a’)
and the laboratory calibration (cases ‘M’ and ‘Ma’) applied for the 25 cm flight.
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be of interest to analyze the influence of the
quality of the meteorological parameters on
the final results. Furthermore, it would be in-
teresting to work on the influence of the view
direction of the acquisition on the calibration:
Although the images were taken approximate-
ly in nadir direction (2°) along the flying di-
rection and thus the Lambertian approxima-
tion of the surface for the atmospheric correc-
tion was applicable, it would be of interest to
consider surfaces with an anisotropic behav-
iour and then analyse bi-directional effects,
e.g. applying kernel-driven models (HERNAN-
pEZ-LOPEZ et al. 2011).

5 Conclusions

In the last years there has without doubt been
a convergence between photogrammetric and
remote sensing methods for radiometric cali-
bration. This study applied a combination of
the photogrammetric principles (collinearity
constraint, spatial resection, space intersec-
tion, ...) according to the mathematical model
of this linear sensor to establish the geometri-
cal relations required for radiometric calibra-
tion (TEMPELMANN et al. 2005) and the princi-
ples of remote sensing, which allow the use of
physical models for the image generation, tak-
ing into account the problems caused by the
atmosphere.

It has been shown that it is possible to per-
form a radiometric calibration of photogram-
metric images through the use of reflectance
measurements to obtain and validate the radi-
ometric camera calibration. It has been proven
that the solution based on the vicarious cali-
bration with the application of atmospheric
correction slightly exceeds the quality of all
bands based on the calibration given by the
ADS40 sensor manufacturer. However, the
ground reflectances obtained from the vicari-
ous calibration and the laboratory calibrations
provided by the manufacturer are both accept-
able accuracies because the RMSEs achieved
by validation for both cases are below 6 %.

It can be concluded that for this investiga-
tion, the consideration of atmospheric correc-
tion does not affect the results significantly
in the imagery acquired at a GSD of 10 cm.
Likewise, the use of a vicarious calibration is

feasible if it is done shortly before or after the
photogrammetric flight, and a different flying
height does not significantly affect the results.

The results corroborate the potential of the
ADS40 sensor and the need for appropriate
laboratory or vicarious calibration to take full
advantage of the high radiometric quality of
the images.

Acknowledgements

The present contribution has been developed
under the Research Project LICAM financed
by the “Instituto Tecnologico Agrario de Cas-
tillay Leon” (ITACYL).

References

AERONET, 2010: Aerosol Robotic Network. —
http://aeronet.gsfc.nasa.gov (5.5.2012).

Berst, U., 2006: Absolute spectroradiometric cali-
bration of the ADS40 sensor. — International Ar-
chives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences XXXVI (1):
on CD-ROM, Paris, France.

Beist, U., TELAAR, J. & SCHONERMARK, M.v., 2008:
Atmospheric correction, reflectance calibration
and BRDF correction for ADS40 image data. —
International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sci-
ences XXXVII (B7): 7-12.

Beist, U. & ApiGuezeL, M., 2010: Validation of the
reflectance calibration of the ADS40 airborne
sensor using ground reflectance measurements.
—ISPRS TC VII Symposium — 100 Years ISPRS,
TAPRS XXXVIII (7B): 80—85, Vienna, Austria.

CASELLA, V., FrRANzZINI, M., BANCHINI, G. & GENTILI,
G., 2008: Initial evaluation of the second genera-
tion Leica ADS40 Camera. — ISPRS Congress
Beijing, Commission I, WG 1/4: 527-532.

Caspary, W.F., 1987: Concepts of network and de-
formation analysis. — Monograph 11, The Uni-
versity of New South Wales, Kensington,
N.S.W., Australia.

DE VRIES, C., DANAHER, T., DENHAM, R., SCARTH, P.
& PHINN, S., 2007: An operational radiometric
calibration procedure for the Landsat sensors
based on pseudoinvariant target sites. — Remote
Sensing of Environment 107 (3): 414—429.

DINGUIRARD, M. & SLATER, P.N., 1999: Calibration
of spatial-multispectral imaging sensors: a re-
view. — Remote Sensing of Environment 68:
194-205.



David Hernandez-Lépez et al., Radiometric Performance of Digital Photogrammetric Images 571

HERNANDEZ-LOPEZ, D., FELIPE GARCiA, B., GONZALEZ
PiQuERas, J. & ViLLA ALCAzAR, G., 2011: An ap-
proach to the radiometric aerotriangulation of
photogrammetric images. — ISPRS Journal of
Photogrammetry and Remote Sensing 66 (2011):
883-893.

Honkavaara, E. & MARKELIN, L., 2007: Radiomet-
ric Performance of Digital Image Data Collec-
tion. A Comparison of ADS40/DMC/Ultracam
and EmergeDss. — Photogrammetric Week,
Stuttgart.

Honkavaara, E., ArBIOL, R., MARKELIN, L., MARTI-
NEZ, L., CRAMER, M., BoVET, S., CHANDELIER, L.,
Iuves, R., Kronus, S., MARSHAL, P., SCHLAPFER,
D., TaBor, M., THom, C. & VEIE, N., 2009: Digi-
tal Airborne Photogrammetry — A new tool for
quantitative remote sensing? A State-of-the-art
review on radiometric aspects of digital photo-
grammetric images. — Remote Sensing 1 (3):
577-605.

Honkavaara, E., HAkALA, T., PELTONIEML, J., SUOM-
ALAINEN, J., AHokAs, E. & MARKELIN, L., 2010:
Analysis of properties of reflectance reference
targets for permanent radiometric test sites of
high resolution airborne imaging systems. — Re-
mote Sensing 2: 1892-1917.

Honkavaara, E., ArBioL, R., MARKELIN, L., MAR-
TiNEz, L., CRAMER, M., BOVET, S., CHANDELIER,
L., Ives, R., Kronus, S., MARSHAL, P., SCHLAP-
FER, D., TaBoR, M., Toom, C. & VEIE, N., 2011:
The EuroSDR project Radiometric aspects of
digital photogrammetric images. — Results of the
empirical phase International Archives of the
Photogrammetry. — Remote Sensing and Spatial
Information Sciences 38 (Part 4/W19).

KaasaLaNEN, S., Krooks, A., Kukko, A. &
KAARTINEN, H., 2009: Radiometric calibration of
terrestrial laser scanners with external reference
targets. — Remote Sensing 1 (3): 144-158.

Krarup, T., Kusik, K. & Junt, J., 1980: Gotterdam-
merung over least squares adjustment. — 14th
Congress of the International Society of Photo-
grammetry B3: 369-378, Hamburg.

MARKELIN, L., HoNkAvaARra, E., BEeist, U. & Kor-
PELA, ., 2010: Validation of the radiometric pro-
cessing chain of the Leica ADS40 airborne pho-
togrammetric sensor. — ISPRS TC VII Sympo-
sium — 100 Years ISPRS, IAPRS XXXVIII
(7A): 145150, Vienna, Austria.

REeAD, R.E. & Granam, R.W., 2002: Manual of Air
Survey: Primary Data Acquisition. — Caithness,
Scotland, UK, Whittles Publishing.

REDA, I. & ANDREAS, A., 2008: Solar Position Algo-
rithm for Solar Radiation Applications. — Tech-
nical report, National Renewable Energy Labo-
ratory.

Sanpau, R., BRAUNECKER, B., DRIESCHER, H.,
Eckarpt, A., HiLBERT, S., HUuTTON, J., KIRCH-
HOFER, W., LiTHOPOULOS, E., REULKE, R. & Wicki1,
S., 2000: Design principles of the LH systems
ADS40 airborne digital sensor. — International
Archives of Photogrammetry and Remote Sens-
ing 33 (1): 258-265.

TeiLLET, P.M., Barsi, J.A., CHANDER, G. & THOME,
K.J., 2007: Prime candidate earth targets for the
post-launch radiometric calibration of satellite
sensors. — SPIE International Symposium 6677,
San Diego, CA, USA.

TeEMPELMANN, U., BORNER, A., CHAPLIN, B., HINSKEN,
L., MYKHALEVYCH, B., MILLER, S., REckE, U.,
REeuLkg, R. & UEeBBING, R., 2005: Photogram-
metric Software for the LH Systems ADS40
Airbone Digital Sensor. — Technical report, Lei-
ca Geosystems Geospatial Imaging.

VERMOTE, E.F., TANRE, D., DEuzE, J.L., HERMAN, M.
& MORCRETTE, J.J., 2006: Second Simulation of
the Satellite Signal in the Solar Spectrum — Vec-
tor (6SV). — 55, Users Guide Version 3.0, Univer-
sity of Maryland, Greenbelt (MD) and Labora-
toire d’Optique Atmosphérique, Lille (France).

WaGNer, W., 2010: Radiometric calibration of
small-footprint full-waveform airborne laser
scanner measurements: Basic physical concepts.
— ISPRS Journal of Photogrammetry & Remote
Sensing 65: 505-513.

Addresses of the Authors:

Davip HERNANDEZ-LOPEZ & BEATRIZ FELIPE-GARCiA,
Regional Development Institute, University of Cas-
tilla-La Mancha, Albacete, Spain, e-mail: {david.
hernandez} {beatriz.felipe}@uclm.es

NiLpa SancHEz , CIALE, Spanish-Portuguese Cen-
tre of Agricultural Research, University of Sala-
manca, Spain, e-mail: nilda@usal.es

DiEGo GONZALEZ-AGUILERA & JAVIER GOMEZ-LAHOZ,
Department of Cartographic and Land Engineer-
ing, University of Salamanca, Spain, e-mail: {da-
guilera} {fotod}@usal.es

Manuskript eingereicht: November 2011
Angenommen: Juni 2012






“ZEY) PFG 2012/5, 0573-0588
Je%k)  Stuttgart, October 2012

Article

Eignung von WorldView-2 Satellitenbildern fir die
Baumartenklassifizierung unter besonderer
Beriucksichtigung der vier neuen Spektralkanale

Markus IMmiTzeER, CLEMENT ATzBERGER & TaTJANA KoukaL, Wien, Osterreich

Keywords: tree species, classification, temperate forest, WorldView-2, linear discriminant analysis

Summary: Suitability of WorldView-2 data for tree
species classification with special emphasis on the
four new spectral bands. There is an increasing de-
mand for information on tree species composition
and spatial distribution. Detailed tree species maps
are essential for addressing different ecological
problems. Moreover, they are important in modern
forest management as close to nature forest man-
agement is becoming more and more common.
This study examines the potential of 8-band World-
View-2 data with 2m ground sample distance
(GSD) for identifying 10 tree species in a mid-Eu-
ropean forest. We delineated well-illuminated tree
crowns manually and did a supervised classifica-
tion using linear discriminant analysis (LDA) im-
plemented in a bootstrapping environment (1465
observations, 500 bootstrap samples). The overall
accuracy for the 10 tree species was around 84 % (8
bands) with class-specific producer’s accuracies
ranging between 54 % (Carpinus betulus) and 96 %
(Fagus sylvatica). In general, the accuracy was
higher for the 5 deciduous tree species (89 %) than
for the 5 coniferous tree species (79 %). The clas-
sification accuracies decreased significantly, if only
the 4 conventional bands Blue, Green, Red, and
Near Infrared 1 were used (78 % overall accuracy).
However, when the classification focused only on
the 4 main tree species in the investigation area, i.e.
Picea abies, Pinus sylvestris, Fagus sylvatica,
Quercus robur, the 4 conventional bands were suf-
ficient to achieve high classification accuracies
(95 % overall accuracy). Adding the 4 new bands
(Coastal, Yellow, Red Edge, Near Infrared 2) to the
input feature set did not further improve the overall
classification accuracy for these 4 main tree spe-
cies. Hence, the positive impact of the additional 4
new bands resulted from strongly increased classi-
fication accuracies of the 6 secondary tree species.
Green and Near Infrared 1 (conventional bands) as
well as the bands Red Edge and Near Infrared 2
(new bands) contributed most to class separability
(according to Wilks’ Lambda).

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany

DOI: 10.1127/1432-8364/2012/0140

Zusammenfassung: Informationen iiber die
Baumartenzusammensetzung und -verteilung wer-
den vermehrt nachgefragt. Detaillierte Baumarten-
karten sind beispielsweise bei vielen dkologischen
Fragestellungen unverzichtbar, stellen aber auch in
der forstlichen Praxis aufgrund der mehr und mehr
praktizierten naturnahen Waldbewirtschaftung
eine wichtige Datengrundlage dar. In dieser Studie
wird das Potenzial der 8-Band WorldView-2 Daten
mit einer Bodenauflésung von 2 m fiir die Unter-
scheidung von 10 Baumarten in einem mitteleuro-
pdischen Testgebiet untersucht. Dazu wurden gut
beleuchtete Teile von Baumkronen manuell abge-
grenzt und mit Hilfe der Linearen Diskriminanz-
analyse (LDA) klassifiziert. Durch Bootstrapping
(1465 Referenzflachen, 500 Wiederholungen) wur-
de fiir die 10 Baumarten eine Gesamtgenauigkeit
von 84 % ermittelt (8§ Kanéle). Die Ergebnisse vari-
ierten von Baumart zu Baumart zum Teil betrdcht-
lich (Produzentengenauigkeit bei Hainbuche 54 %
und bei Buche 96 %). Generell lag die Klassifikati-
onsgenauigkeit bei den 5 Laubbaumarten hdher
(89 %) als bei den 5 Nadelbaumarten (79 %). Die
Klassifikationsgenauigkeiten nahmen deutlich ab,
wenn nur die 4 konventionellen Spektralkandle
Blue, Green, Red und Near Infrared 1 verwendet
wurden (78 % Gesamtgenauigkeit). Wurden jedoch
lediglich die 4 Hauptbaumarten kartiert (Fichte,
Kiefer, Buche und Eiche), konnte bereits mit den 4
konventionellen Kanélen eine hohe Gesamtgenau-
igkeit erzielt werden (95 %). Fiir die 4 Hauptbaum-
arten konnte durch die zuséitzliche Verwendung der
4 neuen Kanile (Coastal, Yellow, Red Edge, Near
Infrared 2) keine Steigerung der Klassifikations-
genauigkeit erzielt werden. Der positive Einfluss
der 4 zusitzlichen Kanile ist dagegen bei den 6 Ne-
benbaumarten stark ausgepréigt. Die Untersuchung
der Trennkraft der einzelnen Kanile ergab, dass
von den 4 konventionellen Kanilen Green und Near
Infrared 1 am meisten zur Trennung der Klassen
beitragen und von den 4 neuen Kanilen Red Edge
und Near Infrared 2 (Wilks’ Lambda).
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1 Einleitung

Die Identifikation und Kartierung von Baum-
arten stellt eine Aufgabe dar, die sowohl forst-
wirtschaftlich als auch 6kologisch von gro-
Ber Relevanz ist. Die Baumartenzusammen-
setzung sowie die raumliche Verteilung ver-
schiedener Baumarten sind beispielsweise
wesentliche Eingangsparameter bei Habitat-
modellierungen zur Beschreibung der Arten-
biodiversitdt und fiir Monitoringzwecke. Aber
auch in der forstlichen Planung sind baumar-
tenbezogene Aussagen unverzichtbar (Wur-
DER et al. 2004, McDEerMID et al. 2009). Gerade
die zunehmende naturnahe Bewirtschaftung
erhoht den Aufwand der Baumartenerken-
nung, da groBflichige Monokulturen in struk-
turierte, gemischte Bestdnde mit kleinflachi-
gen Nutzungen iibergefiihrt werden. Die tra-
ditionellen, rein terrestrischen Methoden der
Datenerfassung wie Stichprobeninventur und
Taxation liefern lediglich punktuelle Infor-
mationen. Diese kdnnen zwar auf die Fliche
hochgerechnet werden, ermdglichen aber kei-
ne detaillierte flichenhafte Darstellung. Dies
ist besonders bei baumartenreichen Wildern
oftmals unzureichend.

Der Einsatz von Fernerkundungsmetho-
den kann einen wesentlichen Beitrag zur Be-
seitigung von forstlichen Informationsdefizi-
ten leisten (HILDEBRANDT 1996, OLssoN et al.
2008, FarLkowskl et al. 2009). So kdnnen bei
der visuellen Stereointerpretation von Farb-
infrarot-Luftbildern, u.a. durch die charak-
teristische Farbe, Kronenform und -struktur,
Baumarten generell sehr gut erfasst werden
(ALBerTz 2009). Eine grofBflichige Anwen-
dung scheitert dabei aber meist an der zeit-
aufwindigen Bearbeitung und den damit ver-
bundenen hohen Kosten. Die automatisierte
Baumartenkartierung stellt daher einen aktu-
ellen Forschungsschwerpunkt der forstlichen
Fernerkundung dar (BrosiNger 2010, Buck
et al. 2010). Dabei weisen die zur Verfligung
stehenden Sensoren systemspezifische Vor-
und Nachteile auf: Digitale Orthophotos bie-
ten zwar eine hohe rdumliche Auflosung bei
geringen Erstellungskosten, sind jedoch auf
die Spektralkanile Blau, Griin, Rot und Na-
hes Infrarot beschrinkt. Die iiber das Bild
gesehen stark variierende Aufnahmerichtung
und die daraus ableitbare Information iiber

das richtungsabhidngige Reflexionsverhalten
kann zwar prinzipiell in einer Klassifizierung
genutzt werden (HEIKKINEN et al. 2011, Kou-
KAL & ATzBERGER 2012). Da diese direktiona-
len Effekte im Zuge der Bildauswertung iib-
licherweise jedoch nicht beriicksichtigt wer-
den, stellen sie in den meisten Anwendungen
eher eine Fehlerquelle dar. Satellitengestiitzt
stehen sowohl multi- als auch hyperspektra-
le Sensoren zur Verfiigung, jedoch bei meist
geringerer raumlicher Auflosung als bei Luft-
bilddaten. Die geringe rdumliche Auflosung
verhindert eine einzelbaumweise Erfassung
und die resultierenden Mischpixel erschweren
eine korrekte Identifizierung der Baumarten
(ScHLERF et al. 2003). Dem hohen spektralen
Informationsgehalt von Hyperspektraldaten
steht die meist eher geringe Verfiigbarkeit bei
hohen Kosten gegeniiber.

Mit WorldView-2 steht seit 2010 ein sa-
tellitengestiitzter Sensor zur Verfiigung, der
durch die hohe rdumliche Auflésung sowie
durch 4 neue Spektralkanéle ein hohes Poten-
zial flir die Untersuchung von Vegetation auf-
weist (siche Kapitel 2). Erste Ergebnisse iiber
die Verwendung dieser Daten zur Ermittlung
forstlicher Strukturparameter wurden bereits
verdffentlicht (Huang & Cao 2011, OzpEMIR
& KarNiELL 2011). In einer Uberblicksstudie
bewerteten MarcHisio et al. (2010) die Stei-
gerung der Klassifikationsgenauigkeit durch
die erstmals verfiigbaren Kanile (Coastal,
Yellow, Red Edge und Near Infrared 2) ge-
geniiber traditionellen 4-Kanal-Bildern von
Sensoren mit vergleichbarer raumlicher Auf-
16sung. Die Klassifikationsergebnisse konn-
ten um 5 bis 20 % erhoht werden. Auch CoL-
LIN & PLANES (2011) erzielten durch die 4 zu-
sitzlichen Kanile eine Steigerung der Klas-
sifikationsgenauigkeiten. Weitere Arbeiten
mit WorldView-2 Daten wurden im Zuge der
von DigitalGlobe ausgeschriebenen ,,8-Band
Challenge” publiziert. Darunter finden sich
auch einige Studien, die sich mit dem The-
menkomplex der ,,Baumartenerkennung* be-
schéftigten: CHEN (2011) konnte bei der Baum-
artenidentifizierung auf Hawaii mit World-
View-2 Bildern deutlich hohere Genauigkei-
ten erzielen als mit IKONOS Daten. HAMDAN
(2010) erreichte bei der Klassifikation von 10
tropischen Baumarten in Malaysia sehr gute
Ergebnisse. SripHARAN (2011) klassifizierte
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urbane Wilder in Texas auf mehreren Detail-
lierungsstufen bis hinunter aufs Artenniveau
und erreichte nur geringfiligig geringere Klas-
sifikationsgenauigkeiten als mit AISA Hyper-
spektraldaten.

Der Einsatz von WorldView-2 fiir forstli-
che Fragestellungen ist auf Grund der hohen
rdumlichen Auflésung von 0,5 m (panchroma-
tisch) bzw. 2 m (multispektral), der zusétzli-
chen 4 Kanile und der raschen Verfiigbarkeit
der Daten eine interessante Alternative zu Or-
thophotos. Fiir mitteleuropédische Wilder sind
derzeit jedoch noch kaum Untersuchungen
publiziert. In dieser Studie werden daher die
forstlichen Einsatzmoglichkeiten von World-
View-2 Daten im Bereich der Baumartener-
kennung in einem mitteleuropdischen Wald-
gebiet untersucht. Folgende Fragen stehen im
Mittelpunkt: (1) Welche Baumarten konnen
auf Grund der spektralen Information aus
WorldView-2 Daten unterschieden werden,
(2) welchen Mehrwert haben die 4 neuen Ka-
nidle im Vergleich zur alleinigen Verwendung
der 4 konventionellen Kanéle, und (3) welche
der insgesamt 8 Kandle tragen am meisten zur
Baumartenunterscheidung bei?

Fiir die Beantwortung dieser Fragen wer-
den die Reflexionswerte in den multispektra-
len Kanilen mit 2 m PixelgroBe von manuell
abgegrenzten, beleuchteten Kronenteilen ver-
wendet. Zur Baumartenklassifikation und Be-
stimmung der spektralen Trennkraft wurde
die Lineare Diskriminanzanalyse (LDA) ver-
wendet.

2 Daten und Methodik
2.1 Untersuchungsgebiet

Das Untersuchungsgebiet befindet sich im Os-
ten Osterreichs (Burgenland, Bezirk Oberpul-
lendorf) und ist durch hiigelige Landschaft ge-
pragt. Mit Seehdhen von 290 bis 670 m iiber
NN liegt es in der submontanen bis tiefmonta-
nen Hohenstufe des forstlichen Wuchsgebiets
5.2 ,,Bucklige Welt“. Der Jahresniederschlag
liegt, mit einem sommerlichen Maximum,
zwischen 700 und 1100 mm. Die Grundge-
steine sind vor allem basenarme Silikate,
Gneis und Quarzphyllit. Die potentielle na-
tlirliche Waldgesellschaft reicht vom Eichen -

Hainbuchenwald tiber sauren Wei3-Kiefern -
Eichenwald bis hin zum Tannen - Buchenwald
mit Beimischungen von Eichen, Edelkastanie
und Weil-Kiefer (KiLian et al. 1994).

Das Untersuchungsgebiet umfasst eine Fla-
che von knapp 3000 ha, auf welchen die bei-
den Nadelholzer Gemeine Fichte (Picea abies,
(L) Karst.) und WeiB-Kiefer (Pinus sylvestris,
L.) gemeinsam mit den beiden Laubhdlzern
Rot-Buche (Fagus sylvatica, L.) und Stiel-Ei-
che (Quercus robur, L.) die Hauptbaumarten
darstellen. Weiters kommen die Baumar-
ten Wei3-Tanne (4bis alba, Mill.), Europii-
sche Larche (Larix decidua, Mill.), Dougla-
sie (Pseudotsuga menziesii, (Mirb.) Franco),
Scheinzypresse (Chamaecyparis lawsoniana
(A.Murr.) Parl.), Riesen-Tanne (4bies grandis,
Lindl), Gelb-Kiefer (Pinus ponderosa, Doug-
las ex P. et C.Laws), sowie Gemeine Esche
(Fraxinus excelsior, L.), Hainbuche (Carpinus
betulus, L.), Zerreiche (Quercus cerris, L.),
Weil3-Birke (Betula pendula, Roth), Schwarz-
Erle (Alnus glutinosa, L.), Wal-Nuss (Juglans
regia, L.), Robinie (Robinia pseudoacacia,
L.), Edelkastanie (Castanea sativa, Mill.), Vo-
gel-Kirsche (Prunus avium, L.), Linden- (Ti-
lia sp.), Ahorn- (4cer sp.), Ulmen- (Ulmus sp.)
und Pappel-Arten (Populus sp.) vor.

2.2 WorldView-2 Daten

Der WorldView-2 Satellit liefert seit An-
fang 2010 rdumlich hochauflésende Daten

na h0 a0 L8 b bpm im

WM (LT

Abb. 1: Lage und Bandbreite der 8 Farbkanéle
und des panchromatischen Kanals des World-
View-2 Sensors sowie Bandbreite (gestrichelt)
und mittlere Wellenlange (durchgezogen) bei
50 % der maximalen Sensitivitdt (Upbike &
Cowmp 2010).



576 Photogrammetrie o Fernerkundung « Geoinformation 5/2012

in 8 Spektralkandlen (Abb. 1). Bei senkrech-
ter Aufnahmerichtung betrdgt die Bodenauf-
16sung des panchromatischen Kanals 50 cm
und die der multispektralen Kanéle 200 cm.
Zusatzlich zu den 4 iiblichen Kanélen Blue,
Green, Red und Near Infrared 1 stehen 4 wei-
tere Kanile, Coastal, Yellow, Red Edge und
Near Infrared 2, zur Verfiigung, fiir welche
vom Anbieter ein gro3es Potenzial fiir vege-
tationskundliche Fragestellungen postuliert
wird (DiGitaLGLOBE 2009).

Die verwendete WorldView-2 Szene wurde
am 10. Juli 2010 aufgenommen und deckt eine
Flache von 7500 ha ab (Scandirection: for-
ward, Mean Satellite Elevation: 77,8°, Mean
Satellite Azimuth: 76,6°, Mean Off Nadir
View Angle: 11°).

Zur radiometrischen und atmosphérischen
Korrektur der Aufnahme wurden zunichst
die Pixelgrauwerte in ,,at-sensor® Strahldich-
ten umgerechnet (Upbike & Comp 2010). An-
schlieBend wurde das Bild mit Hilfe des EN-
VI-Moduls (ENVI 4.8) FLAASH atmosphé-
risch korrigiert. Die Einstellungen wurden da-
bei iterativ durch Plausibilitdtspriifung der re-
sultierenden Reflexionswerte eruiert. Fiir das
Pansharpening wurde der speziell fiir World-
View-2 Daten entwickelte und in ERDAS
Imagine 2010 verfiigbare HCS-Algorithmus
(Hyperspherical Colour Space Algorithmus)
angewendet, welcher die Einbeziechung aller
8 Kanile ermdglicht (Papwick et al. 2010).
Die Georektifizierung wurde mittels ERDAS
(Control Points) unter Verwendung eines Di-
gitalen Geldndemodells (S mx5m Raster)
vorgenommen. Die Passpunktkoordinaten
stammten aus einem Farbinfrarot-Orthophoto
(Aufnahmejahr 2007, PixelgréBe 0,5 m). Die
erreichte mittlere Lagegenauigkeit (RMSE)
lag im 2 m Bild bei 0,70 Pixel (x: 0,50, y: 0,47).

2.3 Auswahl von Referenzfldchen

Zur Auswahl von Referenzflichen wurde eine
digitale Bestandeskarte herangezogen. Diese
enthélt verschiedenste Bestandesattribute, die
im Zuge der Forsteinrichtung durch Taxati-
on und Stichprobeninventur erhoben wurden.
Die Taxation dient der bestandesweisen Zu-
standserhebung. Dabei werden in den einzel-
nen Bestdnden durch Winkelzédhlproben die
Baumartenanteile und Vorréte ermittelt. Auf
Grund der iiblichen Mindestgrofie von 0,5 ha
konnen aber durchaus auch, beziiglich Auf-
bau, Struktur und Baumarten, uneinheitli-
che Waldteile in Bestdnden zusammengefasst
sein. Dadurch ist eine direkte Umlegung der
Taxationsdaten auf die gesamte Bestandesfla-
che nicht ohne Weiteres moglich.

Ausgehend von den angegebenen Baumar-
tenanteilen wurden moglichst reine Bestdnde
sowie Bestdnde mit eindeutig identifizierba-
ren Baumarten ausgewihlt. Durch visuelle In-
terpretation wurden die Taxationsangaben auf
Plausibilitét tiberpriift und anschlieend Bei-
spielbdume ausgewihlt. Dabei wurde auf eine
gute Verteilung der ausgewihlten Bestdnde
iiber das Untersuchungsgebiet und die Erfas-
sung verschiedener Altersklassen geachtet.
Um Beschattungs- und Beleuchtungseinfliisse
zu minimieren, wurden nur die gut beleuchte-
ten Baumkronen(-teile) verwendet (CLARK et
al. 2005, LeckIE et al. 2005b, GREENBERG et al.
2006).

Die Auswahl der Beispielkronen erfolg-
te auf Basis des Bildes mit 0,5 m Pixelgrof3e
(pansharpened) auf Grund der Taxationsdaten
ohne visuelle Vorinterpretation (Abb.2). Gut
beleuchtete Kronenbereiche, die moglichst si-
cher einer Baumart zuzuordnen waren, wur-
den anschlieBend im Bild mit 2 m Pixelgrofie

Abb. 2: Auswahl beleuchteter Baumkronen(-teile) als Referenzflachen: Baumkronen a) im Bild mit
0,5 m PixelgréBe, b) im Bild mit 2 m PixelgréBe, c) Auswahl der Kronenpixel durch Punktsetzung,
d) Referenzpolygone entsprechend den pixelweise ausgewahlten Kronenteilen.
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aufgesucht und durch pixelweises Setzen von
Punkten (Shapefile) markiert. Den Punkten
wurden die wesentlichen Attribute wie Baum-
art und Alter aus den Forsteinrichtungsdaten
zugeordnet. Punkte in benachbarten Raster-
zellen wurden anschlieBend zu Polygonen zu-
sammengefiigt und in eine Vektordatei (Poly-
gon-Shapefile) konvertiert. Dieser Datensatz
wurde schlieBlich fiir das Auslesen der Spek-
tralinformationen aus dem WorldView-2 Bild
herangezogen. Fiir jede Referenzfliche wur-
den die Mittelwerte pro Kanal ausgelesen.

Neben den 4 Hauptbaumarten Gemeine
Fichte, Weil3-Kiefer, Rot-Buche und Stiel-Ei-
che konnten auch Bestdnde mit den Baumar-
ten Europdische Lérche, Douglasie, Scheinzy-
presse, Hainbuche, Weil3-Birke und Schwarz-
Erle eindeutig identifiziert werden. Diese 6
Nebenbaumarten wurden ebenfalls in die
Analysen aufgenommen. Weitere Baumarten
konnten nicht beriicksichtigt werden, da nicht
genligend Individuen eindeutig identifiziert
werden konnten.

Fiir die 10 untersuchten Baumarten sind in
Tab. 1 Angaben iiber die Anzahl der Referenz-
flichen und Flachenanteile aufgefiihrt. Insge-
samt wurden 1465 Referenzflachen generiert.
Die unterschiedlichen Anteile spiegeln unge-
fahr die relativen Flachenverhiltnisse vor Ort
wider.

2.4 Spektrale Trennbarkeit und
Klassifikation der Baumarten

Fir die Auswertung wurden die spektralen
Mittelwerte der einzelnen Referenzpolygo-
ne verwendet. Die Analyse und Visualisie-
rung der Daten erfolgte mit dem Statistikpro-
gramm R 2.14.1 (R DeEVELOPMENT CORE TEAM
2011) mit den Zusatzpaketen MASS (VENAB-
LEs & RipLEY 2002) und scatterplot3d (LIGGES
& MAcHLER 2003). Die Baumartenklassifizie-
rung erfolgte mit Hilfe der Linearen Diskri-
minanzanalyse (LDA). Die LDA ist ein struk-
turpriifendes Verfahren, welches die Abhén-
gigkeit der Gruppenzugehorigkeit (nominal
skaliert) von den metrisch skalierten Merk-
malsvariablen priift. Dabei werden durch Li-
nearkombinationen der Merkmalsvariablen
sogenannte Diskriminanzfunktionen erstellt.
Deren Eigenwerte beschreiben den Anteil der
durch diese Funktionen erkldrten Varianz.
Die Trennkraft der einzelnen Kanile wurde
sowohl univariat (ANOVA, Wilks’ Lambda)
als auch multivariat (standardisierte mittlere
Diskriminanzkoeffizienten) beurteilt (Back-
HAUS et al. 2008).

Die Klassifikationsgenauigkeiten wurden
durch Bootstrapping (EFroN & TIBSHIRANI
1993) ermittelt. Dabei wird durch das zufil-
lige Ziehen mit Zuriicklegen ein Trainingsda-
tensatz der GroBe der Stichprobe gewonnen.
Jene Beispieldaten, die nicht im Trainingsda-
tensatz enthalten sind (ca. 36,8 % der Daten),
verbleiben als unabhingiger Testdatensatz.

Tab. 1: Verteilung der Referenzflachen auf die 10 untersuchten Baumarten (getrennt in Nadel- und
Laubholz und gereiht nach der forstlichen Bedeutung).

Wissenschaftliche

Anzahl Anzahl

Baumart Bezeichnung Abkiirzung Pixel Referenzflichen Anteil (%)
Gemeine Fichte Picea abies Fi 1084 226 15,4
Weil3-Kiefer Pinus sylvestris Ki 807 235 16,0
Europdische Léarche Larix decidua La 472 122 8,3
Douglasie Pseudotsuga menziesii Dgl 677 178 12,1
Scheinzypresse Chamaecypris lawsoniana SZy 166 42 2,9
Rot-Buche Fagus sylvatica Bu 1519 247 16,9
Stiel-Eiche Quercus robur Ei 1770 152 10,4
Hainbuche Carpinus betulus HBu 445 81 55
Weil3-Birke Betula pendula Bi 397 86 5,9
Schwarz-Erle Alnus glutinosa SEr 387 96 6,6

Summe 7724 1465 100,0
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Die Anzahl der Bootstrap-Stichproben betrug
in unserer Studie 500, wobei die zuféllige Re-
ferenzflaichenauswahl entsprechend der jewei-
ligen Anzahl an Referenzflichen pro Klasse
stratifiziert erfolgte.

Die Analyse der Klassifikationsergebnisse
der einzelnen Baumarten erfolgte durch die
Erstellung von Klassifikationsmatrizen (Con-
GALTON & GREEN 1999). Im Zuge der 500 Boot-
strap-Stichproben wurde jede Referenzfliache
mehrmals klassifiziert. Fiir die Klassifikati-
onsmatrizen wurde fiir jede Referenzfliche
die am héufigsten klassifizierte Klasse (Mo-
dalwert) verwendet. Der Vergleich von Ergeb-
nissen unterschiedlicher Methoden bzw. Da-
tengrundlagen erfolgte liber den Mittelwert
der Gesamtgenauigkeiten aus den einzelnen
Bootstrap-Wiederholungen.

2.5 Flédchige Anwendung auf
Testfldche

Fir die flichige Anwendung der Klassifi-
zierung wurde im Untersuchungsgebiet eine
Testfliche mit groer Baumartenvielfalt aus-
gewdhlt. Innerhalb dieser Testfliche wurden
alle Baumkronen abgegrenzt, wobei die Ab-
grenzung wie bei den Referenzflichen er-
folgte (Abb.2). Zur Plausibilitétspriifung der
Klassifizierungsergebnisse standen Taxati-
onsdaten zur Verfiigung. Obwohl die Taxati-

on keine absolut zuverldssige Referenzinfor-
mation fiir die gesamte Fldche im Sinne einer
Vollaufnahme darstellt, kann diese Informati-
on dennoch fiir eine ndherungsweise Beurtei-
lung der Klassifikationsergebnisse verwendet
werden.

3 Ergebnisse
3.1 Spektrale Signaturen

In Abb. 3 sind die gemittelten Spektralsigna-
turen iiber alle Referenzpolygone einer Baum-
art dargestellt. Der Vergleich der spektralen
Signaturen zeigt wie erwartet bei den Laub-
holzern deutlich hohere Reflexionswerte im
nahen Infrarot als bei den Nadelholzern, wo-
bei die Rot-Buche, gefolgt von der Hainbuche,
die hochsten Werte aufweist. Zwischen Stiel-
Eiche, Weil-Birke und Schwarz-Erle sind
im nahen Infrarot nur geringe Unterschiede
erkennbar. Bei den Nadelholzern zeigt die
Scheinzypresse die hochsten Reflexionswer-
te im nahen Infrarot. Mit abnehmenden Re-
flexionsgraden folgen Douglasie, Europdische
Léarche, Wei3-Kiefer und Gemeine Fichte. Der
Detailausschnitt fiir den Wellenldngenbereich
des sichtbaren Lichts zeigt, dass die Unter-
schiede zwischen den Baumarten in den Ka-
nidlen Green und Yellow am groften sind. Eine
eindeutige Differenzierung zwischen Laub-
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Abb. 4: Verteilung der Referenzflachen der un-
tersuchten Baumarten in den Kanalen Blue,
Green und Near Infrared 1.

und Nadelbdumen ist hier jedoch nicht mog-
lich. Die Ergebnisse entsprechen typischen
Signaturen fiir Laub- und Nadelbdume, wie
sie auch in der Literatur beschrieben werden
(Kapro 1981, HosGoop et al. 1994, Jones et al.
2010).

In Abb.4 sind die Reflexionswerte aller
Referenzflichen in den Kanilen Blue, Green
und Near Infrared 1 dargestellt. Dies erlaubt
einerseits Riickschliisse auf die Trennbar-
keit der Baumarten und zeigt anderseits auch
die Streuungen innerhalb der Baumarten so-
wie die baumartenspezifischen Korrelationen
zwischen den 3 Spektralkanilen. Wéhrend die
Trennung in Nadel- und Laubbdume anhand
dieses Streudiagramms noch relativ gut mog-
lich ist, iberlagern sich die Punktwolken der
einzelnen Baumarten innerhalb dieser zwei
Gruppen teilweise sehr stark.

3.2 Lineare Diskriminanzanalyse
(LDA)

Fiir die LDA wurden alle 8 Kanile verwendet,
da laut univariater ANOVA alle Spektralka-
néle die 10 Baumarten héchst signifikant (F-
Test, P<0,01) trennen. Die erstellten 8 Diskri-
minanzfunktionen wurden ebenfalls auf ihre
Trennkraft untersucht. Dabei wurde festge-
stellt, dass alle Funktionen einen signifikan-

ten Beitrag zur Trennung liefern (Chi?-Test,
P<0,05). Auch wenn die hochste Trennkraft
bei der Verwendung aller Funktionen erzielt
wurde, nahmen die Eigenwerte der einzelnen
Funktionen von der ersten zur achten Dis-
kriminanzfunktion stark ab. So trug die ers-
te Funktion bereits 75,6 % der Varianz; die
zweite trug 14,0 %, die dritte 6,6 % und die
vierte 2,7 % zur Erkldrung der Varianz bei.
Die Anteile der anderen 4 Funktionen lagen
unter 1 %.

Zur Veranschaulichung der Trennkraft
der ersten 4 Diskriminanzfunktionen sind in
Abb. 5 Streudiagramme von jeweils 2 Funk-
tionen sowie die dazugehdrigen univariaten
Dichteverteilungen dargestellt, welche fiir
jede Baumart die Streuung in der jeweiligen
Funktion zeigen. Die Abbildung macht er-
sichtlich, dass durch die Kombination der ers-
ten beiden Funktionen bereits eine deutliche
Trennung der Nadel- von den Laubbdumen
erzielt wird. Aber auch innerhalb der Laub-
baume sind die einzelnen Baumarten als gut
trennbare Gruppen erkennbar, wobei sich
Schwarz-Erle und Wei-Birke von den an-
deren 3 Baumarten deutlicher absetzen. Die
Kombinationen der ersten mit der dritten und
in geringerem Mafe auch mit der vierten Dis-
kriminanzfunktion separieren dann auch die
Arten innerhalb der Gruppe der Nadelbdume
besser.

3.3 Klassifikationsergebnisse

Das durch Bootstrapping ermittelte Klassifi-
kationsergebnis bei Verwendung aller 8 Ka-
néle ist in Form einer Klassifikationsmatrix
in Tab.2 dargestellt. Uber alle 10 Baumar-
ten konnten 83,7 % der 1465 Referenzflaichen
richtig klassifiziert werden (Kappa: 0,814).
Die Trennung zwischen Nadel- und Laubbéu-
men erfolgte zu 99,1 % richtig. Innerhalb der
Nadelbdume sind 79,3 % der Referenzflichen
richtig klassifiziert. Die hdufigsten Fehlklas-
sifikationen finden sich zwischen Douglasien
und Fichten (16,3 %) und zwischen Lérchen
und Kiefern (16,4 %) bzw. Fichten (15,8 %).
Mit 64,8 % weist die Liarche die geringste
Produzentengenauigkeit der Nadelbdume auf,
wihrend die Kiefer mit 87,2 % die hochste
Produzentengenauigkeit zeigt.
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Abb.5: Streudiagramme der ersten 4 Diskriminanzfunktionen (LD1 bis LD4) zur Visualisierung
der Trennkraft der einzelnen Funktionen sowie die zugehérigen Dichtefunktionen fiir die 10 Baum-
arten.

Die 662 Referenzflichen der Laubbaumar-  beinahe alle Baumarten eine deutliche Ver-
ten werden zu 89,0 % richtig klassifiziert. Die  schlechterung der Produzenten- und Nutzer-
hiufigsten Fehlklassifikationen bei Laubbdu-  genauigkeiten (Tab.3). Unverdndert bleiben
men sind bei Hainbuche zu beobachten. Das  dagegen die sehr geringen Fehlklassifikatio-
beste Klassifikationsergebnis zeigt die Buche,  nen zwischen Nadel- und Laubbdumen (<1 %).
die mit 96,0 % die hochste Produzenten- und  Der Anstieg der Fehlerraten beschrinkt sich
mit 91,9 % gemeinsam mit Birke (92,0 %) somit auf die bereits erlduterten Verwechs-
auch die hochste Nutzergenauigkeit aller  lungen innerhalb der Nadel- bzw. Laubhdlzer.
Baumarten aufweist. Am deutlichsten zeigt sich die Verschlechte-

Werden fiir die Analysen nur die 4 konven-  rung bei Hainbuche: konnten mit 8 Kanélen
tionellen Kanéle verwendet, zeigt sich iiber noch 44 von den 81 Referenzflichen richtig
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Tab. 2: Klassifikationsmatrix fir die Klassifikation mit 8 Kanalen (Modalwerte aus 500 Bootstrap-
Wiederholungen, PG = Produzentengenauigkeit, NG = Nutzergenauigkeit).

Referenz

Fi A Ki Li Dgl SZy Bu Ei HBu Bi SEr = NG
Fi 183 17 19 29 0 0 0 0 0 0 248 | 0,738
Ki 12 205 20 8 0 0 0 0 0 0 245 | 0,837
. Lia 13 11 79 5 2 0 0 0 0 0 110 | 0,718
= Dgl 17 2 3 136 0 0 0 0 0 1 159 | 0,855
5 Szy 0 0 0 0 34 0 0 0 1 3 38 | 0,895
S Bu 0 0 0 0 0 237 0 18 1 2 258 | 0,919
‘2 Ei 1 0 1 0 0 1 144 10 0 4 161 | 0,894
§ HBu | 0 0 0 0 0 9 4 44 1 0 58 | 0,759
Bi 0 0 0 0 0 0 0 5 80 2 87 | 0,920
SEr 0 0 0 0 6 0 4 4 3 84 101 | 0,832

o 226 235 122 178 42 247 152 81 8 96 1465
PG 10,810 0,872 0,648 0,764 0,810 0,960 0,947 0,543 0,930 0,875 0,837

Tab. 3: Klassifikationsmatrix fiir die Klassifikation mit den 4 konventionellen Kanalen Blue, Green,
Red,Nearlnfrared1(Modalwerteaus500Bootstrap-Wiederholungen, PG=Produzentengenauigkeit,

NG=Nutzergenauigkeit). Referenz
Fi Ki La Dgl SZy Bu Ei HBu Bi SEr 2 NG
Fi 167 12 19 33 0 0 0 0 0 0 231 0,723
Ki 12 205 22 10 0 0 0 0 0 0 249 | 0,823
~» Lé 10 14 72 11 1 0 0 1 0 0 109 | 0,661
E‘ Dgl 36 4 8 120 0 0 0 0 0 0 168 0,714
§ SZy 1 0 0 3 37 0 0 0 1 4 46 0,804
« Bu 0 0 0 0 0 228 0 32 0 2 262 | 0,870
5 Ei 0 0 1 0 0 1 143 18 0 3 166 | 0,861
5 HBu 0 0 0 0 0 18 6 21 1 0 46 0,457
Bi 0 0 0 0 0 0 0 5 75 6 86 0,872
SEr 0 0 0 1 4 0 3 4 9 81 102 0,794
X 226 235 122 178 42 247 152 81 86 96 1465
PG 0,739 0,872 0,590 0,674 0,881 0,923 0,941 0,259 0,872 0,844 0,784

klassifiziert werden, waren es mit 4 Kanidlen
nur noch 21. Auch bei Fichte ist ein deutlicher
Anstieg der filschlich als Douglasien klassi-
fizierten Referenzflichen zu beobachten (36
Fille bei 4 Kanilen gegeniiber 17 bei 8 Ka-
nélen).

Eine Zusammenfassung aller Ergebnisse ist
in Tab.4 dargestellt. Die Genauigkeitsmaf3e
aus den oben angefiihrten Klassifikationsma-
trizen werden ergénzt durch die Klassifikati-
onsergebnisse fiir die Trennung der 4 Haupt-
baumarten Gemeine Fichte, Wei3-Kiefer, Rot-
Buche und Stiel-Eiche (im Vergleich zu den
insgesamt 10 Baumarten). AuBlerdem werden
die Mittelwerte (MW) der Gesamtgenauig-
keiten und deren Standardabweichungen (SD)
aus den 500 Bootstrap-Wiederholungen auf-
gelistet.

Werden statt der 8 verfiigbaren nur die 4
konventionellen Kanile fiir die Klassifikati-
on verwendet, verschlechtert sich das Klas-
sifikationsergebnis deutlich. Bei Betrach-
tung der mittleren Gesamtgenauigkeiten der
500 Einzelklassifikationen ist eine signifi-
kante Abnahme von 83,0 % auf 78,2 % (T-
Test, t=-54,05, df=998, P<0,01) feststellbar.
Beschrénkt sich die Klassifikation hingegen
auf die 4 Hauptbaumarten, zeigen die 4 zu-
sdtzlichen Kanédle keine Verbesserung. So
liegt im Untersuchungsgebiet die mittlere Ge-
samtgenauigkeit bei der Unterscheidung der
4 Hauptbaumarten Fichte, Kiefer, Buche und
Eiche bei Verwendung von 4 Kanilen mit
94,8 % sogar geringfiigig iiber den 94,5 % bei
Verwendung von 8 Kanilen (T-Test, t=4,91,
df=998, P<0,01).
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Tab. 4: Ubersicht der Klassifikationsergebnisse flr die 10 Baumarten (Fi, Ki, L&, Dgl, SZy, Bu, Ei,
HBu, Bi, SEr) bzw. 4 Baumarten (Fi, Ki, Bu, Ei) mit 8 bzw. 4 Kanélen (beste Klassifikationsergeb-
nisse jeweils in Fettschrift; Mittelwerte, Standardabweichungen und Modalwerte aus 500 Boot-

strap-Wiederholungen).

L 10 Baumarten 4 Baumarten
Bewertungskriterium 8 Kaniile 4 Kaniile |8 Kanile 4 Kaniile
Mittelwert der Gesamtgenauigkeiten 0,830 0,782 0,945 0,948
Standardabweichung der Gesamtgenauigkeiten 0,013 0,015 0,011 0,011
Gesamtgenauigkeit aus Modalwerten (Klassifikationsmatrix) | 0,837 0,784 0,945 0,950
Kappa aus Modalwerten (Klassifikationsmatrix) 0,814 0,754 0,926 0,933
Die in Tab. 4 aufgefiihrten Mittelwerte der ~ Schwarz-Erle, Hainbuche, Rot-Buche und

Gesamtgenauigkeiten und deren Standardab-
weichungen aus den 500 Bootstrap-Wieder-
holungen beriicksichtigen die Streuung (un-
terschiedliche Klassifikationen) innerhalb der
Referenzflichen und liegen erwartungsgemaf
etwas unter den Werten aus den Klassifika-
tionsmatrizen, die aus den Modalwerten pro
Referenzfliche erstellt wurden. Die Unter-
schiede zwischen den beiden Gesamtgenauig-
keitsmaBen fallen aber iiber alle Modelle nur
sehr gering aus und bescheinigen den Model-
len damit eine hohe Robustheit gegeniiber den
verwendeten Trainingsdaten.

3.4 Klassifikation einer Testfldche

In dem Bestandesteil, der als Testfliche
ausgewihlt wurde, kommen laut Taxation im
nordlichen Teil die Baumarten Stiel-Eiche,

einzelne Europidische Larchen vor, wéihrend
im Stiden WeiB-Kiefer und Gemeine Fich-
te dominieren. Das Klassifizierungsergebnis
(10 Baumarten, 8 Kanile) stimmt mit dieser
Beschreibung weitgehend iiberein. Die Ver-
gesellschaftung von Stiel-Eiche mit Hainbu-
che ist plausibel (Eichen-Hainbuchenwald),
jedoch erscheint der Anteil der Hainbuche et-
was hoher als es die Taxationsdaten erwarten
lassen. Die Baumart Douglasie wird in der
Bestandesbeschreibung nicht erwdhnt. Bei
den klassifizierten Douglasien handelt es sich
daher vermutlich um Fehlklassifikationen.

3.5 Trennkraft der einzelnen
Spektralkanéle

Im Zuge der LDA wurden zwei Kennwerte
berechnet, die Aufschluss iiber die Trennkraft

Abb. 6: Klassifizierung der Kronenpolygone der Testflache: links: Bestand in CIR-Darstellung (Pi-
xelgréBe 0,5 m), rechts: mittels LDA klassifizierte Kronenpolygone.
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Abb. 7: Normalisierte Wichtigkeiten (0 = geringste, 1 = h6chste Wichtigkeit) der einzelnen Kanéle
fur die Klassifizierung der 10 Baumarten. Die jeweils 4 wichtigsten sind griin hervorgehoben.

der einzelnen Spektralkanéle liefern (Abb. 7).
Die Wilks‘-Lambda-Werte der univariaten
ANOVA geben an, wie gut die einzelnen Ka-
ndle die 10 Baumarten trennen konnen. Mit
den geringsten Wilks‘-Lambda-Werten tren-
nen die Kanidle Near Infrared 1 und 2, bzw.
auch der Red Edge Kanal univariat deutlich
besser als die Kanidle im Wellenlédngenbe-
reich des sichtbaren Lichts. Bewertet man die
Trennkraft auf Basis der standardisierten und
gemittelten Diskriminanzkoeffizienten aus
der LDA, ergibt sich folgende Reihung: Near
Infrared 1, Green, Blue und Near Infrared 2.
Interessanterweise befinden sich damit 2 Ka-
néle aus dem Wellenldngenbereich des sicht-
baren Lichts unter den 3 wichtigsten Kané-
len. Fiir den direkten Vergleich der einzelnen
Male wurden die KenngroBen auf den Wer-
tebereich von 0 geringste Wichtigkeit) bis 1
(hochste Wichtigkeit) normalisiert. Die Er-
gebnisse in Abb. 7 zeigen eine gute Uberein-
stimmung zwischen den Reihungen anhand
der beiden Wichtigkeitsmale.

Die Kanile Near Infrared 1, Near Infrared
2 und Green sind bei beiden Wichtigkeitsma-
Ben unter den 4 wichtigsten Kanélen. Bei den
Mittleren Diskriminanzkoeffizienten fallen
Red Edge und Near Infrared 2 jedoch vergli-
chen mit der Reihung nach den Wilks’ Lamb-
da Werten stark gegeniiber dem Kanal Near
Infrared 1 ab. Dies ist vermutlich durch hohe
Korrelationen zwischen den genannten Ka-
ndlen zu erkldren. Von den 4 neuen Kanélen
(Coastal, Yellow, Red Edge und Near Infrared
2) sind laut Wilks” Lambda nur 2 unter den
4 wichtigsten Kanilen (Red Edge und Near

Infrared 2); unter Verwendung des Mittleren
Diskriminanzkoeffizienten ist es nur der Near
Infrared 2 Kanal.

4 Diskussion

Die verwendeten WorldView-2 Satellitenda-
ten zeigten eine gute Eignung fiir die Tren-
nung der untersuchten Baumarten im Testge-
biet. Bei der Klassifikation der 4 Hauptbaum-
arten (Fi, Ki, Bu, Ei) zeigten bereits die 4
konventionellen Kanile (Blau, Griin, Rot und
Near Infrared 1) sehr gute Ergebnisse, welche
durch die Mitverwendung der 4 neuen Kanéle
(Coastal, Yellow, Red Edge und Near Infrared
2) nicht mehr verbessert wurden. Beziiglich
der 6 Nebenbaumarten konnten die zusétzli-
chen Kanile jedoch eine deutliche Verbesse-
rung des Klassifikationsergebnisses bewirken.
So konnte die Gesamtgenauigkeit der Klassi-
fikation der 10 untersuchten Baumarten von
78 % (4 Kanile) auf 84 % (8 Kanile) gestei-
gert werden. Die geringen Genauigkeitsun-
terschiede bei Verwendung von 4 gegeniiber
8 Kanilen bei der Analyse weniger (Haupt-)
Baumarten decken sich mit den Ergebnissen
der Studie von CHEN (2011). Dieser erzielte bei
der Klassifikation zweier Baumarten mit ver-
schiedenen Klassifikationsalgorithmen (u.a.
LDA) mit 4 Kanidlen immer anndhernd die
gleichen Ergebnisse wie mit 8 Kanélen.

Die Detailergebnisse zeigten, dass die Un-
terscheidung zwischen Nadel- und Laubbéu-
men zu 99 % richtig erfolgte. Die erzielten
Nutzergenauigkeiten der einzelnen Baumar-
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ten lagen zwischen 71 % und 92 %, die Pro-
duzentengenauigkeiten zwischen 54 % und
96 %, wobei die geringsten Werte bei Hain-
buche bzw. Lérche festgestellt wurden. Ge-
rade bei diesen Baumarten ist vermutlich
ein Teil der Fehlklassifikationen auf Fehler
in den Referenzdaten (falsche Baumartenzu-
ordnung) zuriickzufiithren: Beide Baumarten
bilden im Untersuchungsgebiet keine Rein-
besténde, vielmehr handelt es sich um beglei-
tende (Hainbuche) oder einzeln eingespreng-
te (Larche) Baumarten. Dadurch kann es bei
der Referenzdatengewinnung zu fehlerhaften
Zuordnungen gekommen sein. Die Tatsache,
dass einzelne Baumarten bei sonst sehr aus-
geglichenem Klassifikationsergebnis deutlich
geringere Genauigkeiten erzielen, ist bei na-
hezu allen Studien, die eine groBere Anzahl
an Arten untersuchen, zu beobachten (Car-
LEER & WoLFF 2004, Voss & SUGUMARAN 2008,
Waser et al. 2010, 2011, Jones et al. 2010,
Hawmpan 2010).

Hervorzuheben sind auch die generell ge-
ringeren Klassifikationsgenauigkeiten bei den
Nadelbaumarten im Vergleich zu den Laub-
baumarten. Neben den geringeren spektralen
Unterschieden zwischen den Nadelbdumen
konnte die hohere Fehlerrate teilweise auch
durch die Kronenform begriindet sein: Durch
die fiir Nadelbdume typische, schmale Kro-
nenform sind bei Bilddaten mit 2 m Pixelgro-
e nur wenige Pixel gut beleuchtet und baum-
artenrein. Dadurch fielen bei der Referenzda-
tengewinnung deutlich weniger Pixel pro Bei-
spielkrone an, wodurch einzelne Mischpixel
einen groferen Einfluss auf den Mittelwert
des Referenzpolygons ausiiben. Durch die ge-
ringe Nadel- und Kronentransmissivitéit sind
Schatteneffekte zudem stirker ausgeprigt als
bei Laubbdumen (SCHLERF & ATZBERGER 2012).

Ahnlichen Studien in temperierten Wil-
dern zeigten bei Verwendung von Sensoren
unterschiedlicher spektraler und rdumlicher
Auflosung Gesamtgenauigkeiten zwischen
45 % und 96 %. Die besten Werte wurden
in der Regel erzielt, wenn nur wenige Baum-
arten, wie z.B. 3 Arten bei HEIKKINEN et al.
(2011), untersucht oder zusitzliche Eingangs-
daten, wie z.B. LiDAR bei HOLMGREN et al.
(2008), verwendet wurden. In der vorliegen-
den Studie konnten die 4 Hauptbaumarten
Gemeine Fichte, Weill-Kiefer, Rot-Buche und

Stiel-Eiche mit einer Gesamtgenauigkeit von
95 % klassifiziert werden, unabhéngig davon
ob nur die 4 konventionellen oder alle 8 Kani-
le zum Einsatz kamen. Dieses Ergebnis liegt
tiber vergleichbaren Studien, in denen eben-
falls 4 bis 5 Baumarten rein spektral klassifi-
ziert wurden. Auch bei der Klassifikation der
10 Baumarten liegen die erzielten Gesamt-
genauigkeiten mit 84 % im Spitzenfeld der
Ergebnisse vergleichbarer Studien (CARLEER
& WoLFF 2004, WaseRr et al. 2010, JoNEs et al.
2010). Die Griinde dafiir liegen vermutlich ei-
nerseits in den spektralen und geometrischen
Eigenschaften der verwendeten WorldView-2
Daten und andrerseits in der Klassifizierung
ausschlieBlich gut beleuchteter Kronenteile.
Durch diese Vorgangsweise kann der Einfluss
von Beleuchtungsunterschieden auf das Klas-
sifikationsergebnis deutlich reduziert werden.

Die Abgrenzung der beleuchteten Kronen-
teile erfolgte manuell. Fiir die groBflachige
Umsetzung der Baumartenkartierung ist es
notwendig, diesen Arbeitsschritt zu automati-
sieren. Dies wurde bereits in mehreren Studien
z.B. durch die Kombination von Spektraldaten
mit 3D-Informationen erfolgreich bewerkstel-
ligt (z.B. Voss & SucgumaraN 2008, HOLMGREN
et al. 2008, DALPONTE et al. 2008, STRAUB et al.
2010, JonEs et al. 2010, Waskr et al. 2011), wo-
bei die Spektraldaten in erster Linie der Art-
unterscheidung dienten. Die 3D-Informatio-
nen z.B. in Form von Digitalen Oberflichen-
modellen wurden hingegen vor allem fiir die
Abgrenzung einzelner Baumindividuen ver-
wendet. Fiir diese Zwecke sind LiDAR-Daten
gut nutzbar (z.B. HEiNzEL et al. 2008, HoLMm-
GREN et al. 2008, StrauB et al. 2010, WASER et
al. 2011). Selbstverstdndlich konnen geeigne-
te Oberflichenmodelle auch aus dem Bildma-
terial selbst erstellt werden (z.B. HIRSCHMUGL
et al. 2007). Bei der Verwendung von LiDAR
Daten konnten diese neben den Spektralkané-
len auch als Eingangsdaten fiir die Klassifika-
tion dienen und zu einer weiteren Verbesse-
rung des Ergebnisses fithren (Voss & Sucu-
MARAN 2008, HOoLMGREN et al. 2008, JoNES et
al. 2010).

Andere Ansidtze beschrinken sich auf nur
eine Datenquelle und verwenden verschiedene
Segmentierungsalgorithmen zur Einzelbaum-
abgrenzung. Diese reichen von vorgefertig-
ten Verfahren z.B. mit Definiens (SRIDHARAN
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2011), iiber weiterentwickelte Watershed Seg-
mentation Ansidtze (z.B. Kanpa et al. 2004,
WanG et al. 2004) bis hin zu speziell entwi-
ckelten Verfahren (z.B. BRANDTBERG 1999,
AT1zBERGER & SCHLERF 2002, CULVENOR 2002,
Erikson 2003, Leckie et al. 2005a). Ein aus-
fiihrlicher Uberblick iiber die unterschiedli-
chen Verfahren findet sich unter anderem in
CuLvENOR (2003) und WoLr & HEerpke (2007).
Alle Studien verwenden hochauflgsende Bild-
daten, vorzugsweise Luftbilder. Mit dem pan-
chromatischen Kanal mit einer Auflésung von
0,5 m sollten auch WorldView-2 Daten fiir
derartige Verfahren geeignet sein.

5 Schlussfolgerungen und
Ausblick

Im Vergleich zu Luftbildern bieten World-
View-2 Daten aufgrund der hoheren spek-
tralen Auflosung bei gleichzeitig geringe-
ren Blickrichtungseffekten deutliche Vortei-
le. Nachteilig sind die geringere Flexibilitdt
beziiglich des Aufnahmezeitpunkts und die
geringere rdaumliche Auflosung. Gegeniiber
anderen satellitengestiitzten Sensoren, wie
z.B. QuickBird, kann WorldView-2 vor al-
lem durch die hohere spektrale und raumliche
Auflosung punkten.

Da der Erwerb aller 8 anstelle der 4 kon-
ventionellen Kanédle zu einer Verdoppelung
der Datenkosten fiihrt, ist fiir jede konkre-
te Anwendung eine Kosten-/Nutzenanalyse
sinnvoll. Wie in dieser Studie gezeigt werden
konnte, reichen bei Klassifikationsaufgaben
mit wenigen Zielklassen die konventionellen
Kanile aus, wihrend sich die 4 neuen Kanile
(Coastal, Yellow, Red Edge und Near Infrared
2) bei komplexeren Fragestellungen als vor-
teilhaft erwiesen haben.

Der vorgestellte Ansatz beschrinkt sich
auf die Analyse der beleuchteten Kronentei-
le, welche manuell abgegrenzt wurden. Ziel
unserer weiteren Forschungsarbeit ist die au-
tomatisierte, groflichige Umsetzung der Me-
thode. Soweit mdglich soll dabei die Einzel-
baumabgrenzung rein auf Basis des World-
View-2 Bildes ohne Zuhilfenahme zusétzli-
cher Daten, wie z.B. LiDAR Daten, erfolgen,
um im Sinne einer praxistauglichen Anwen-

dung den Datenaufwand mdglichst gering zu
halten.

Neben der groBflichigen Anwendung ist
eine Ausweitung der Analyse in Bezug auf
weitere Baumarten und die Beriicksichtigung
des Baumalters geplant. Im Zuge dessen wer-
den fiir alle relevanten Baumarten Referenz-
daten vor Ort erhoben. Damit kdnnen Unsi-
cherheiten, wie sie im Zusammenhang mit
Taxationsdaten speziell bei sehr heterogenen,
gemischten Bestdnden auftreten, in den weite-
ren Untersuchungen vermieden werden. Auch
ein direkter Vergleich der Klassifikation fiir
das gleiche Untersuchungsgebiet mit einem
weiteren Sensor, vorzugsweise mit Luftbil-
dern, ist geplant.

In der vorliegenden Studie wurden lediglich
LDA-basierte Klassifikationsergebnisse vor-
gestellt. Nicht gezeigt wurden parallel dazu
durchgefiihrte Untersuchungen mit Hilfe des
Algorithmus Random Forests (BREIMAN 2001),
welche in jeder Hinsicht sehr dhnliche Ergeb-
nisse ergaben. Dies betrifft sowohl den mog-
lichen Informationsgewinn durch die Verwen-
dung der zusitzlichen WorldView-2 Kanile
als auch die Analyse der spektralen Trenn-
kraft der einzelnen Kandle.

Im spektralen Merkmalsraum abgeleitete
Texturmerkmale (ATzBERGER 2003) wurden
in der vorliegenden Studie nicht untersucht,
konnten aber Genauigkeitssteigerungen be-
wirken. Ebenso wire die Optimierung der
Klassifikation durch die Verwendung eines
spateren Aufnahmezeitpunktes innerhalb der
Vegetationsperiode oder eines multi-saisona-
len Datensatzes desselben Sensors denkbar
(HiLL et al. 2010).
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Summary: Hyperspectral remote-sensing data can
contribute significantly to data analysis in research,
opening up a wide spectrum for fields of applica-
tion due to geometrical as well as spectral charac-
teristics, e.g. in water status analysis, in the classi-
fication of vegetation types, in the classification of
physical-biochemical vegetation parameters, in
classifying soil composition and structure, and in
determining large-scale soil contamination. Hence,
there is a tremendous demand for hyperspectral in-
formation. However the use of commercial hyper-
spectral data is associated with a number of prob-
lems and a great deal of time and effort is required
for research using hyperspectral data that spans
different spatial and/or hierarchical as well as tem-
poral scales. As a result few investigations have
been conducted on the causal relationships between
imaging hyperspectral signals and meaningful veg-
etation variables over a longer monitoring period.
At the Helmholtz Centre for Environmental Re-
search (UFZ) Leipzig a scale-specific hyperspec-
tral remote sensing based on the sensors AISA-
EAGLE (400-970 nm) and AISA-HAWK (970—
2500 nm) has been set up. On three different scales
(plot, local and regional) intensive investigations
are being carried out on the spatio-temporal re-
sponses of biophysical and biochemical state vari-
ables of vegetation, soil and water compared to the
hyperspectral response. This paper introduces and
discusses the scale approach and demonstrates
some preliminary examples from its implementa-
tion.

Zusammenfassung: Hyperspektraldaten stellen
fiir die Forschung eine sehr bedeutsame Auswerte-
grundlage dar, da sie aufgrund ihrer geometrischen
als auch spektralen Eigenschaften eine Vielzahl
unterschiedlicher Anwendungsgebiete, z.B. Ge-
wisserzustandserfassung, Vegetationsklassifizie-
rungen, Charakterisierung physikalisch-biochemi-
scher Vegetationsparameter, Strukturierung und
Zusammensetzung des Bodens, Erfassung von
grofflachigen Bodenkontaminationen, erdffnen.
Es besteht somit ein sehr hoher Bedarf an Hyper-
spektralinformationen. Der Einsatz von kommerzi-
ellen Hyperspektraldaten ist jedoch mit einer Viel-
zahl von Problemen verbunden. So sind Forschun-
gen hinsichtlich unterschiedlicher raumlich/hierar-
chischer als auch zeitlicher Skalen mit Hyperspek-
traldaten nur sehr schwer moglich, andererseits
existieren nur wenige Untersuchungen zu kausalen
Zusammenhingen zwischen abbildenden Hyper-
spektralsignalen und gesuchten Vegetationsvariab-
len iiber einen langen Monitoringzeitraum. Am
Helmbholtz Zentrum fiir Umweltforschung (UFZ)
Leipzig wurde eine skalenspezifische hyperspek-
trale Fernerkundung auf Grundlage der Sensoren
AISA-EAGLE (400-970 nm) und AISA-HAWK
(970-2500 nm) etabliert. In drei unterschiedlichen
MafBstabsbereichen (Grundstiick (plot), kommunal
(local) und regional) werden intensive Untersu-
chungen zum raum-zeitlichen Verhalten von bio-
physikalischen und biochemischen Zustandsgro-
Ben von Vegetation, Boden und Wasser gegeniiber
hyperspectral response durchgefiihrt. Im Artikel
wird der Skalenansatz vorgestellt, diskutiert und
erste Umsetzungsbeispiele gezeigt.

1 Introduction

The application of optical remote sensing data
from airborne and satellite sensors has been

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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well established in environmental research
for more than three decades (SCHAEPMEN et
al. 2009). It provides a state-of-the-art meth-
od for a variety of monitoring issues requiring

www.schweizerbart.de

1432-8364/12/0141  $3.25



590

Photogrammetrie o Fernerkundung « Geoinformation 5/2012

spatial information of the Earth’s surface. De-
pending on the specific data product and an-
cillary data, improvements in ecological, hy-
drological and climate modelling have been
possible over a wide range of spatial scales.
Thereby, the reliability of final information or
quantifications depends mainly on sensor-spe-
cific limitations in terms of their spectral and
spatial characteristics. Modern airborne imag-
ing hyperspectral sensors open up many new
different fields of applications thanks to their
high geometric (<5 m) and spectral (~5 nm)
characteristics, e.g. monitoring the state of
aquatic ecosystems, quantifying biodiversity,
retrieving biophysical-biochemical vegetation
parameters, assessing soil structure and com-
position, recording soil contamination over
larger areas. With the launch of the German
hyperspectral satellite mission EnMAP (En-
vironmental Mapping and Analyses Program)
that is foreseen for 2015, a new imaging spec-
trometer data format in terms of its spectral
(6.5-10 nm) and geometric (30 m x 30 m spa-
tial resolution) characteristics will be availa-
ble (STurrLER et al. 2009). The EnMAP data
product on the regional scale and the possibil-
ity of available multi-temporal data will en-
able monitoring issues to be realized on the
regional scale.

Knowledge about the retrieval of vegeta-
tion parameters, e.g. leaf area index, pig-
ments, photosynthesis activity, is generally
performed with analytical, simulation or ex-
perimental studies. Since, the latter requires
tremendous effort in terms of cost, time and
technical infrastructure, leaf and vegetation
canopy radiative transfer models (RTM) be-
came a valuable method for investigating the
relationship between narrow-band spectral
features and plant or vegetation canopy pa-
rameters (JacQuEmouD et al. 2009). This will
be able to be applied to a wide range of spe-
cies and has the advantage that it can be ap-
plied from the field level upwards. However,
overlapping and confounding internal fac-
tors, e.g. heterogeneity of the vegetation can-
opy parameters, and external factors, e.g. the
observation angle, that influence the signal,
can constrain the implementation of RTM
with studies involving field-scale heterogene-
ity since RTM assume homogeneity. Empiri-
cal analyses have therefore been criticized for

their lack of generality, which physical-based
approaches promise to overcome. Since, quan-
titative reflectance data are directly applied as
input variables, empirical approaches link-
ing spectral vegetation indices (VI) and veg-
etation parameters are less influenced by at-
mospheric correction factors but are rather
more site-specific with atmospheric and sur-
face characteristics at the time of data acquisi-
tion (HouBorGg & ANDERsON 2009). However,
to validate quantitative studies using empiri-
cal or physical based approaches in general,
a tremendous effort is required from ground
truthing campaigns. In the case of fluctuating
internal factors, e.g. phenological stages, and
external factors, e.g. illumination conditions,
spatial and spectral observation characteris-
tics, affecting the canopy reflectance between
the imaging spectrometer campaigns, the es-
tablished methods, parameter characteristics,
e.g. pigment value range or coefficients are
not directly transferable to other applications,
study sites or phenological stages. In terms of
transferring methods and awareness of impor-
tant correlations, there is in particular a lack
of knowledge about spatial scale-dependent
information, which needs to be verified much
more with real data and naturally occurring
land surface heterogeneity effects.

In the setting of TERENO (terrestial en-
vironmental observatories, www.tereno.net,
ZACHARIAS et al. 2011) imaging hyperspec-
tral airborne remote sensing plays a key role
in long-term monitoring on different scales
and in different regions. The Helmholtz Cen-
tre for Environmental Research UFZ delivers
knowledge about complex systems and rela-
tionships in the environment by interlinking
the natural, social and human sciences. In or-
der to guarantee a comprehensive process-ori-
ented research in landscapes and ecosystems,
imaging spectrometer sensors that are able to
conduct in-house optical remote sensing have
been made available. The imaging hyperspec-
tral remote sensing is based on the two sen-
sors; AISA-EAGLE (400-970 nm) and Al-
SA-HAWK (970-2500 nm) — Airborne Imag-
ing Spectrometer for Applications (MAKISARA
et al. 1993) developed by SPECIM (Spectral
Imaging LTD., Finland). The sensors, which
have a high geometric (0.5-5 m) and spectral
(2.3-8.5 nm) resolution, are used on different
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observation platforms in order to be able to
obtain multi-scale (spatial) spectrometer data.
A rotating mirror device enables use of the
scan line sensors on a lifting platform and in
laboratory experiments. The permanent avail-
ability of the sensors guarantees data acquisi-
tion at any required time, e.g. a specific phe-
nological stage, on the landscape scale using
different aircrafts.

2 Research Issues and
Background

Knowledge acquired about the sensitivity of
hyperspectral reflectance data and plant or
vegetation canopy parameters is generally ac-
quired on a specific spatial observation scale.
Many studies used field spectrometer data to
analyze appropriate relationships or to devel-
op new spectral vegetation indices (BANNARI
et al. 2007). Relationships retrieved from radi-
ative transfer models should be interpreted or
transferred with caution and the parameteri-
zation, e.g. value ranges, observation settings,
applied during the experiments should be tak-
en into account (HABOUDANE et al. 2004). One
issue that is often not addressed is the influ-
ence of the spatial observation scale on the
reflectance signal in terms of its sensitivity
to retrieved biochemical and biophysical pa-
rameters. Hence, it is generally not clear with
which accuracy quantitative results can be ex-
pected from potential stakeholders. Therefore
the need arises to analyze real data at different
spatial observation scales and to test recently
proved methods, e.g. radiative transfer mod-
els, empirical models, and neural networks, in
terms of their performance.

Furthermore there is a lack of knowledge
about the temporal behaviour of plant and veg-
etation canopy reflectance characteristics over
entire growing cycles from experimental data
on the landscape scale. Such basic monitor-
ing experiments promise progress in under-
standing the dynamics of overlaying effects
in particular, i.e. different plant and vegeta-
tion parameters. Simulation experiments are
very valuable in providing basic understand-
ing, although a validation of real data cannot
be substituted to finally understand the effect
of combined effects under real conditions and

how these will change over the growing sea-
son.

The outlined issues are very difficult to ad-
dress in research practice and when focusing
on the use of commercial hyperspectral data,
the following obstacles arise:
® Data is generally collected at one specific

spatial resolution due to costs and the time

management of the partner operating the

Sensor.
® Multi-temporal datasets are difficult to ob-

tain over one growing cycle in the case of

limited sensor availability, e.g. competing
campaigns in terms of time, with appropri-
ate clear sky conditions. For instance, the

HyMap (Hyperspectral Mapper) campaigns

in Germany over recent years were gener-

ally conducted in July and August. A tem-
poral monitoring of different vegetation pa-
rameters is therefore not possible over the
year or an entire growth cycle.

® Furthermore, as a result of the research
question and the key parameters of inter-
est, the requirements of the ground truthing
design are comparatively clear. Field cam-
paigns can often take many months or even
years to plan because of the high effort of

organisation required in terms of staff, e.g.

technicians, students, instrumentation, e.g.

mobile plant and canopy analyser, labora-

tory resources, e.g. pigment extraction, and
ancillary information, e.g. thematic maps.

To provide realistic and high quality data-
sets and make progress in remote-sensing
analyses, imaging spectrometer data from the
landscape level, airborne and ground “seg-
ment” are still not a separable union. There-
fore, the key issues of the monitoring design
presented in this paper are i) to analyze the
sensitivity of hyperspectral data to a wide
range of physiological parameters and pheno-
logical stages on different spatial scales, ii) to
acquire knowledge about the temporal dy-
namics of the above, and iii) to improve our
understanding about the overlaying effects for
retrieving parameters on “real” data.

To address a wide range of these issues, a
scale-specific remote sensing experiment was
set up, which is presented in the following sec-
tion.
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3 Scale-specific Monitoring
Methods

The concept of the scale-specific remote sens-
ing experiment at the Helmholtz Centre for
Environmental Research (UFZ) in Leipzig/
Germany is based on data sampling from
three different observation scales, which are
presented in Fig. 1. Scales 1 to 3 are outlined
in more detail in section 3.2. Scale 4, which
represents the final landscape scale will not be
discussed further in this paper.

All measurements were carried out with the
same imaging hyperspectral sensors which
are described in section 3.1. Selecting spatial
ground resolutions enables algorithms and
training datasets to be transferred between
scales. During the laboratory measurements
we were able to obtain the same footprint (ge-
ometric resolution 50 cm x50 cm) as at the
landscape level (scale 3).

3.1 Sensor Characteristics

Tab. 1 summarizes the main sensor properties
of the UFZ’s hyperspectral sensors. The rele-
vant spectral and geometric sensor properties
that are required depend on the research ob-
jectives and the spatial observation scale.
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3.2 Experimental Design

Scale 1 — Long term laboratory
vegetation monitoring experiments,
plot scale (plant level, vegetation
canopy)

To examine causal relationships between im-
aging hyperspectral signals and single plant or
vegetation canopy parameters as well as their
overlaying effects, the only appropriate meth-
od is to conduct controlled laboratory experi-
ments. By conducting such experiments, the
spectral response of vegetation under differ-
ent arbitrary scenarios, drought stress, CO,,
heavy metal pollution, the effect of pesticides
etc., can be studied at frequent intervals, e.g.
twice a week. Consequently, there is tremen-
dous potential for model development and val-
idation to retrieve plant and vegetation canopy
parameters (leaf area index, chlorophyll a/b
ratio, photosynthesis activity, biomass, car-
bon/nitrogen ratio, soil moisture). Further-
more, a major advantage of this kind of labo-
ratory experiments is that measurements are
always carried out under the same basic con-
ditions such as light source and general geo-
metric observation properties (2x 1000 W
halogen lamps, fixed angle of incidence and
distance sensor-object). A darkroom measur-
ing approximately 3 x 3 x 3 m3 made of light-
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Fig.1: The concept of monitoring the biophysical-biochemical vegetation variables on different
spatial and temporal scales with the imaging hyperspectral sensors AISA-EAGLE/HAWK (modi-

fied after LauscH et al. 2012).
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Tab. 1: Characteristics of the hyperspectral sensors from the UFZ — AISA-EAGLE / HAWK.

Sensor head AISA-EAGLE ATISA-HAWK II
VNIR SWIR
Weight 11 kg 18 kg
Dimensions (L/W/H) 380/220/55 mm 220/275/470 mm
Spectral range 400 — 970 nm 970 — 2500 nm
Spectral resolution 2.9 nm 8.5 nm
Max. spatial pixels 1024 320
Camera CCD Camera MCT Camera
SNR 350:1 — 1400:1 (depending on band configuration) 800:1 (peak)
Spectral binning options Ix 2x 4x 8x
Spectral bands 488 252 122 60 254
Spectral sampling/ band 1.25 nm 2.3nm | 4.6 nm 9.2 nm
Image rate 30 40 60 85
Focal length 23 mm 18.5 mm 9 mm 22.5 mm
FOV 29.9 degrees 36.7 degrees 62.1 degrees 24.0 degrees
Swath width 0.53 x altitude | 0.66 x altitude | 1.20 x altitude 0.43 x altitude
%(‘)’(‘)“If ;ftslfﬁ:"“ at 0.52m 0.65 m 12m 1.34m
Additional parts

Mirror scanner

Mirror scanner for local applications (field plots)

Mirror scanner for
local applications
(field plots)

FODIS

Fiber Optic Down welling Irradiance Sensor

Fiber Optic Down
welling Irradiance
Sensor

Fig. 2: Use of the imaging hyperspectral sensor AISA-EAGLE/HAWK in the laboratory, a) techni-
cal configuration of AISA-EAGLE/HAWK in a lifting platform on the ceiling, b) construction of the
laboratory experiment with imaging hyperspectral sensors, c) vegetation scenarios of spring bar-
ley experiment 2009 (DOY 117-201), d) RGB, CIR and NDVI (normalized difference vegetation in-
dex) derived from the AISA-EAGLE hyperspectral image of spring barley (2009-04-27, 2009-07-
13), e) quantification of vegetation indices derived from imaging hyperspectral AISA sensors — ex-
ample NDVI.
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proof material was set up for the hyperspec-
tral measurements. The use of this darkroom
prevents any disruptive factors from having
an effect over the entire series of tests. Fig. 2
shows the test set-up in the laboratory and ex-
amples of imaging hyperspectral data from
the available measurement tests on spring bar-
ley under different drought stress scenarios.

Scale 2 — Lifting platform, plot to local
scale (vegetation canopy)

Test plots with a surface area of <20 %20 m?
can be examined using a lifting platform
(Fig. 3). Both hyperspectral sensors (AISA-
EAGLE/HAWK) are mounted onto the lift-
ing platform at a height of 2—12 m above the
vegetation. The aim of these tests is to record
the causal relationships between spectral im-
aging signals and the target parameters meas-
ured, e.g. to derive biophysical and biochemi-
cal canopy state variables such as LAI (leaf
area index), chlorophyll content, vegetation
water content or nutrient status of vegetation,
under ‘in-vitro’ conditions. With the lifting
platforms a long-term monitoring of different
vegetation plots is possible. Furthermore, we
can test the influence of different sensor an-
gles, any bidirectional reflectance distribution
function (BRDF) effects on the imaging spec-
tral response and establish transfer functions
from scale 1 to scale 2.

Scale 3 — Airborne remote sensing,
local to regional scale (vegetation,
populations, ecosystems)

To provide airborne imaging hyperspec-
tral data for innovative studies related to prac-
tice we opted to use a Cessna 207 or Piper for
spatially extensive hyperspectral campaigns
(Fig.6) and a microlight aircraft (Trike, D-
MUFZ, Fig. 4) as a sensor platform for small
scale, e.g. field scale, hyperspectral cam-
paigns. Fig. 4 shows the hyperspectral sensor
AISA-EAGLE together with the GPS/INS unit
RT3100 (Oxford Technical Solutions LTD.,
UK) fitted onto the microlight and the micro-
light itself in operation. The advantages and
disadvantages of using a microlight as a sen-
sor platform are listed below.

The advantages of using a microlight are:

o flexibility in terms of time enabling a high
repetition rate of data acquisition

® independence from outside bodies in terms
of project planning, since pilots and opera-
tors are members of the staff of the research
institute

® cconomical use in terms of repairs and
maintenance

® its design, enabling a use in a wide range
of areas abroad (it can be dismantled and
transported in containers together with the
sensors)

® recording imaging of hyperspectral data
with high spatial (<0.5m) and temporal
resolution

Fig. 3: Using the hyperspectral sensor AISA-EAGLE/HAWK on lifting platforms over a) test plots

and b) lysimeters.
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Disadvantages of using a microlight are: ® sometimes difficult handling of the equip-
® thermal lift affecting the microlight’s sta- ment

bility and thus limiting the time of opera- @ limitation of the imaged area (maximum

tion during the day about 10 km?)

Fig.4: a) AISA-EAGLE (400—-970 nm) and GPS/INS-RT3100 mounted onto the microlight aircraft
(Trike, D-MUFZ) of the UFZ, b) Microlight aircraft of the UFZ — D-MUFZ, ¢) Microlight aircraft for
recording hyperspectral data — landscape level.

Fig.5: “Schleusenheger Wiesen” near Dessau recorded 2008-07-03 using the microlight aircraft
of the UFZ, images from the hyperspectral sensor AISA-EAGLE, 400—-970 nm, 1 m ground resolu-
tion, 252 spectral bands: a) RGB-Image, b) CIR-image with data cube, c) CIR hyperspectral image
subset.

|

RRLE S 1= ATEA-HAWE 481 Bpaciral Bands

Fig.6: a) Cessna 207, b) AISA-EAGLE/HAWK Dual sensor mount in the Cessna, c) data cube of
AISA-DUAL data, d) and e) “Region Rosslau” — RGB- and CIR-image — taken from the hyperspec-
tral sensor AISA-EAGLE/HAWK, 400—-2500 nm, 2 m ground resolution, 461 spectral bands, date
of recording 2010-09-23 with a Cessna 207.



596

Photogrammetrie o Fernerkundung « Geoinformation 5/2012

4 Preliminary Results

To emphasize the importance of observation
characteristics on the final results based on
hyperspectral data, the following sections pro-
vide some simple examples on this issue.

4.1 Spectral Response of Imaging vs.
non Imaging Spectrometer Data

Over a three month period from April 27,
2009 to July 20, 2009 (DOY 117-210, 84 days),
spectral data (imaging hyperspectal data — Al-
SA-EAGLE and non-imaging ASD Spectrom-
eter) and vegetation parameter measurements
(LAI, Chlorophyll SPAD-502, canopy height,
vegetation water content, C/N content of veg-
etation) were recorded twice a week. Details
on the experimental design can be found un-
der 3.2 as well as in LauscH et al. (2012). For
spring barley various vegetation indices were
investigated for the AISA-EAGLE imaging
spectral data as well as for the ASD non-im-
aging hyperspectral data with regard to their
suitability for the model in terms of various
biochemical and biophysical vegetation pa-
rameters over the entire vegetation period of
84 days.

We are able to assume that the differences
in the model results for the vegetation index
GNDVI (R800-R550) do not result from a
change in biochemical or biophysical param-
eters to the vegetation, soil or atmosphere due
to the fact that both measurements taken us-
ing the imaging and non-imaging hyperspec-

tral sensors were carried out under the same
basic conditions and within minutes of each
other. We therefore assume that there are other
factors influencing the spectral behaviour of
both sensors. The different spectral responses
from both sensors could be explained by sev-
eral factors: (I) Differentiated sensor-specific
mapping characteristics and the specific sen-
sor characteristics of AISA-EAGLE (Whisk-
broom-Scanner) and ASD. (II) The calibra-
tion of the non-imaging spectrometer (ASD)
with the imaging spectrometer that sometimes
proves to be insufficient or is not carried out
at all, leading to inaccurate measurements and
consequently a repetition of errors in terms of
sensor models and validation with hyperspec-
tral data (at scales 3 and 4). (IIT) The inner ge-
ometry, structure and pattern of the vegeta-
tion is strongly reflected by the hyperspectral
response. This is much stronger compared to
the spectral response of biochemical and bio-
physical vegetation parameters (chlorophyll-
content, vegetation-water content, protein
content). (IV) Both sensors take a different
“footprint” of the object, e.g. vegetation, even
though the field of view (FOV) from the objec-
tive is comparable. (V) The varying degree of
dependency of the spectral signal on the date
(DOY) or change in phenology, i.e. for the
vegetation index GNDVI over the entire veg-
etation period of 84 days (DOY 117-201).
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Fig.7: Relationship between vegetation index GNDVI and LAI (leaf area index) obtained from
laboratory measurements with a) non-imaging spectrometer ASD and b) imaging spectrometer
AISA-EAGLE for spring barley. The colours show Chlorophyll SPAD-502 content (unitless) over

the entire growing season (DOY 117-201).
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4.2 Monitoring of Vegetation
Parameters and Spectral
Response over an entire
flowering Period with the Imaging
Hyperspectral Sensor

Another study describes the same experimen-
tal approach and the results from using the
imaging hyperspectral sensor AISA (400—
970 nm, 252 spectral bands) under controlled
and comparable conditions in a laboratory to
study the spectral response compared to dif-
ferent biochemical and biophysical vegetation
and soil parameters (LAI, Chl-SPAD-502,
CCC, GWC, vegetation height, C/N-content)
over an entire flowering period of spring bar-
ley (Fig. 8 a—f). The spectrum of each hyper-
spectral image was used to calculate a range
of vegetation indices (VI’s) that have been re-
corded in the literature. Furthermore, all com-
binations of the 252 spectral bands were test-
ed to calculate a range of vegetation difference
indices (VI’s ) and reflectance value indices
(R ) at the central wavelength (x nm) of each
band (R ). For all three index types we exam-
ined the relationship with the vegetation varia-
bles measured on the ground by using a cross-
validation procedure.

4.3 Estimating phenological Stages
of Barley from Time Series
Measurements with an Imaging
Hyperspectral Sensor

The aim of another application for the ap-
proach presented in this paper was to set up
a model to predict the different phenological
BBCH macro-stages of barley in the labora-
tory on the plot scale and to transfer the best
model found to predict the phenological stag-
es of barley to the landscape scale. To classify
phenology eight vitality and phenology-relat-
ed vegetation parameters were obtained like
for example leaf area index (LAI), Chl-SPAD,
C-content, N-content, C/N-content, canopy
chlorophyll content (CCC), gravimetric water
content (GWC) and vegetation height (VH) at
the same time that all imaging spectral meas-
urements (AISA-EAGLE) were conducted.
These biochemical biophysical vegetation pa-
rameters were examined according to their
suitability to record images of various pheno-
logical BBCH macro-stages of barley (Biolo-
gische Bundesanstalt fiir Land- und Forstwirt-
schaft, Bundessortenamt und CHemische In-
dustrie) (Biologische Bundesanstalt fiir Land-
und Forstwirtschaft 2001, Hack et al. 1992).
The predictive models were developed and
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Fig. 8: Long-term vegetation monitoring experiment on scale 1 — laboratory — plot scale of spring
barley, DOY 117-210, a) vegetation index GNDVI — obtained from the imaging hyperspectral data
— AISA-EAGLE, b) recorded biophysical vegetation parameter — leaf area index (LAI), c) GNDVI
and LAl derived from the imaging spectrometer AISA-EAGLE, d) best regression model for esti-
mating LAl quantified from GNDVI — AISA-EAGLE, e) transfer of the best regression model for
estimating LAl — GNDVI to scale 3 — airborne — regional scale, modelling LAl in 1 m f) the same

for 3 m, recording date 2010-06-15.
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tested using four different vegetation index
types: (I) Published Vs, (IT) Reflectance VIs
as well as (III) VI, formula combinations
and (IV) a combination of all VIs.

To investigate a differentiation between the
phenological BBCH macro-stages of spring
barley, many well-known published VIs were
included in the analyses. Our results show
that the best prediction of the different mac-
ro-stages results from a combination of the
published VIs PRI (photochemical reflec-
tance index), renormalized difference vegeta-
tion index (RDVI) as well as the water band
index (WBI) with a classification accuracy of
82.39 %. The best predictive model of the phe-
nological BBCH macro-stages was obtained
from a comprehensive model using all three
VIs — Published VIs, Reflectance VIs and a
combination of formula VIs with a classifica-
tion accuracy of 84.80 %. The best predictive
model was subsequently used on airborne Al-
SA-EAGLE hyperspectral data to model the
phenological macro-stages of barley on the
landscape level (Fig. 9 e,f).
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4.4 Spatial Heterogeneity Analysis
using an Imaging Hyperspectral
Sensor

There are very few empirical studies that use
hyperspectral data to support the hypothesis
of deriving land surface variables from dif-
ferent spatial scales. The goal of the current
study was to investigate the influence of dif-
ferently recorded spatial scale hyperspectral
data on the reflectance behaviour and hetero-
geneity of the vegetation. The hyperspectral
sensors AISA-EAGLE/HAWK were mounted
onto an aircraft to record spectral signatures
over a very short time sequence of a partic-
ular day. The reflectance measurements were
collected at three different spatial resolutions
ranging from 1 m to 3 m. The NDVI was as-
certained from all image data. The NDVT het-
erogeneity of all images was compared based
on methods of variography. Variogram mod-
els of the NDVI heterogeneity were obtained
from the recorded spatial resolutions 1 m, 2 m
and 3 m for grassland and deciduous forest
(Fig. 10 a—e).

The results showed that the spatial NDVI
patterns of different recorded and scaled data
do not correspond among each other. The
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Fig.9: Long term vegetation monitoring experiment on scale 1 — laboratory — plot scale of spring
barley, DOY 117-210, a) quantification of different vegetation indices based on imaging hyperspec-
tral data — AISA-EAGLE, b) BBCH-macro-stages of vegetation, c) spectral response from AISA-
EAGLE for the BBCH macro-stages 2, 5, 7 and 9 for barley, d) predictive power of each spectral
reflectance value (R ) at the central wavelength (x nm) of each band of the imaging AISA-EAGLE
spectrometer to classify the phenological BBCH stages 2, 5, 7 and 9 of spring barley, transfer of
the best model for predicting BBCH macro-stages to scale 3 — airborne — regional scale, €) air-
borne AISA-EAGLE hyperspectral data — 1 m spatial resolution, recording date 2010-06-15,
shown as a CIR-image, f) modelling the BBCH macro-stages based on the best model from scale

1 — plot scale.
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Fig. 10: Calculation of NDVI from the AISA-EAGLE/HAWK (DUAL) hyperspectral data recorded
with different ground resolutions, recording date 2010-09-11, a) 1 m, b) 2 m, c) 3 m, Semivariance
— NDVI for d) grassland and e) deciduous forest — derived from hyperspectral data (AISA-EAGLE/
HAWK) recorded at a spatial resolution of 1 m, 2 m and 3 m.

NDVI patterns of different spectral data that
were recorded showed slight changes. The im-
plications behind these findings are that we
need to exercise caution when interpreting
and combining spatial structures and spectral
indices derived from satellite images with dif-
ferently recorded geometric resolutions.

5 Conclusion and Outlook

The objective of this paper was to propose our
scaling method of combining hyperspectral
remote sensing data from different spatial and
temporal scales and to point out the potential
of using only one and the same imaging hy-
perspectral sensor as the input to plot the lo-
cal, regional and landscape level.

The use of one hyperspectral sensor at dif-
ferent temporal and spatial scales (“One Sen-
sor At Different Scales” — OSADIS Approach,
LauscH et al. 2012) offers the unique advan-
tage of a true comparison of data at different
spatial scales as well as the transfer of process
information obtained from long-term in-situ
monitoring investigations. It is possible to in-
vestigate the effect of different spatial, tempo-
ral, spectral and directional scales of land sur-
faces i.e. heterogeneity, vegetation phenology

or wavelength. Confounding factors such as
the phenology of vegetation, BRDF measure-
ments from vegetation geometry, and a num-
ber of dynamic atmospheric effects etc. can
specifically be eliminated, as such parameters
can be considered to be relatively constant
within the time frame of 2-3 hrs.

With our preliminary results we were able
to show that it is not only possible to combine
sensors with different characteristics, e.g. Al-
SA-EAGLE and ASD, geometrically, spectral-
ly as well as temporally but also to apply these
process investigations over different scales.

A comparability of measuring equipment
with different imaging optics and sensors is
extremely difficult. Spectral sensors have dif-
ferent (I) recording characteristics, (II) spec-
tra and spatio-temporal recording characteris-
tics as well as (III) FOV. Moreover, an attempt
to introduce some conformity results in BRDF
as well as species-specific spectral responses,
which result from a difference in sensors and
not from a difference in processes. It is there-
fore extremely difficult to separate these ef-
fects.

By using the One Sensor At Different
Scales Approach we are able: a) to develop
suitable stress-controlled long-term vegeta-
tion indicators for selected target variables
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like for example LAI, chlorophyll, photosyn-
thesis activity, water content, nutrient content
etc. b) to realistically transfer the models ob-
tained to the landscape level c) to record imag-
ing hyperspectral information at different spa-
tial scales, whereby we are able to achieve a
true comparison of the structural and process
results obtained d) to minimize the existing
magnitude of errors from geometrical, spec-
tral and temporal effects due to sensor- and
temporal-specific differences e) to carry out a
top-up and down-scaling through the determi-
nation of scale-dependent correction factors
and transfer functions. f) With our scale ap-
proach (OSADIS) we attempt to understand
scales, structures, patterns and their temporal
changes better and in more depth and are able
to describe or quantify them at all.
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Comparing Classification Results of Multi-Seasonal TM
against AVIRIS Imagery — Seasonality more Important

than Number of Bands

Svywvio MannEL, Nevada, MO & MariBeTH Price, Rapid City, SD, USA

Keywords: AVIRIS, Landsat TM, multitemporal, forest, classification

Summary: We classified forest cover and tree den-
sity in the Black Hills, SD, in twenty spatially con-
tiguous AVIRIS scenes. Results were compared to
those derived from two-season Landsat TM im-
agery. A decision tree classifier was used to analyze
the TM data as well as the over two hundred bands
of the twenty AVIRIS scenes. The classification
based on summer AVIRIS data was more accurate
than the classification based on the comparable
early fall TM data. However, classification of
spring and especially, two-season TM data resulted
in higher accuracies than the classification based on
summer hyperspectral data. These results indicate
that seasonality is more important than the number
of spectral bands.

Zusammenfassung: Die Waldfliche und Baum-
dichte in den Black Hills, South Dakota wurde in
zwanzig rdumlich zusammenhédngenden AVIRIS
Szenen klassifiziert. Diese Resultate wurden mit
jahreszeitlich verschiedenen Landsat TM Bildern
verglichen. Die TM Daten und die iiber zweihun-
dert Bénder der zwanzig AVIRIS Szenen wurden
anhand einer Entscheidungsbaum-Klassifizierung
(decision-tree) analysiert. Aus den Ergebnissen
lasst sich zeigen, dass die im Sommer aufgenom-
menen AVIRIS Klassen eine hohere Genauigkeit
also die Frihherbst TM Daten aufweisen. Aller-
dings sind die Ergebnisse fiir TM besser, wenn
Frithlingsdaten herangezogen werden. Die TM
Kombination von Friithling und Herbst hat insge-
samt die hochste Genauigkeit. Daraus lésst sich ab-
leiten, dass Jahreszeit wichtiger als die Anzahl der
Spektralbander ist.

1 Introduction

Hyperspectral data offer the opportunity to
explore the differences of land cover types
without being restricted to a few wavelengths.
AVIRIS (airborne visible/infrared imaging
spectrometer) was the first hyperspectral sen-
sor that measured over 200 bands between the
400 nm and 2500 nm spectrum with individ-
ual band widths of ~10 nm. AVIRIS employs
four spectrometers in the following ranges:
400-710 nm, 670-1290 nm, 1250-1870 nm
and 18302450 nm (Green et al. 1990). The
flight altitude is about 20 km with a rate of
7300 spectra per second (GREEN et al. 1990).
The covered area of a high altitude flight
ranges from 11 km x 9 km (WiLLiams & HuUNT
Jr. 2002) to 12.3 km x 10.2 km (Riano et al.
2002). The resulting area of about 120 km? is

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany
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much smaller than for example a Landsat TM
scene, which usually covers about 20,000 km?.

Vegetation studies can take advantage of
the continuously available reflectance; for ex-
ample, NIEMANN et al. (2002) note that nar-
row spectral bands are necessary to detect
some forest related parameters whose spec-
tral range may be small. Hyperspectral data
have been used to map land cover types such
as woody vegetation (WYLIE et al. 2000, UsTIN
& X140 2001), leafy spurge (WiLLIAMS & HUNT
Jr. 2002), shrub recovery after fire (RiaNo et
al. 2002), vegetation in semi arid ecosystems
(ASNER & HEIDEBRECHT 2002, OkIN et al. 2001)
or lake water quality (HooGEnBoOM et al. 1998,
THIEMANN & KAUFMANN 2002).

The nearly continuous spectrum also has its
costs, in an economical, computational, and
spatial sense. A typical AVIRIS scene holds
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about 400 MB. Most classifications, for ex-
ample, maximum likelihood, require all flight
lines fused into one image, severely restrict-
ing their utility for hyperspectral classifica-
tion of large areas with more than 10 AVIRIS
scenes. However, a decision tree classification,
allows the user to work with each AVIRIS
scene separately. To our knowledge this might
be one of the first studies to classify a medi-
um scale forest of about 2,000 km?, utilizing
twenty AVIRIS contiguous scenes. In prelim-
inary tests decision trees also showed to be
comparable or even slightly better than maxi-
mum likelihood classifications of Landsat TM
data (MANNEL et al. 2002).

Decision trees use a binary recursive par-
titioning algorithm to divide the data into
smaller subsets with increasing statistical ho-
mogeneity (SwalN & Hauska 1977, BREIMAN
et al. 1984, CLark & PreGiBoN 1993). These
divisions can be represented as branches and
nodes, where nodes are connected to a set of
possible answers that will lead to a classifica-
tion. This process is often referred to as data
mining (REap 2000).

Projects that compared AVIRIS data to oth-
er data sources are not always in agreement.
Ustin & Xiao (2001) found AVIRIS about
20 % more accurate than SPOT data in classi-
fying forest regions. LEe & CoHeN (2002) had

better success mapping leaf area index (LAI)
with AVIRIS than with Landsat ETM+ data.
LErsky et al. (2001), on the other hand, found
that multi-seasonal TM data performed bet-
ter than AVIRIS for quantifying forest bio-
mass and basal area, although their study used
1994 AVIRIS data in which the signal-to-
noise ratio was lower than today. They used
six temporally different TM scenes but also
showed improved results with only two TM
scenes. Different seasons have been found
to be important for vegetation classifications
(ScHRIEVER & CONGALTON 1995, WOLTER et al.
1995, LErsky et al. 2001).

In this study we compare twenty scenes of
single-date AVIRIS data and two-season TM
imagery to classify a forest in the Black Hills,
South Dakota, USA. These two sensors were
chosen to allow us to compare expensive hy-
perspectral data to a low-cost multispectral
alternative. We received AVIRIS data via a
grant by NASA and then selected freely avail-
able Landsat TM imagery over the same area.
A decision trees classifier was used because
of slightly better results in preliminary tests
(MaNNEL et al. 2002) and because it offers
the best alternative for processing large areas
composed of many AVIRIS scenes (by being
able to work with separate scenes without the
need to fuse them).

Study Area in the Black Hills, South Dakota, USA

Fig. 1: Study area.
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2 Methods
2.1 Study Area

The study site lies in the northern Black Hills,
SD. The Black Hills form an oval uplift ap-
proximately 200 km x 100 km in size with el-
evations reaching 2200 m in contrast to the
surrounding plains at an elevation of about
900 m. The forested hills rise above the sea of
prairie grass and form an orogenic and ecolog-
ic island in the plains. Ponderosa pine (Pinus
ponderosa) covers approximately 84 % of the
Black Hills (BENNETT 1984), supplemented by
other trees such as white spruce (Picea glau-
ca), aspen (Populus tremuloides), paper birch
(Betula papyrifera) and oak (Quercus macro-
carpa). Ponderosa pine and white spruce each
form forest stands typically dominated by one
species, and they form two of the primary
mapping classes in this study. Birch is hard
to distinguish from aspen even from a few
yards away. The spectral similarities between
aspen and birch were confirmed by SiNGHROY
et al. (2000) who measured both species with
a field spectrometer. In addition the two trees
usually occur as a species association in me-
dium to dense stands. For these reasons, birch
and aspen were mapped as a single class. Bur
oak stands are isolated and too small to justify
a separate land cover based on remote sens-
ing. Open meadows are common in the Black
Hills, and are dominated by mixed shortgrass
prairie grasses such as western wheatgrass
(pascopyrum smithii), blue grama (bouteloua
gracilis), little bluestem (schizachyrium sco-
parium), and others, with a variety of forbs
(LarsoN & Jonnson 1999). Non-vegetated
classes include water and bare rock or soil.

2.2 Field Data and Cover Classes

Field data plots were sampled in the sum-
mer of 2000. Points were randomly distribut-
ed and stratified by cover class and forest den-
sity based on the Rocky Mountain Resource
Information System (RIS) compiled by the
Black Hills National Forest. Density refers
to the percentage of ground covered by tree
crowns when viewed from directly overhead.
We established and measured 135 15-m radi-

us plots. Overstory canopy cover was meas-
ured with a sighting tube (GaNey & Brock
1994, Cook et al. 1995, MANNEL et al. 2006).
The sighting tube made it possible to record
species while taking canopy measurements.
Based on the forest service protocols, we dis-
tinguished the following densities: open, me-
dium (40 %—60 % canopy cover), and dense
(RIS, unpublished data 2000). Cover type was
designated based on the dominant species that
covered more than 70 % of the plot. If no spe-
cies covered more than 70 %, the plot was la-
beled “mixed”.

Tree species differ in their abundance
and densities. Ponderosa pine is abundant in
the Black Hills but rarely forms very dense
stands. We only encountered two field plots
with a canopy cover of more than 70 %. The
spectral reflectance characteristics are there-
fore close to the medium class (40 %—60 %).
We, therefore, combined medium and dense
pine to one class. Aspen and white spruce are
much less abundant than pine. Both tree class-
es usually grow in medium or dense stands
in the Black Hills. We combined all densities
for these two species into one aspen and one
white spruce class.

Trees in the Black Hills typically form dis-
tinct stands dominated by one species, and ar-
eas with mixtures of different species (other
than aspen/birch) were rare and of small size.
As a result, an insufficient number of refer-
ence data for mixed classes could be collected.
Water was identified using Digital Orthophoto
Quadrangles (DOQs). DOQs are essentially
georeferenced aerial photographs. Our DOQs
were black and white with a ground resolution
of one metre.

Training data for the nonvegetated class
was based on an open sand pit, which was also
the calibration site for AVIRIS atmospheric
correction. Additional reference data for bare
areas were difficult to collect, since bare areas
large enough to buffer possible georeferencing
errors and mixed pixels are rare in the Black
Hills. Our final land cover scheme included
water, nonvegetated bare areas, meadow, as-
pen (including birch), spruce, open pine, and
medium/dense pine.

The field-sampled plots were mapped on
AVIRIS, TM, and DOQ imagery and were
visually inspected for potential mislocations
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prior to including them in the reference data
set. Checking the spatial validity of remote-
ly sensed data with respect to reference data
location is necessary in boundary regions be-
tween classes. Removing reference data from
boundary regions, such as roads or along
meadow/forest boundaries, can increase the
accuracy significantly (Foopy 2002, MANNEL
et al. 2011).

In order to provide sufficient training and
test data we used DOQs to collect additional
points spatially close to field data (MANNEL et
al. 2006). Around all field-sampled plots we
visually identified homogeneous areas using
I-m resolution DOQs, making the assump-
tion that the vegetation characteristics within
those regions were similar to those measured
at the field site (MANNEL et al. 2006, MANNEL
et al. 2011). Tab. 1 shows the final reference
data distribution based on field data and data
clusters sampled with DOQs. There are fewer
clusters than field data for two reasons. First,
some field data sites were spatially invalid and
were omitted from consideration. Second,
some of the original randomly sampled sites
were close to each other, and were considered
to belong to a single cluster.

It is obvious that the DOQ-collected refer-
ence data would be spatially autocorrelated
within each cluster. Moran’s index of all the
data including the clustered additional points
was 0.67 (MANNEL et al. 2011). However, auto-
correlation between clusters was not present
because the field-sampled plots at the core of
the clusters were randomly stratified, and spa-
tially close sites were aggregated to a single
cluster. When assigning data points for either

training or testing during analysis, the refer-
ence data were always divided by clusters such
that a single cluster was assigned as either all
training data or all testing data, but never both
(MANNEL et al. 2011). This technique was ap-
plied to negate the effects of spatial autocorre-
lation on the accuracy assessment.

2.3 Image Preprocessing

The high-altitude AVIRIS flight took place in
the summer of 2000. The first flight on 26 June
2000 was repeated due to 5 %—50 % cloud
cover within the flight rows. The second flight
on 6 July 2000 covered six flight lines result-
ing in 30 scenes. The weather was clear with
the exception of light haze and one cloud. We
selected twenty scenes that covered an area
containing most of our field data sites.

During the AVIRIS overflight we meas-
ured the reflectance of our calibration site,
a bare sand pit, with a handheld spectrome-
ter (ASD VNIR Dual, with a spectral range
of ~370 nm-1100 nm). The atmospheric cor-
rection program ACORN (ANALYTICAL IMAG-
ING AND GEeopHysIcs, LLC, 2001) was used in
conjunction with the calibration site measure-
ments to correct for atmospheric effects and
to convert radiance to reflectance. The follow-
ing AVIRIS bands were removed: 374 nm—
394 nm (bands 1-3), 1354 nm—1424 nm (bands
107-114), 1812 nm-1951 nm (bands 153-168),
and 2489 nm-2509 nm (bands 222-224) be-
cause of strong atmospheric effects. In these
wavelengths atmospheric gases, such as water
vapor increase the signal noise to unaccepta-

Tab. 1: Number of sites for each land cover class. The field measured plots were supplemented
with additional points based on DOQs resulting in large point clusters.

Land cover Number of field data ~ Number of field- and Number of clusters
plots DOQ-based reference
data
Meadow 19 64 10
Bare 0 5 1
Open pine 26 104 14
Dense pine 26 212 19
Spruce 21 126 12
Aspen 17 84 9
Water 0 106 2
Mixed 25 Not utilized -
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ble levels. Some of the noise is still visible as
spikes in the remaining bands (Fig.2). After
adjusting for atmospheric noise 194 bands (out
of the 224) were still available for the actual
classifications, somewhat lowering the avail-
able spectrum for classifications, but still sig-
nificantly higher than the number of Landsat
TM bands.

AVIRIS scenes were georeferenced using
DOQs. The root-mean-square (RMS) error
of the transformation was 1.3 pixels, and the
maximum RMS error for a single GCP was
4.6 pixels. We then overlaid our reference data
and identified the matching AVIRIS pixels.
Fig.2 shows the spectral distribution of our
reference data along the AVIRIS bands. Veg-
etation like grass, deciduous trees, and co-
niferous trees show a distinctive reflectance
spectrum (Fig.2). However, classification
challenges become evident through the high
standard deviation throughout the different
vegetation types (Fig.2). The high standard
deviation for water is due to two very different
lakes, one was clear, while the other one con-
tained high levels of sediments.

The Landsat TM5 images were from early
spring; leaves not yet fully developed (May 5,
1998) and early fall, “leaves on” (September
24, 1998). We cut the TM scene to match the
approximate area of the AVIRIS overflight.
Both seasons of the TM data were classified
separately, as well as, a combined two-season
scene to investigate the influence of seasonal-
ity. The same reference data were applied to
AVIRIS and TM. Remotely sensed data and
field data were collected within 4 years. We
did not notice any significant change in land-
cover, e.g. via logging, during this time peri-
od.

2.4 Decision Tree Classification

We classified all data using the decision tree
program See5 (also known as C5.0), distrib-
uted by RuleQuest Research Pty Ltd (Quin-
LAN 2002). See5 is largely based on the tech-
nology used by its predecessor C4.5, whose
algorithms are further explained in QUINLAN
(1996). According to KotsianTis (2007) C4.5
is “the most well-known algorithm in the lit-
erature for building decision trees”. Further

algorithms are regarded as proprietary (Quin-
LAN 2002, personal communication). See5 as-
signs the classes by weighting the quantity of
the input data, i.e. more training data of pine
means there is more pine in the study area.

See5 allows for the building of multiple de-
cision trees to improve accuracy by utilizing
several classifiers that predict a class. These
predictions are counted and determine the fi-
nal class. One type of multiple trees is “boost-
ing”, which identifies the difficulties and mis-
takes made by the previous iteration and con-
centrates on them in the next iteration (FRIEDL
et al. 1999, CHan et al. 2001, Wu et al. 2006).
Boosting lasts until the predefined number of
iterations is reached. We utilized boosting, be-
cause our data (MANNEL 2003) and other stud-
ies showed an accuracy improvement by about
5 % (FriepL et al. 1999, CHaN et al. 2001).

One point of caution in using decision trees
is “overfitting” the decision tree to the refer-
ence data visible in large “trees” (KOTSIANTIS
2007). A smaller “pruned” tree, with fewer
branches is usually more robust than a larger
tree (QUINLAN 1996, FriepL et al. 1999). There-
fore, we used the smallest tree with the highest
accuracy for our final results.

2.5 Accuracy Assessment

We divided the reference data into differ-
ent test and training data based on spatially
unrelated clusters, rather than on individual
points. An entire cluster was either training or
test data (MANNEL et al. 2006). In addition, we
sought to reduce bias in our accuracy assess-
ment by performing a 4-fold cross-validation
(MaNNEL et al. 2011). For that we manually
created four trial sets each with different test
and training data that were chosen by random-
ly selecting 1/3 of the reference clusters as test
data and the remaining 2/3 clusters as training
data. Producer and user accuracies were aver-
aged to calculate overall accuracy.

3 Results

The two pine densities were hardest to distin-
guish. Confusion mainly existed between the
pine densities and between medium pine and
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white spruce (Fig.2). On the other hand bare
soil and water were easiest to distinguish, be-
cause of their unique spectra and homogene-
ity of the reference pixels. This was followed
by grass with almost 100 % accuracy when a
spring image was included (Tab. 2). Misclas-
sifications of meadow occurred with aspen/
birch especially in the summer (AVIRIS) and
early fall (fall TM).

Classification success depended on 1) the
type of landcover, 2) sensor type and 3) sea-
son:

1) Landcover characteristics affecting classi-
fication success are: a) spectral properties
and b) the homogeneity of the respective

20 m (AVIRIS) or 30 m (TM) mixed pixels.
On the one hand, birch and aspen are vir-
tually indistinguishable, because they have
very similar spectral properties (SINGHROY
et al. 2000) and occur in mixed stands. Dis-
tinguishing different densities of the same
forest composition is also tricky since the
border between open and dense is fluent and
artificial. On the other hand, we expected
and achieved 100 % accuracies for homo-
geneous and spectrally unique bodies, such
as water and bare soil. For meadow we also
expected and partly achieved very high ac-
curacies because of their relatively homoge-
neity (in comparison to forested areas) and

Tab. 2: Comparison of vegetation classification success of spring TM, fall TM, two-seasonal TM
and summer AVIRIS based on the 4fold holdout method (ManNEL et al. 2011).

Land cover Spring TM (%) Fall TM (%) Two-season TM (%) Summer AVIRIS
(%)

Meadow 99 86 99 88

Open pine 68 57 79 71

Dense pine 87 83 88 79

Spruce 86 83 89 81

Aspen 86 68 90 83

Average 85 75 89 81

LandsatTM
classification

[l White spruce
H Water

[ Aspen

[ Meadow

[ Open pine

B Medium Pine

—s
Skm

[ Bare/unvegetated

Corresponding
AVIRIS flight
lines

*

Fig. 3: a) Classification of combined spring-fall Landsat TM data (left) and b) AVIRIS classification
(right). The missing scene contained errors that the data provider was unable to fix. No reference
data was used from the area of the missing AVIRIS scene.
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their spectral properties. The higher wave-
lengths (>1.5nm) provided grounds for
distinguishing meadow from aspen/birch
(Fig. 2).

2) Summer AVIRIS data led to 6 % better re-
sults than the comparable early-fall TM im-
age.

3) Seasons clearly influence success of tree
classifications. Classifying just the TM
spring image showed an accuracy increase
of about 10 % in comparison to the fall im-
age (Tab. 2). Utilizing both spring and fall
increased the TM classification accuracy
by 4 % compared to just the spring season
(Tab.2). We found the two-seasonal TM
classification to be about 8 % more accurate
than the classification based on summer
AVIRIS data (Tab.2). All vegetation cov-
ers were better when using the two-season-
al TM approach, including meadow, aspen,
spruce and the two pine densities (Tab. 2).

Fig.3 shows the classified area based on
two-seasonal TM classification and the corre-
sponding AVIRIS flight lines.

4 Discussion and Conclusion

We found that the decision tree classification
of summer-AVIRIS data provided 6 % better
results than the comparable early-fall TM im-
age. However, the summer AVIRIS classifi-
cation fell short of accuracies reached via the
spring TM scene. This result confirms the im-
portance of seasonality for vegetation analy-
sis. The AVIRIS data were taken in the middle
of the summer when leaves were fully devel-
oped, which may not be the best season for a
forest classification (SCHRIEVER & CONGALTON
1995). Accuracy can be further improved by
combining several seasons. The two-seasonal
TM data showed the best classification accu-
racy in all cover classes. Furthermore, multi-
seasonal multispectral data is less demanding
in terms of processing time and operator effort
than hyperspectral AVIRIS data.

The advantages of hyperspectral remote
sensing cannot be doubted, but for large-area
land cover mapping applications, inexpensive
multispectral data would appear to remain the
sensor of choice. Multispectral data covers a

larger area in a single scene, is less expensive
to obtain, and requires less effort to process
and analyze. Our study seems to indicate that
seasonality is crucial and exceeds advantages
of hyperspectral data.
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Summary: Planar partitions are frequently used to
model, among others, land cover, cadastral parcels
and administrative boundaries. In practice, they are
often stored as a set of individual polygons to which
attributes are attached, e.g. with the Simple Fea-
tures paradigm, causing different errors and incon-
sistencies, e.g. gaps, overlaps and disconnected
polygons, which are introduced during their crea-
tion, manipulation and exchange. These errors se-
verely hamper the use of planar partitions in other
software, e.g. due to false assumptions causing er-
roneous calculations. Existing approaches to vali-
date planar partitions involve first building a planar
graph of the polygons and enforcing constraints,
then repair is done by snapping vertices and edges
of this graph. We argue that these approaches have
many shortcomings in terms of complexity, numer-
ical robustness and difficulty of implementation,
and do not guarantee valid results. Furthermore,
they are semi-automatic, requiring manual user in-
tervention. We propose in this paper a novel meth-
od to validate and automatically repair planar parti-
tions. It uses a constrained triangulation of the
polygons as a base — which by definition is a planar
partition — and only simple operations are needed,
i.e., labelling of triangles, to both validate and re-
pair. Perhaps the biggest advantage of our method
is that we can guarantee that a planar partition is
valid after repair. In the paper we describe the de-
tails of our method, our implementation, and the
experiments we have done with real-world datasets.
We show that our implementation scales to big
datasets and that it offers better capabilities and
overall performance than existing solutions.

Zusammenfassung: Validierung und automati-
sche Korrektur von planaren Graphen unter Be-
nutzung von bedingter Triangulation. Planare Gra-
phen werden neben anderen Methoden oft fiir die
Modellierung von Landnutzung, Kataster und Ver-
waltungsgrenzen verwendet. In der praktischen
Anwendung werden die Fldacheneinheiten oft als
selbststidndige Polygone, denen Attribute zugeord-
net sind, gespeichert, z.B. als Simple Features. Die
Anwendung dieser Methode verursacht oft Inkon-
sistenzen, z.B. Liicken, Uberlappungen und nicht
verbundene Polygone. Diese Fehler behindern die
Weiterverarbeitung der Flachenaufteilung in ande-
ren Anwendungen, z.B. wenn falsche Annahmen
den Folgeberechnungen zu Grunde gelegt werden
missen. Existierende Verfahren zur Validierung
von planaren Graphen nutzen oft einen bedingten
planaren Graphen. Die Korrektur wird dann durch
Snapping auf Knoten und Kanten des Graphen
durchgefiihrt. Wir sind der Meinung, dass dieses
Verfahren Nachteile beziiglich Komplexitét, nume-
rischer Stabilitdt und Implementierung hat. Vor al-
lem kann ein richtiges Ergebnis nicht garantiert
werden. Dariiber hinaus sind die Algorithmen oft
nur halbautomatisch. Daher schlagen wir in diesem
Artikel ein neues Verfahren zur Validierung und
automatischen Korrektur von planaren Graphen
vor. Es beginnt mit einer bedingten Triangulation
der gegebenen Polygone, die per Definition ein pla-
narer Graph ist. Danach sind nur einfache Operati-
onen zur Beschreibung der Dreiecke, zur Validie-
rung und zur Korrektur erforderlich. Wahrschein-
lich ist der groBte Vorteil unserer Methode, dass
eine giiltige Raumaufteilung im Ergebnis garan-
tiert wird. Im Artikel beschreiben wir unsere Me-
thode, die Implementierung und die Anwendung
auf reale Datensitze. Wir zeigen, dass unsere Me-
thode auch fiir grole Datensétze geeignet und so-
gar leistungsfihiger als andere Methoden ist.
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1 Introduction

Planar partitions are frequently used in GIS
to model concepts such as land cover, the ca-
dastre, or the administrative boundaries of a
given country. As shown in Fig. 1, a planar
partition is a subdivision of a polygonal subset
of the plane into non-overlapping polygons.
In practice, planar partitions are often repre-
sented, and stored in a computer, as a set of
individual polygons to which one or more at-
tributes are attached, and the topological rela-
tionships between polygons are not explicitly
stored, i.e., shared boundaries are thus repre-
sented and stored twice. The preferred method
of practitioners is representing polygons ac-
cording to the Simple Features specifications
(OGC 2006), for instance as an Esri shapefile
(Esr1 1998) or in a database, such as PostGIS
(PostGIS 2012).

If a planar partition is stored as a set of indi-
vidual polygons, then in practice errors, mis-
takes and inconsistencies will often be intro-
duced when the planar partition is built, up-
dated or exchanged. Examples of common er-
rors are: overlapping polygons, gaps between
polygons, and polygons not connected to the
others. This can be, among others, due to hu-
man error, the use of floating-point arithme-
tic, or limited precision (ScHIRRA 1997). These
errors can have catastrophic consequences for
practitioners since most software and algo-
rithms using planar partitions as input assume
that this input is valid. At best erroneous re-
sults are returned, at worst it causes a software
failure, often without any warning to the user.
Moreover, such problems are often not visible
at the scale that the data is usually viewed, ex-
acerbating the problem (LAURINT & MILLERET-
RAFFORT 1994).

Fig.1: Part of the Corine Land Cover dataset
for the region around Delft, The Netherlands.

Solving that issue entails working on two
related problems: (1) how to identify errors in
a planar partition; and (2) how to repair these
errors. As described in section 2, both prob-
lems have been tackled in the past with the
creation of a planar graph of the input. The
validation, the simpler of the two problems,
is usually implemented as a set of topologi-
cal and geometrical constraints that the planar
graph must have. As for the repair, it is usually
performed by snapping together the vertices
and edges of the graph, or by using topologi-
cal information. As we discuss in section 2,
both approaches have drawbacks for users: the
former method is error-prone, i.e., topological
inconsistencies can be created, and the latter is
only semi-automatic, because in practice real-
world datasets can easily contain several hun-
dred errors.

We present in this paper a novel method to
both validate and automatically repair planar
partitions stored according to the Simple Fea-
tures specifications. Our method, which is an
extension of our preliminary results (LEDOUX
& MEUERS 2010), uses a constrained triangula-
tion (CT) of the polygons as a support — which
is by definition a planar partition — and both
the validation and the repair functions are
performed with relatively simple operations.
These are the labelling of triangles, and stand-
ard graph traversal algorithms (such as depth-
first search). Since errors are repaired by re-
labelling triangles (vertices are never moved),
we can guarantee that a given repair operation
will preserve the topological consistency of
the whole planar partition. We describe in sec-
tion 3 how the CT is used, how the polygons
are labelled, how the validation is performed,
and how we can automatically repair a planar
partition. Moreover, we describe six different
repair operations that can be used to obtain
different output.

We have implemented the method in C++,
and its most relevant details are discussed in
section 4. Our software takes as input poly-
gons stored according to the Simple Features
specification, validates them, repairs them if
they contain errors, and returns a new set of
polygons that is guaranteed to be a valid pla-
nar partition. We also report in that section
our experiments with several real-world data-
sets, some of them rather large, and we com-
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pare our method and its implementation to al-
ternatives, both for validation and for repair.
Finally, we discuss the advantages and disad-
vantages of using our method and the conclu-
sions drawn from this in section 5.

2 Related Work

Since a planar partition is formed by a set of
individual polygons, we first discuss what a
valid polygon is in our context, and then we
review existing methods to validate and repair
planar partitions.

2.1 Simple Features and Validity of
Simple Polygons

While there are several definitions of what
constitutes a valid polygon (vaN OOSTEROM et
al. 2004), we use in the following the stand-
ard Simple Features (OGC 2006), with the ad-
dition of the ISO 19107 Spatial schema (ISO
2003) polygon orientation rules. Simple Fea-
tures defines a polygon as follows: “A Poly-
gon is a planar Surface defined by 1 exterior
boundary and 0 or more interior boundaries.
Each interior boundary defines a hole in the
Polygon.”. In the specification, six assertions
are given that together define a valid polygon.
Essential for a valid polygon is that the bound-
aries of the polygon must define one connect-
ed area. Additionally, a polygon can contain
holes. We say that the exterior boundary of the
polygon is the outer ring, and a hole is an in-
ner ring. These holes can be filled by one or
more polygons, which can recursively contain
holes, which are filled by other polygons. Ob-
serve also that holes are allowed to interact
with each other and the outer boundary un-
der certain conditions, e.g. they are allowed
to touch at one point, as long as the interior
of the polygon stays one connected area. Each
polygon is stored independently from other
polygons, and it is not possible to store top-
ological relationships between the polygons.
The ISO 19107 standard (ISO 2003) is more
ambiguously defined, but it does establish ori-
entation rules (counter clockwise for the outer
ring, clockwise for the inner ones), which we
use in our output.

The validation of a single polygon is pos-
sible with different libraries, GEOS (GEOS
2012) and JTS (Vipip SoruTtions 2012) being
two widely used open-source examples.

The repair of single polygons is a less docu-
mented topic than their validation. Different
software vendors offer tools to help identify
and semi-automatically repair broken poly-
gons. Examples are ST MakeValid() from
PostGIS and the constraints in 1Spatial Radius
Topology. The method we present in this paper
has been adapted to automatically repair com-
mon errors in individual polygons, e.g. wrong
ring orientation, or holes that split the interior
of a polygon (Leboux et al. 2012). However,
we focus in this paper on the validation and
repair of planar partitions only and we assume
that the input polygons are individually valid.

2.2 Validation of a Planar Partition
Using a Planar Graph

Assuming that individual polygons have been
deemed to be valid, it is possible to test the va-
lidity of a planar partition by identifying the
two types of invalid configurations: overlaps
and gaps.

If individual polygons are checked with-
out building a planar graph or an indexing
structure, finding overlaps involves checking
whether any possible pair of polygons over-
lap. This is a computationally expensive op-
eration to make because of its quadratic be-
haviour, even when heuristics to speed up the
process are used (Bapawy & AREer 1999, Kirk-
PATRICK et al. 2002). Additionally, robustness
issues are significant in polygon intersection
tests (HorrmanN et al. 1988). Finding the po-
tential gaps in a planar partition is even more
problematic. For this, computing the union of
the entire set of polygons is required, which is
also computationally expensive (MARGALIT &
Knott 1989, Rivero & FEerto 2000).

The validation process can be sped up by
first building a planar graph of the input poly-
gons, which is afterwards checked for consis-
tency. It should first be noticed that while dif-
ferent approaches are available to construct a
planar graph (SHamos & Hoey 1976, vaN RoEs-
SEL 1991), it is still sometimes difficult, espe-
cially if the polygon contains holes. The graph
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of the boundary can then be unconnected and
extra machinery is necessary to represent the
knowledge of holes in the graph structure. The
fact that holes are also allowed to touch com-
plicates the task of validation even further,
since holes cannot be assumed to form an un-
connected planar graph.

Based on this graph, PLOMER & GROGER
(1997) specify a list of minimal mathemati-
cal axioms that can be used to check the va-
lidity of a planar partition: no dangling edges,
no zero-length edges, planarity, no holes, no
self-intersections, no overlaps, and having a
connected graph. It is important to note that
PLUOMER & GROGER base their axioms on con-
cepts from graph theory, but they also high-
light the fact that a graph-based approach
alone is not enough: the graph has to be aug-
mented with geometrical knowledge (each
vertex has geometry attached, i.e., the coor-
dinates of points have to be stored). Validation
is thus underpinned by both geometrical and
topological concepts and systems thus have to
deal with those two concepts at the same time.
The method we propose in this paper — using
a constrained triangulation — permits us to do
exactly this: to embed both geometry and to-
pology in the same structure.

mimnmum
distance
threshold

(a) Gaps between polygons

2.3 Repair Using Point and Edge
Snapping and Splitting

The most common method for planar par-
tition repair is based on the assumption that
polygons approximately match each other at
their common boundaries. This implies that
they should be within a certain distance of
each other along those edges. If, additional-
ly, all parts further apart than this value are
known not to be common boundaries, it is
possible to “snap” together polygons that are
closer to each other than this threshold, while
keeping the rest untouched. This method of
planar partition repair is available in many
GIS packages, including ArcGIS (ArcGIS
2012), FME (FME 2012), GRASS (GRASS
2012) and Radius Topology (1spaTiaL 2012).

Since thresholds are central to this meth-
od, it is of utmost importance to select a good
threshold value, something that is completely
different in each dataset. For planar partition
repair to be successful using this method, such
a threshold should be chosen in a careful man-
ner, and always comply with a few conditions.
These have been summarised as follows:
® Adjacent polygons should not be further

apart than this threshold along any part of

their common boundaries (shown as the
maximum threshold in Fig.2 (a). Other-
wise, gaps cannot be fixed.

® Adjacent polygons should not overlap each
other in areas which are further inwards

maximum
distance
threshold

(b) Overlapping polygons

Fig.2: Defining a threshold for vertex, edge and face snapping. The threshold to be used should
be larger than the largest minimum distance between the matching boundaries, and smaller than

the minimum distance between vertices.
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than this threshold from their common
boundaries shown as the maximum thresh-
old in Fig. 2 (b). Otherwise, overlaps cannot
be fixed.

® None of the vertices of a polygon should be
closer to each other than this threshold, in-
cluding non consecutive vertices shown as
the minimum thresholds in Fig.2. Other-
wise, they might be snapped together, cre-
ating repeated vertices, disjoint regions, or
various topological problems.

® None of the vertices of a polygon should
be closer than this threshold to any non
incident edge. Otherwise, they might be
snapped together, creating disjoint regions
or various topological problems.

This threshold value is usually manually
determined, either by trial and error, or by an-
alysing certain properties of the dataset(s) in-
volved, e.g. point spacing, precision, or map
scale. However, it is often hard to find an op-
timal threshold for a certain dataset, since en-
suring that it works well for every part of a
dataset is unrealistic. Moreover, sometimes
such a threshold does not even exist, e.g. be-
cause point spacing in some places might be
smaller than the width of the gaps and over-
laps present.

Since the aforementioned conditions are
frequently not met or are not checked before-
hand, and since it is still necessary to per-
form repair of a dataset, snapping is often per-

(a) Before snapping

(b) After snapping (invalid topology)

Fig.3: Spikes and punctures can be created by snapping, since the bases of these elongated
forms (encircled) might be narrower than the threshold, but its length is not.

(a) Before snapping

(b) After snapping (yellow peninsula cut off)

Fig. 4: Polygons can be split by snapping, since some parts of them might be narrower than the
threshold (encircled). While this result does not create an invalid planar partition, it can change the
number of polygons present and their topological relations, and can therefore be undesirable.
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formed nevertheless, possibly creating invalid
polygons and/or planar partitions, or signifi-
cantly changing the topology of the existing
features. Two examples of this phenomenon
are shown in Figs. 3 and 4.

While these examples show that snapping
is not problem-free, it is important to note
that commercial GIS packages often imple-
ment more complex snapping options such as
point-to-edge, edge-to-edge, or using a refer-
ence dataset. These options can help to solve a
problematic case, but can also have undesired
consequences, such as changing the topolo-
gy of the polygons. Another problem is that
post-processing operations to clean resulting
polygons might be required, e.g. disposing of
polygons with small areas, removing redun-
dant lines, thresholds for minimum angles
etc., which could again create invalid configu-
rations, requiring iterative validation or repair
processes.

2.4 Repair Using Topological
Information

A different approach for planar partition re-
pair, based on topological information, is
available in some software.

GRASS also creates a graph, using edges as
a base structure instead of triangles, and could

T bk ey
- LIRR LA DLREE T TR

(a) Viewing a topology error in ArcGIS

be used to (manually) detect overlaps and gaps
based on the number of labels using the func-
tions v.what and d.what.vect. However, there
is no simple automated procedure to get the
number of labels at a certain point, which
makes it very cumbersome and time consum-
ing to use GRASS for this purpose.

Meanwhile, ArcGIS provides a more com-
plete solution, using a method similar in some
ways to the one developed and described in
section 3. It involves using the Geodatabase
feature of the software with some combined
validation rules, e.g. must not overlap and
must not have gaps. However, fixing every
problematic area in an appropriate manner
requires extensive user intervention (Fig.5),
since the best choice for each case depends on
the specific configuration of the error.

Since both the aforementioned programs
do not offer an automated process to correctly
solve this problem and GRASS lacks the abil-
ity to visualise problem areas, they are not re-
ally comparable to our solution. A planar par-
tition can easily contain tens of thousands of
polygons, possibly generating thousands of er-
rors, which need to be checked and repaired
semi-automatically.

S PR L1 ey
P

(b) Assigning an overlapping region to one of
the polygons involved

R T

Fig.5: Planar partition repair in ArcGIS. The user is expected to zoom in to a particular error, ana-
lyse the situation, e.g. by looking at the properties from the surrounding polygons, and make a
decision to assign the problematic region to a certain polygon. More than 11,000 errors were de-
tected in this tile of the Corine dataset.
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3 Validation and Automatic
Repair Using a Constrained
Triangulation

Our approach to validation and automatic re-

pair of planar partitions uses a constrained tri-

angulation (CT) as a supporting structure be-

cause it has many good properties, including

the following:

® [t is by definition a planar partition. There-
fore, as long as we keep the information
about which polygon each triangle belongs
to, the reconstructed polygons will be either
a valid planar partition, or multiple ones.

® [t can be built quickly, in O (n logn) with
a variety of approaches (CLARKSON et al.
1992, GuiBas & StoLr1 1985, MUCKE et al.
1999). The actual computational complex-
ity can be O (n logn) + k, with k being the
number of edge-edge intersections, which
could conceivably even be n?. However,
k < n for most GIS datasets.

® Changes to the triangulation, e.g. adding a
new constrained edge is local, and therefore
fast.

® Constrained edges can usually be added
in constant time, being only significantly
slower and more complex when there is an
intersection with an existing constrained
edge (SHEwcHUK 1997D).

® Implementation-wise, several stable and
fast triangulation libraries exist, including
CGAL (2012), Triangle (SHEwWCHUK 1997a)
and GTS (2006).

The general workflow of our approach to
both validate and repair a planar partition is
as follows:
® the CT of the input segments forming the
polygons is constructed;
® cach triangle in the CT is labelled with the
label of the polygon inside which it is lo-
cated;

® problems are detected by identifying tri-
angles having no or multiple labels, and by
verifying the connectivity between trian-
gles;

® repairing of the problems is made by re-la-
belling triangles to ensure that each triangle
has exactly one label;

® extracting the polygons from the triangu-
lation (polygons modelled with the Simple

Features specifications).

As mentioned previously, for this workflow
we assume that each input polygon is indi-
vidually valid. We describe in the following
section the concepts needed and we give a de-
tailed description of the different steps.

3.1 Triangulation of a Polygon and
Constrained Triangulation

A triangulation subdivides an area into non-
overlapping triangles. Using a constrained tri-
angulation, every line segment that defines the
boundary of a polygon, is ensured to appear as
an edge in the triangulation. It is known that

Fig. 6: (a) A polygon with 4 holes; (b) the constrained triangulation of the segments of this polygon.
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any polygon (also with holes) can be triangu-
lated without adding extra vertices (DE BERG
et al. 2008, SHEWCHUK 1997a). Fig. 6 shows an
example.

In our approach, the triangulation is per-
formed by constructing incrementally a CT of
all the segments representing the boundaries
(outer + inner) of each polygon. If the set of
input polygons forms a planar partition, then
each segment will be inserted twice except
those forming the outer boundary of the set of
input polygons. This is usually not a problem
for triangulation libraries because they ignore
points and segments at the same location as is
the case with the solution we use, see section
4. When segments are found to intersect, they
are split with a new point created at the inter-
section. This is the only situation in which the
generation of new points is required.

Notice that our approach requires only a
constrained triangulation, which not neces-
sarily includes the Delaunay criterion (SHEW-
cHUK 1997a). However, having well-shaped
triangles is useful for repair purposes and
does not significantly increase the processing
time. Therefore our implementation actually
constructs and uses a constrained Delaunay
triangulation.

3.2 Labelling the Triangles of a
Planar Partition

Labelling a triangle means assigning to it the
label(s) of the polygon(s) that it belongs to. If
two input polygons overlap, each triangle in
the overlapping region should have the labels
of the two polygons.

In our previous work on validation (LEpoux
& MEeuers 2010), we used the centroid of a
polygon to start the labelling process, but this
method is prone to errors if for instance the
calculated centroid is outside or on the bound-
ary of the polygon and does not allow us to
differentiate between gaps and overlaps.

To solve these problems, we store infor-
mation about the constrained edges of the
CT. Since it is known that the input rings
are closed and have a known orientation ac-
cording to the ISO 19107 orientation rules, it
is also known on which side of a certain line
segment the interior of the polygon lies. This

property is used for robust labelling of each
polygon. Triangles adjacent to the outer ring
of the polygons are labelled first, and this is
later expanded to triangles further in the in-
terior of the polygon, recursively labelling
adjacent unlabelled faces as long as no con-
strained edges are crossed. After this opera-
tion, all triangles that are part of any polygon
have been labelled, with overlapping regions
having multiply labelled triangles. However,
holes are then indistinguishable from triangles
outside the planar partition, since both have
zero labels. Therefore, a special label is cre-
ated for all triangles outside the planar parti-
tion, referred to as the “universe” label, which
are labelled by recursively labelling adjacent
triangles from any triangle known to lie in the
exterior of the planar partition. To achieve this
we exploit the concept of the “far-away point”
(Liu & SNoEYINK 2006); which is used by sev-
eral implementations and is also known as the
“big triangle” (FacELLO 1995).

3.3 Validation

If the set of input polygons forms a planar par-

tition then all the triangles will be labelled

with one and only one label. The problems are

easily detected:

® Gaps are detected by finding triangles
without any labels.

® Overlaps are detected by finding triangles
with two or more labels.

® Disjoint regions are detected by identify-
ing regions separated by the “universe” la-
bel. This is done by starting at a given tri-
angle, and doing a breadth-first search on
the dual of the triangulation, without visit-
ing the triangles labelled as “universe”. If
all triangles can be reached, no polygons of
the planar partition are disjoint.

3.4 Repair Operations

The greatest benefits of using a labelled trian-
gulation for planar partition repair stem from
the fact that while repair operations are per-
formed, the validity of the planar partition
is always kept, together with the integrity of
the data. Unlike snapping, vertices are not re-
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(@) A set of overlapping poly- (b) The polygons are triangu- (c) An invalid region is found,

gons that needs to be repaired. lated and each triangle is la- defined as a set of contiguous
belled with the polygons it be- polygons with an equivalent set
longs to. of 0 or =2 labels.

"blue" "blue"

Triangle |Repair

A "red"
B "red"
C "red"
D "red"

(d) The neighbours of the re-
gion are analysed to see how it
should be re-labelled, and the (e) The triangles are relabelled (f) The output polygons, which
result is saved in a list. according to the list. now have no gaps or overlaps.

Fig.7: The steps in a generic repair operation.
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Tab. 1: The repair operations currently implemented in our software. The types of operations are
defined according to the map algebra classification by TomLin (1994).

Repair operation Type Criteria
Triangle by priority list Varies  Label that has the highest priority according to a
predefined priority list
Triangle by number of neighbours ~ Focal The label present in the largest number of adjacent faces,
overlaps included
Triangle by absolute majority Focal Label present in two or more valid adjacent faces
Triangle by longest boundary Focal Label present along the longest portion of the boundary
of the adjacent faces
Regions by longest boundary Focal of Label present along the longest portion of the boundary
zonal of the adjacent faces
Regions by random neighbour Focal of Random label from the adjacent faces
zonal

(a) The original polygons (b) Repaired each triangle using the label adja-
cent along the longest boundary from the
neighbouring triangles

(c) Repaired each region using the label adja- (4) Repaired each region using a random label
cent along the longest boundary from the  {om the neighbouring triangles
neighbouring triangles

Fig. 8: Different repair operations used in the two polygons for the Arribes del Duero Natural Park
in Spain (red) and the International Douro Natural Park in Portugal (green). All of them can be
considered best by a certain criterion, like (b) preserving the area ratio between the two polygons,
(c) smoothness of the boundary, or (d) a balance between the two.
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quired to be moved during the process, and
unlike snapping, repair is performed using lo-
cal criteria, instead of global ones because the
snapping-threshold is usually the same for the
whole dataset. This comes in contrast to other
methods, where care needs to be taken to en-
sure that the geometric or topologic validity
is kept.

Fig. 7 shows the standard steps required in
a repair operation. In order to avoid order de-
pendency when repairing, the repair operation
is always performed after all choices for label-
assigning have been made.

In particular, we propose six different re-
pair operations that can be used to fix gaps
and overlaps. These are shown in Tab. 1 and
all imply re-labelling triangles.

Four of them use triangles as a base, i.e.,
the label assigned is based only on that of its
three neighbouring triangles, which is fast and
modifies the area of each input polygon the
least. Despite their simplicity, they offer sub-
stantial control over the results. For instance,
the first two operations only differ from each
other in their handling of overlapping faces;
but triangle by number of neighbours is better
for large overlapping regions, while triangle
by absolute majority is better in fixing small
problems. Having well-shaped (Delaunay) tri-
angles is most useful for triangle-based repair
functions. Two of them use regions of adja-
cent triangles with equivalent sets of labels,
which is slower than a triangle-based method
but yields results that can be cartographically
more pleasing. An interesting repair operation
for practitioners is the one in which a priority
of labels is used, i.e., in case of gaps/overlaps
the labels in the triangle (overlap) or in the ad-
jacent polygons (gap) are ordered according
to a user-defined priority, and the highest pri-
ority is assigned to the problematic triangles.
Notice that these repair operations can be used
one after the other (in a hierarchical man-
ner), for instance if first the repair according
to the longest boundary is used but one zone
has two or more boundaries with exactly the
same length, then the deadlock can be solved
by choosing one randomly. A sample of the re-
sults obtained with different repair operators
is also shown in Fig. 8.

More repair operations based on extensions
of the idea of labelling triangles/regions can

be further developed. For instance, triangles
could be split to subdivide an area with prob-
lems as in BApEr & WEIBEL (1997), or sliver
triangles/regions could be discarded (and then
filled during repair).

3.5 Extraction of Polygons from a
Triangulation

Starting from a labelled triangulation, it is
possible to reconstruct the individual poly-
gons of a planar partition to conform to valid
polygons according to the ISO 19107 and the
Simple Features specifications, which allows
users to incorporate automatic validation and
repair in their workflow.

We do this operation polygon by polygon
and start at an unprocessed triangle. Then we
visit all the connected triangles that have the
same label, reconstruct the polygon, and mark
the triangles as processed. Note that since all
of these triangles are connected, the outer and
inner boundaries of a polygon are all simple,
i.e., non self-intersecting. We repeat this op-
eration until all triangles have been processed.

For each polygon, we have to recover not
only its outer boundary, but also its inner
boundaries, which are not connected. Observe
that we cannot simply follow the original con-
strained edges as these do not have any mean-
ing after a planar partitions was repaired; the
boundaries of the repaired polygons are in-
stead formed by edges incident to two trian-
gles having different labels.

For each polygon, we start at a triangle,
and move on to triangles having the same la-
bel. As the process goes on, a single polyline
that runs along all boundaries of the polygon
is generated. This involves a depth-first search
(clockwise) that recursively reaches until the
boundary of a polygon, returning a long chain
of edges in a procedure similar to following
the boundary edge by edge. The procedure is
shown step by step in Fig. 9.

The polyline created with this method has
“bridges”, which allow us to keep all inner
boundaries (holes) connected with the outer
boundary, in a manner that keeps the interior
connected as well. These help to preserve con-
nectivity and the relations between different
boundary types (outer and inner), but are re-
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Fig.9: The traversal order when navigating through triangles in a clockwise manner. Starting at
A A and the edge between A A and A B, the operations occur according to the encircled numbers.
Black arrows denote when an unprocessed triangle is found, red arrows when it is not. Notice how
the traversal is performed clockwise (shown in dark blue arrows) for both cases, despite starting
from different sides.

Fig. 10: Processing the polyline shown starting from vertex a and moving towards polyline 4, the
following operations occur: (1) A4 unclosed — push, (2) B unclosed — push, (3) C unclosed —
push, (4) D unclosed — push, (5) E unclosed — push, (6) F closed — store, (7) pop — EG closed
— store, (8) pop — DH degenerate — erase, (9) pop — CI closed — store, (10) pop — BJ degen-
erate — erase, (11) pop — AK closed — store.
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moved later in the process to conform to the
Simple Features specifications. Also, its ori-
entation conveys the information of whether
a section of it is part of an inner or an outer
boundary.

This polyline is processed with a stack-
based algorithm that generates separate closed
rings for the outer boundary and each of the
inner boundaries, collapsing the “bridges”
that were generated. In order to do this, the
polyline is cut at the positions where more
than two edges join, and these are joined in
the correct order by keeping track of (yet)
unclosed rings. When a new segment is pro-
cessed, it can be one of three options: one that
completes a ring, one that is part of a bridge,
or one that is not yet closed. Closed rings are
stored and bridges are removed, while un-
closed rings are saved in the stack until they
can be popped to form a closed ring together
with a new segment. This is shown in Fig. 10.

4 Implementation and
Experiments

4.1 Implementation

An implementation of the algorithms de-
scribed in section 3 was written in the C++
programming language, using external li-
braries for some functionality. The devel-
oped software is called pprepair, and is open
source and freely available at http://tudelft-
gist.github.com/pprepair/. C++ was selected
in order to have good control with regards to
low level details and to achieve good perfor-
mance, which makes it possible to compare
it with existing solutions. The libraries used
are: the OGR Simple Features library (GDAL
2012) which allows input and output from a
large variety of data formats common in GIS;
and CGAL (CGAL 2012) which has support

for many robust spatial data structures and the
related operations; we use its constrained tri-
angulation module.

4.2 Experiments with Real-World
Planar Partition Datasets

We have made experiments with four freely

available real-world datasets, i.e., we have val-

idated and automatically repaired them with

our implementation; the overview of these

datasets is shown in Fig. 11 and their proper-

ties in Tab. 2. The datasets are the following:

® E41N27 Corine 2000 (Corine 2000) tile
E41N27, which contains a shifted polygon
(by about 10 cm), creating many small gaps
and overlaps in the dataset. The snapping
threshold has been set to 1 m.

® 4tiles Corine 2000 tiles E39N32, E39N33,
E40N32 and E40N33, which are known
to have long and thin overlapping regions
(I mm) with each other. The snapping
threshold has been set to 1 cm.

® 16tiles 16 adjacent Corine 2000 tiles:

E39N30, E39N31, E39N32, E39N33,
E40N30, E40N31, E40N32, E40N33,
E4IN30, E4IN31, E4IN32, E4IN33,

E42N30, E42N31, E42N32, E42E33. Be-
tween some of them are gaps, others are
overlapping. However, all match within a
few centimetres. The snapping threshold
has been set to 10 cm.

® Mexico 1:1,000,000 scale land cover data-
set from INEGI consists of over 26,000
polygons. It is mostly valid according to the
Shapefile specification, but contains some
very large polygons, with tens of thousands
of vertices, which presents difficulties to
most existing software.
As a comparison, we have also tried to per-

form the same operations with other avail-

able software. While the capabilities for pla-

Tab. 2: Properties of the datasets used for the experiment.

# pts in avg # pts
# polygons # pts largest polygon  per polygon
E41N27 14,969 496,303 26,740 337
4tiles 4,984 365,702 16,961 74.7
16tiles 63,868 6,622,133 95,112 103.7
Mexico 26,866 4,181,354 117,736 155.6
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(c) 16tiles

Fig. 11: Overview of the four datasets.

nar partition repair among the software tested
vary considerably, with full topological repair
only available in ArcGIS (using manual op-
erations only), it is also important to consid-
er how different repair implementations scale
to large datasets. For this, a few performance
tests were made in our implementation, and
three planar partition repair tools that perform
this process using snapping and splitting. The
testing methodology for each tool is as fol-
lows:
ArcGIS In ArcCatalog, a multiple feature
dataset is created in a Geodatabase,

(d) Mexico

set with XY resolution values equal
to the snapping threshold. The fea-
tures are imported into it and the
merge and dissolve operations are
used to merge adjacent polygons
with the same ID. Topology is then
generated to check that the planar
partition is valid. Everything is fi-
nally exported to a single Shapefile.
The individual parts of the process
are timed and the total is recorded.
Memory usage is calculated as the
difference between the just load-
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ed ArcCatalog application and its
maximum memory usage through-
out the process.
A reader is created for each in-
put file, which serves as input to a
Snapper transformer; features with
the same IDs are then dissolved,
and finally they are output into a
new Shapefile writer. The topology
generator is used to be able to tell
whether the result is a valid planar
partition. Results are timed and the
maximum memory allocation of the
fme.exe process is recorded.
Input files are imported with v.in.
ogr, with all polygon cleaning oper-
ations performed and snapping set
to the correct values. Boundaries
between features with the same IDs
are then dissolved using v.dissolve.
Files are then exported with v.out.
ogr. Times reported by GRASS are
added together to give the total,
while memory usage by the v.in.ogr.
exe, v.dissolve.exe and v.out.ogr.exe
are monitored and their maximum
is recorded.
pprepair Files are read and put into the tri-
angulation, the triangulation is la-
belled, the repair is performed
with the longest boundary first (see
Tab. 1), with ambiguous cases re-
solved with a random choice. Poly-
gons are then extracted from the
triangulation and output to a sin-
gle Shapefile. The entire process is
timed, and the maximum amount of
memory used is recorded.

FME

GRASS

Notice that we are somewhat comparing ap-
ples with oranges here since our implemen-
tation is able to repair more cases than other

methods, keeps topological consistency, and
does not require finding out the appropriate
threshold value (if it exists). More important-
ly, it is able to directly state whether the result
is a planar partition, unlike the three other so-
lutions (with these snapping is performed but
that does not guarantee that the output is a val-
id planar partition). The results of the experi-
ments are shown in Tab. 3.

We have made the experiments in order to
have an idea of the processing time and the
memory usage involved. As Tab. 3 shows, our
approach uses somewhat more memory than
other solutions. This is explained by the ex-
tra (unconstrained) edges that are added to
the input over when triangulating them. It
should however be noticed that both ArcGIS
and GRASS crashed with the biggest data-
set 16tiles. Our implementation is the fastest
of the four tested, being for instance around
three times faster than FME for the biggest
datasets. Only for the Mexico dataset is our
implementation slower than FME. This is
(probably) explained by the fact that its poly-
gons already form a valid planar partition, and
therefore very few snapping operations have
been performed by FME; the planar graph
of the input was basically built, and then the
polygons saved back to disk. We believe that
ArcGIS and GRASS struggled with the data-
set because it contains several very large poly-
gons (with more than 10,000 vertices). Our
implementation took 3m3ls, but, as Tab.4
shows, it took CGAL 3m02s to simply trian-
gulate the input edges.

This table also demonstrates the efficiency
of our approach: for the four datasets, around
85 % of the time of our approach was used —
by the CGAL library — to read the input from
disk and triangulate the input edges.

During the implementation, we took sever-
al engineering decisions to optimise our pro-

Tab. 3: Planar partition repair comparison using large datasets.

pprepair ArcGIS FME GRASS
memory time memory time memory  time memory  time
E4IN27 145 MB 19s 145 MB 1m3s 158 MB 31s 59 MB 3m09s
4tiles 116 MB 17s 113 MB 37s 105 MB 31s 49 MB 53s
l6tiles 1.45 GB 4m47s crashes - 636 MB  15m48s crashes -
Mexico 1.01 GB 3m3ls 216 MB >1d 264 MB 2m45s 408 MB  11m38s
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Tab.4: Timed steps of the planar partition re-
pair procedure, rounded to the nearest second.
The percentage is the triangulation time over
the total time.

E4IN27 4tiles 16tiles Mexico

Triangulate 0:17 0:15 4:00 3:02
Label 0:01 0:01 0:27 0:16
Repair 0:00 0:00 0:00 0:00
Reconstruct 0:01 0:01 0:11 0:07
Output 0:00 0:00 0:10 0:06
Total 0:19 0:17 4:47 3:31
triangulate %  89% 88% 83% 86%

gram. One of them was to favour disk space
over computation time, as we wanted to be
able to process large datasets. This is why
we always reconstruct polygons, even if they
were not modified by the repair process. Al-
though possible, it would require us to keep in
memory the original polygons (which would
significantly increase the memory consump-
tion) and to keep track of which labels have
been modified. And, as Tab. 1 shows, the re-
construction is very efficient as it only takes
around 3—4 % of the total time for the 16tiles
and Mexico datasets.

5 Discussion and Conclusions

We have presented a new method for repair-
ing polygonal area partitions, ensuring that
the output partition is valid, i.e., all individu-
al polygons are conforming to the ISO 19107
(ISO 2003) and Simple Features specifica-
tion (OGC 2006) and neither gaps nor over-
laps are present between any pair of polygons.
The novelty of our method lies in the fact that
repair is performed according to user defined
criteria, but then takes place without any hu-
man intervention. Automatic repair is becom-
ing increasingly an important topic due to data
integration, e.g. data collected for the different
themes of the European INSPIRE Initiative
will finally have to fit together and data could
eventually be matched fully automatically by
dedicated web service components (INSPIRE
2009). Our approach could be at the heart of
such a web service.

The proposed approach excels in automat-
ed repair at the cost of increased memory us-

age compared to a pure graph-based approach
— this difference is mainly caused by the un-
constrained edges introduced by the triangu-
lation. While it would be possible to use our
repair rules together with a (primal/dual)
graph-based approach, these additional edges
in the triangulation give fine-grained control
over the repair operations, and ensures that
the graph is connected, which facilitates the
reconstruction of polygons.

We have implemented our algorithm over a
numerically robust triangulator (CGAL) and
since repair operations are expressed solely
in terms of re-labelling of triangles (no geo-
metric computation is involved), the approach
is also fully robust. Since, during our experi-
ments, most of the time was used to compute
the constrained triangulation, another library
could also be tested to improve the implemen-
tation.

For the future, we plan to:
® Improve the scalability of the approach and

process datasets with more than 10 million

polygons. It is known that using divide-
and-conquer techniques triangulation algo-
rithms can handle big datasets (AMENTA et
al. 2003, BLanDprorD et al. 2005). We will
investigate whether it is possible to auto-
matically repair each divided part individu-
ally and ‘glue’ the repaired parts together.
® Investigate snap rounding (DE BErG et al.

2007, HoBy 1999) as a pre-processing step

— or embedded directly in the triangulation

— to guarantee that repaired planar parti-

tions have no vertices that are closer than a

certain threshold. However, snap rounding

may change the topology of the input, but
the output will nevertheless be a valid parti-
tion as the topology will be repaired. Apart
from topological changes, snap rounding
can also lead to removed polygon parts that
are too small to be preserved based on the
chosen €.

® Add more advanced repair operations to our
repair toolkit, e.g. repair could take place
based on splitting a collection of triangles.

e Extend our work to include the third dimen-
sion to validate and repair 3D city models
using a constrained tetrahedralisation (St

2008). Notice that the tetrahedralisation of

a given polyhedron does not always exist,

and thus extra (Steiner) points might need
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to be added. The main concepts of our ap-
proach, (re)labelling and reconstruction,
extend naturally to 3D. However, appropri-
ate repair operations for 3D city models still
need to be defined, and some application-
specific constraints, e.g. right angles at cor-
ners are not trivial to implement in our cur-
rent approach.
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Automatisierte Verkehrszeichenkartierung aus mobil
erfassten Stereobilddaten unter Verwendung der
Tiefeninformation aus Dense-Stereo-Matching

SteraN CaveeN & StePHAN NEBIKER, Muttenz, Schweiz

Keywords: mobile mapping, road signs, depth maps, dense stereo matching

Summary: Automated 3D Road Sign Mapping
with Stereovision-based Mobile Mapping exploit-
ing Depth Information from Dense Stereo Match-
ing. This paper presents algorithms and investiga-
tions on the automated detection, classification and
mapping of road signs which systematically exploit
depth information from stereo images. This ap-
proach was chosen due to recent progress in the
development of stereo matching algorithms en-
abling the generation of accurate and dense depth
maps. In comparison to mono imagery-based ap-
proaches, depth maps also allow 3D mapping of the
objects. This is essential for efficient inventory and
for future change detection purposes. Test meas-
urements with the mobile mapping system by the
Institute of Geomatics Engineering of the Univer-
sity of Applied Sciences and Arts Northwestern
Switzerland demonstrated that the developed algo-
rithms for the automated 3D road sign mapping
perform well, even under difficult to poor lighting
conditions. Approximately 90 % of the relevant
road signs with predominantly red, blue and yellow
colours in the standard and small format in Swit-
zerland can be detected, and 85 % can be classified
correctly. Furthermore, fully automated mapping
with a 3D accuracy of better than 10 cm is possible.

Zusammenfassung: In diesem Beitrag werden Al-
gorithmen und Untersuchungen zur automatischen
Detektion, Klassifizierung und Kartierung von
Verkehrszeichen vorgestellt, die systematisch die
Tiefeninformation aus Stereobildaufnahmen aus-
nutzen. Dieser Ansatz bietet sich an, da in den letz-
ten Jahren neue Stereo-Algorithmen entwickelt
wurden, welche die Generierung von dichten Tie-
fenkarten aus Stereobilddaten ermdoglichen. Im
Vergleich zu den auf Monobildern basierenden
Verfahren erlauben die Tiefenkarten auch eine ge-
naue 3D-Kartierung der Objekte, was fiir die effizi-
ente Inventarisierung und fiir eine zukiinftige Ver-
anderungsanalyse wesentlich ist. Testmessungen
mit dem mobilen Messfahrzeug des Instituts Ver-
messung und Geoinformation der Fachhochschule
Nordwestschweiz haben gezeigt, dass die entwi-
ckelten Algorithmen fiir die automatisierte Ver-
kehrszeichenkartierung auch bei schlechten Be-
leuchtungsverhiltnissen sehr leistungsfihig sind.
Es konnen etwa 90 % der relevanten Verkehrszei-
chen mit iiberwiegend roten, blauen und gelben
Farbanteilen im Normal- und Kleinformat in der
Schweiz detektiert und 85 % korrekt klassifiziert
werden. Zudem ist eine vollautomatische Kartie-
rung mit einer 3D-Genauigkeit von unter 10 cm
moglich.

1 Einleitung

Entlang von Straen in westeuropdischen
Léndern sind sehr viele Verkehrszeichen an-
gebracht. In der Schweiz sind es zurzeit etwa
5 Millionen. Vielfach fehlen den Eigentiimern
digitale Informationen iiber Position, Zustand
sowie ZweckmaéBigkeit dieser Verkehrszei-
chen. Nach Meinung verschiedener Exper-
ten sind beispielsweise viele Verkehrszeichen

© 2012 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany

DOI: 10.1127/1432-8364/2012/0144

iberfliissig. So wird geschétzt, dass die unnd-
tige Beschilderung in der Schweiz den Bund,
die Kantone und die Gemeinden jdhrlich meh-
rere Millionen Franken kostet (ScHWEIZER
FERNSEHEN 2008).

Zur Analyse und Losung dieser Probleme
und Fragestellungen bietet sich ein digita-
les Verkehrszeicheninventar an. Um ein sol-
ches Inventar anzulegen, wurden die Sach-
daten und dokumentarische Bildinformation

www.schweizerbart.de

1432-8364/12/0144  $ 3.75
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der Verkehrszeichen in der Regel aufwéndig
vor Ort manuell erfasst und die Position mit
einem GNSS-Empfianger im Meter- bis Dezi-
meterbereich bestimmt. In den letzten Jahren
erfolgte die Kartierung und Inventarisierung
aber auch zunehmend auf Grund von Daten,
welche mit mobilen Messfahrzeugen erfasst
wurden. Der Vorteil liegt darin, dass die 3D-
Objekte sehr effizient kartiert werden koén-
nen, ohne den Verkehrsfluss zu stéren und das
Vermessungspersonal zu gefdhrden. In Bel-
gien konnten Verkehrszeichen iiber das gan-
ze Landesgebiet anhand von Laserscanning-
Daten detektiert werden; die Ableitung der
Sachdaten erfolgte aber groftenteils manuell
(TrivMBLE 2009). In den Niederlanden wurde

die Verkehrszeichenkartierung auf der Ba-
sis von Panoramabildern, welche im Abstand
von 5 m vorliegen, manuell vorgenommen (DE
With et al. 2010). Kénnen Verkehrszeichen
aus georeferenzierten Bilddaten groftenteils
automatisch extrahiert werden, reduziert sich
der manuelle Kartierungsaufwand massiv. Al-
gorithmen fiir die Verkehrszeichenextraktion
aus Monobildern sind in MALDONADO-BASCON
et al. (2008) beschrieben. In diesem Beitrag
werden Algorithmen présentiert, die es erlau-
ben, Verkehrszeichen aus mobil erfassten Ste-
reobildsequenzen automatisch und benutzer-
unterstiitzt zu extrahieren, die 3D-Position im
gewiinschten geoditischen Referenzrahmen
zu bestimmen und diverse Sachdaten aus den
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Abb. 1: Verkehrszeichen in der Schweiz, welche mit den entwickelten Algorithmen automatisch
detektiert, klassifiziert und kartiert werden kénnen. Gliederung nach dominanter Farbe (Zeilen)

und nach Form (Spalten).
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Bilddaten automatisch abzuleiten. Diese Al-
gorithmen wurden vorerst auf die Verkehrs-
zeichen in der Schweiz optimiert, welche un-
terschiedliche Farben und Formen aufweisen
sowie je nach Straentyp in vier verschiede-
nen Normgroflen vorkommen konnen (siche
Abb. 1). Sie lassen sich aber auch auf andere
Lénder iibertragen. Da die Anwendung nicht
fiir Fahrerassistenzsysteme oder intelligente
autonome Fahrzeuge ausgelegt ist, sondern
das Ziel explizit in der Kartierung, Inventa-
risierung und Bewirtschaftung von Verkehrs-
zeichen liegt, hat die Echtzeitfahigkeit der Al-
gorithmen nicht erste Prioritdt. Stattdessen
liegt der Fokus auf Vollstindigkeit, Korrekt-
heit und geometrischer Genauigkeit.

Im folgenden Kapitel werden bestehende
Ansitze fiir die Detektion, Klassifizierung
und Kartierung von Verkehrszeichen erldu-
tert. Nach der Vorstellung des Losungsansat-
zes in Abschnitt 3 erfolgt die Présentation der
entwickelten Algorithmen und Softwaremo-
dule in Abschnitt 4. Die Untersuchungen und
Resultate sind in Abschnitt 5 beschrieben. Im
letzten Abschnitt wird nach einem Fazit ein
Ausblick auf laufende und zukiinftige Ent-
wicklungen gegeben.

2 Verwandte Arbeiten

Die meisten Ansétze zur Thematik der bildba-
sierten Verkehrszeichenextraktion lassen sich
in zwei Hauptschritte unterteilen. Zuerst er-
folgt die Detektion der Verkehrszeichen in der
Bildszene mit dem Ziel, mogliche Kandidaten
zu lokalisieren. Um fiir jeden Kandidaten die
korrekte Verkehrszeichenart zu bestimmen,
ist danach eine Klassifizierung erforderlich.
Einige der malgebenden existierenden An-
sitze fiir die Detektion und Klassifizierung
der Verkehrszeichen sind in diesem Abschnitt
dokumentiert. Eine detaillierte Zusammen-
stellung von unterschiedlichen Methoden mit
ihren Merkmalen ist in Ncuwi & Kouzani
(2008) gegeben. Ist zusétzlich die absolute Po-
sition der detektierten Zeichen von Interesse,
fallt als dritter Schritt noch die Kartierung der
Verkehrszeichen an.

2.1 Detektion von Verkehrszeichen

Das Ziel der Detektion besteht darin, in ei-
nem Kamerabild Verkehrszeichenkandidaten
zu finden. Ausgangsbasis ist dabei vielfach
die Farbinformation. Wird eine Farbsegmen-
tierung mit Schwellwerten vorgenommen,
kann schnell auf die Suchregionen fokussiert
werden. Da der RGB-Farbraum empfindlich
auf Anderungen der Lichtverhiltnisse durch
Schatten, Beleuchtungs- und Betrachtungs-
geometrie sowie auf starke Reflektionen re-
agiert, erfolgt die Segmentierung in der Regel
im HSV-Farbraum mit den Farbton- und Sét-
tigungs-Komponenten (FLEYEH 2006, MALDO-
NADO-Bascon et al. 2008, Fu & Huanc 2010).
Jau et al. (2008) haben umfangreiche Untersu-
chungen zu den Unterschieden zwischen dem
RGB- und HSV-Farbraum vorgenommen und
festgestellt, dass fiir die Verkehrszeichende-
tektion die Farbsegmentierung im HSV-Farb-
raum besser als im RGB-Raum geeignet ist.
MADEIRA et al. (2005) verwenden fiir die Farb-
segmentierung die Farbton- und die chroma-
tische RGB-Komponente, welche nach pE LA
EscaLerA et al. (2004) berechnet wird. Dies
weil die Sattigungs-Komponente im Gegen-
satz zur chromatischen RGB-Komponente fiir
kleine Werte sehr empfindlich auf Rauschen
reagiert (MADEIRA et al. 2005). Nach GARcia-
GaRrIDO et al. (2006) treten Segmentierungs-
probleme bei vorwiegend weillen Verkehrs-
zeichen und bei Beleuchtungsunterschieden
auf. Formbasierte Methoden zeigen eine gro-
Bere Robustheit beziiglich variabler Beleuch-
tungsverhiltnisse. Obwohl diese Methoden
schnell in der Ausfithrung und ziemlich ein-
fach zu implementieren sind, produzieren sie
viele Kandidatenobjekte, was fiir die folgen-
den Schritte mehr Aufwand bedeutet (GOMEZ-
Moreno et al. 2010).

2.2 Klassifizierung von
Verkehrszeichen

Bei der Klassifizierung geht es darum, fiir
den beim Detektionsprozess ermittelten Ver-
kehrszeichenkandidaten den richtigen Typ zu
bestimmen. Dabei kommen in vielen Féllen
neuronale Netzwerke zum Einsatz (DE LA Es-
CcALERA et al. 2003, Nouwi & Kouzant 2008,
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Hossain et al. 2010). Diese erfordern zusitz-
lich zur Implementierung ein umfassendes
Training der Algorithmen, das Eingangsbild
muss aber nicht in eine andere Raumreprésen-
tation transformiert werden (FLEYEH & Dou-
GHERTY 2005). REN et al. (2009) zeigen, dass
der Trainingsprozess im Fall einer umfassen-
den Verkehrszeichenklassifizierung sehr viele
Trainingsbilder mit unterschiedlicher Skalie-
rung, Orientierung und Beleuchtung benétigt.
Neuronale Netzwerke werden daher vielfach
nur fiir wenige bestimmte Verkehrszeichen
wie Geschwindigkeitsbegrenzungen verwen-
det. Gao et al. (2006) schreiben, dass die neu-
ronalen Netzwerke neu trainiert werden miis-
sen, wenn ein weiteres Referenzmuster hinzu-
gefiigt wird, was viel Zeit in Anspruch nimmt.
Beim Template Matching handelt es sich um
ein intensitétsbasiertes Bildzuordnungsver-
fahren zwischen Referenz- und Suchbild. Fiir
die Klassifizierung wird es unter anderem von
Picciour et al. (1996) und MaLik et al. (2007)
eingesetzt. Ein neues Referenzmuster kann
problemlos hinzugefiigt werden. Das Tem-
plate Matching in seiner Grundform weist
aber keine Robustheit auf Skalierung, Rota-
tion oder allgemein auf affine Transformatio-
nen auf und reagiert empfindlich auf Beleuch-
tungsunterschiede (ReN et al. 2009).

2.3 Weitere Ansétze fiir die Detektion
und Klassifizierung von
Verkehrszeichen

Viele Ansitze lassen sich nicht nur fiir die De-
tektion oder Klassifizierung von Verkehrszei-
chen einsetzen, sondern sind fiir beide Aufga-
ben geeignet. Einige davon werden nachfol-
gend diskutiert.

Die Hough-Transformation reagiert geméaf
Ncuwi & Kouzant (2008) tolerant auf Lii-
cken und ist nicht sehr anféllig auf Rauschen.
Durch die unterschiedlichen Normgréen und
Formen der Verkehrszeichen, sowie durch die
teilweise ungleiche Ausdehnung in den Ko-
ordinatenrichtungen, miissen viele MaBsté-
be gepriift werden, was sich negativ auf die
Rechenzeit und den Speicherbedarf auswirkt.
Somit konnen fiir Echtzeitanwendungen nur
schnellere abgednderte Methoden eingesetzt
werden (Ncuwi & Kouzant 2008). Auch CHu-

TATAPE & Guo (1999) zdhlen die lange Rechen-
zeit und den hohen Speicherbedarf der stan-
dardisierten Hough-Transformation zu den
Nachteilen. Um dies zu verbessern, wird eine
modifizierte Variante der Hough-Transforma-
tion vorgeschlagen (CHUTATAPE & Guo 1999).
Diese Variante verwenden Kim et al. (2006)
fiir die Verkehrszeichendetektion, nachdem
vorgédngig Kanten mit dem Canny-Operator
aus den Bilddaten extrahiert wurden. BARRI-
LE et al. (2007) fiihren die Formdetektion mit
der standardisierten Hough-Transformati-
on durch; fiir die Klassifizierung verwenden
sie die generalisierte Hough-Transformation.
Diese wird auch von Hagis et al. (1999) auf
Kanten angewandt, welche mit dem Canny-
Filter extrahiert wurden.

Fiir die Detektion und Klassifizierung von
Verkehrszeichen werden zunehmend die An-
sitze von Support Vector Machines (SVM)
und Scale Invariant Feature Transform (SIFT)
verfolgt. Beim SIFT-Ansatz nach Lowk (2004)
sind die extrahierten Merkmale invariant ge-
gen Translationen, Rotationen und Skalierung
und robust gegen Beleuchtungsidnderungen,
Bildrauschen und kleine geometrische De-
formationen (REITERER et al. 2009, REN et al.
2009). FLEYEH & DouGHERTY (2008) stellen
eine Echtzeit-Anwendung fiir schwedische
Verkehrszeichen vor. Mehr als 3400 Bilder
kamen fiir das Training und diverse Tests zum
Einsatz. Dabei wurden zwei Stufen von SVM
trainiert. Die erste Stufe dient der Formdetek-
tion und die zweite der Erkennung der Pikto-
gramme (FLEYEH & DouGHERTY 2008). MAL-
DONADO-Bascon et al. (2007) verwenden fiir
die Detektion und anschliessende Formklassi-
fizierung eine lineare SVM und fiir die Erken-
nung des Inhalts eine SVM mit Gauss-Kernel.
Ein Verkehrszeichen wird nur dann korrekt
detektiert, wenn es in mehr als einem Bild
vorkommt. Somit ergeben sich wenige ‘False
Positives’. Die implementierten Algorithmen
sind invariant bei Translation, Rotation, Ska-
lierung und in vielen Fillen bei partiellen Ver-
deckungen (MALDONADO-BASCON et al. 2007).
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2.4 Extraktion unterschiedlicher
Verkehrszeichen

In der Regel wird entweder auf die Detektion
oder die Klassifizierung von Verkehrszeichen
fokussiert; praxistaugliche Gesamtlosungen
mit zusdtzlicher automatischer Kartierung
sind kaum implementiert. In mehreren Fil-
len wird auch nur eine semantische Kategorie
wie Geschwindigkeitszeichen behandelt. Im
Gegensatz dazu haben Ren et al. (2009) eine
Echtzeit-Anwendung fiir fast alle Verkehrs-
zeichen in Neuseeland implementiert. Die De-
tektion wird mit einer Farbsegmentierung im
HSV-Farbraum vorgenommen. Es folgt eine
Hough-Transformation und ein anschliessen-
des Matching mit SIFT- oder SURF-Merk-
malen. Mit den in MALDONADO-BASCON et al.
(2008) vorgestellten Algorithmen lassen sich
mehr als 300 verschiedene Verkehrszeichen in
Spanien erkennen. Die Anwendung funktio-
niert sowohl fiir urbane als auch fiir landliche
Umgebungen. Anpassungen fiir Verkehrszei-
chen in anderen Lindern konnen ohne wei-
teres vorgenommen werden (MALDONADO-
Bascon et al. 2008). Ein System, welches Ver-
kehrszeichen verschiedener Lander detektie-
ren und klassifizieren kann, wurde von KHAN
et al. (2011) entwickelt. Sie haben diverse Far-
ben und Formen beriicksichtigt, und die Algo-
rithmen sind invariant bei Translation, Rotati-
on, Skalierung und partiellen Verdeckungen.

2.5 Kartierung von Verkehrszeichen

Um Verkehrszeichen zu inventarisieren, wur-
den bis vor kurzem die Koordinaten mit einem
handgefiihrten GNSS-Empféinger gemessen,
das Zeichen mit einer Digitalkamera fotogra-
fiert und die Sachdaten mit Hilfe eines GIS-
Clients vor Ort erfasst. Anhand eines mobi-
len PDA-basierten Geoinformationssystems
konnen all diese Arbeiten mit nur einem Gerit
durchgefiihrt werden. Ein solches wurde von
BenEesova et al. (2007) fiir die Inventarisie-
rung von Verkehrszeichen eingesetzt, wobei
die Klassifizierung halbautomatisch erfolgte.
Die bisherige Forschung und Entwicklung
im Bereich der Detektion und Klassifizie-
rung von Verkehrszeichen war grofitenteils
getrieben durch die Bediirfnisse der Automo-

bilindustrie (vgl. Abschnitte 2.1 bis 2.4). Da-
bei sind die Aspekte Fahrerassistenz und Si-
cherheit zentral, womit in der Regel auf rote
Gefahren-, Vorschrifts- oder Vortrittssignale
fokussiert wurde. Die automatisierte exakte
Lokalisierung bzw. Kartierung von sdmtli-
chen Verkehrszeichen spielte demgegeniiber
eine deutlich geringere Rolle, was sich in ei-
ner kleineren Anzahl entsprechender For-
schungsarbeiten niederschldgt. Zu den beson-
ders relevanten Arbeiten im Bereich der auto-
matisierten Kartierung von Verkehrszeichen
gehoren sowohl MaDERA et al. (2005), Kim
et al. (2006) und Baro et al. (2009), welche
die absolute 3D-Koordinatenbestimmung von
Objektpunkten aufgrund von Stereobilddaten
vornehmen, als auch Shi et al. (2008), die ei-
nen kombinierten Ansatz von Bild- und La-
serscanning-Daten verwenden. Wéhrend SHi
et al. (2008) eine Genauigkeit von circa 30 cm
erreichen, kdnnen MADEIRA et al. (2005) Kar-
tierungen nur im Meterbereich vornehmen.
Die exakte 3D-Kartierungsmoglichkeit in ei-
nem globalen geoditischen Bezugssystem ist
wesentlich und gewinnt zunehmend an Be-
deutung, da dadurch digitale Inventare fiir
eine Reihe allgemeiner GIS-basierter Aufga-
benstellungen, z.B. Verkehrsplanung, Change
Detection, Simulationen, Uberlagerung und
Nachfiihrung von existierenden oder projek-
tierten Geodaten in Mixed-Reality Umgebun-
gen, angelegt werden konnen.

3 Ldsungsansatz auf Basis der
Stereodisparitat

Beim entwickelten und nachfolgend vorge-
stellten Ansatz bildet die Nutzung der Tiefen-
karten aus Stereobildaufnahmen ein zentrales
Element. Obwohl die Tiefeninformation aus
Dense-Stereo-Matching ein riesiges Potenti-
al hat, wurde sie fiir die Extraktion von Ver-
kehrszeichen noch gar nicht oder wie von Cy-
GANEK (2008) nur als optionaler Bestandteil
fiir die Suchraumeinschrankung (Untertei-
lung in nahe Regionen und Hintergrund) ver-
wendet. Anhand der Stereobilder konnen die
Verkehrszeichen auch dreidimensional kar-
tiert werden, was mit Monobildern nur sehr
umsténdlich und mit beschriankter Genauig-
keit moglich ist.
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Fir die Datenerfassung kann ein Stereo-
bild-basiertes Mobile Mapping System wie
dasjenige des Instituts Vermessung und Geo-
information (IVGI) der Fachhochschule Nord-
westschweiz (FHNW) eingesetzt werden (sie-
he Abb. 2, links). Bei diesem Messsystem ste-
hen fiir die Bildaufnahme zurzeit zwei Ste-
reosysteme mit einer Stereobasis von je circa
90 cm und Industriekameras unterschiedli-
cher Auflésung (Full-HD und 11MPixel) zur
Verfiigung. Zur direkten Georeferenzierung
der Stereobildpaare dient ein Navigationssys-
tem POS LV 210 von Applanix, bestehend aus
einem GNSS-Empfinger, einer Inertialmess-
einheit und einem Distanzmessindikator. Di-
verse Testfahrten mit dieser multifunktiona-
len Forschungsplattform haben ergeben, dass
fiir gut signalisierte Punkte bei einer ausrei-
chenden GNSS-Konstellation 3D-Genauig-
keiten von 2—3 ¢m mdglich sind.

Um vereinfachte Verfahren fiir die Folge-
operationen zu ermdglichen, sind die mit dem
mobilen Messfahrzeug erfassten und genédhert
parallelen Stereobilder mittels Rektifizierung
in den Stereonormalfall umzurechnen, nach-
dem die Verzeichnungskorrektur angebracht
wurde. Auf Grund der resultierenden Nor-

Seevenlsdld-hasiprivs Mobibe Vapping System

malbilder wird mit einem Stereo-Matching-
Algorithmus fiir jedes Pixel die Disparitét
bzw. x-Parallaxe ermittelt. Fiir jede Dispa-
ritdt kann danach anhand der Stereogeome-
trie (Basis und Kamerakonstante) ein Tie-
fenwert berechnet werden, deren Gesamtheit
eine Tiefenkarte bildet. Fiir die vorliegenden
Untersuchungen erfolgt das Dense Matching
mit dem in OpenCV implementierten Semi-
Global-Block-Matching-Algorithmus  (OpPEN-
CV 2012), der einige Unterschiede zu dem
von HIRsCHMULLER (2008) entwickelten Semi-
Global-Matching-Algorithmus aufweist (z.B.
Berechnung der Matchingkosten). Die semi-
globale Zuordnung basiert auf einer global zu
optimierende Kostenfunktion, welche durch
Aufsummierung der Kosten auf ausgewdhl-
ten Pfaden approximiert wird. Dank dieser
Approximation kann dieser semi-globale Zu-
ordnungsalgorithmus fiir groe Bilder, insbe-
sondere auch fiir hochaufgeloste Luftbilder,
eingesetzt werden. Ein Vergleich des SGM-
Algorithmus mit einer Vielzahl alternativer
Stereo-Algorithmen ist auf der Middlebury
Stereo Webseite (SCHARSTEIN & SzgLisk1 2012)
gegeben.

Dense Matching mit dem
Semi-Gilahal-Block-
Matching-Algorithmus

l

Narmalidlder Tlefenkarte

! l

Automatische Detektion, Klassifizierung und Kartierung
von Verkehrszeichen

oo

Hipsy
Referemommsier 1

l !

2
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Abb. 2: Eingangs- und Ausgabedaten fiir die automatische Detektion, Klassifizierung und 3D-

Kartierung von Verkehrszeichen.
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Sowohl Normalbilder als auch Tiefenkarten
sind fiir die anschliessende automatische De-
tektion und Kartierung von Verkehrszeichen
notwendig (siche Abb. 2). Fiir die Klassifizie-
rung werden zusétzlich Referenzmuster von
allen moglichen Verkehrszeichen bendtigt.
Diese konnen im Falle der Schweiz beispiels-
weise von der Webseite WikiPEDIA (2012) im
PNG-Format heruntergeladen werden. Nach
erfolgreicher Detektion, Klassifizierung und
Kartierung sind die Bildregion, die Sachdaten
sowie die 3D-Position des Verkehrszeichens
bekannt.

Bei den entwickelten Algorithmen werden
die Stereodisparitdten bzw. die daraus abge-
leiteten Tiefenkarten fiir unterschiedliche
Aufgaben verwendet:

e Einschrinkung des Suchraums durch den
vordefinierten Distanzbereich.

® Definition von distanzabhéngigen Bedin-
gungen fiir die Farbsegmente.

® Bestimmung von Regionen mit dhnlichen

Tiefenwerten.
® Berechnung der 3D-Position.
® Einschrinkung des Wertebereichs fiir die

MaBstdbe bei der Hough-Transformation.

4 Entwickelte Algorithmen und
Softwaremodule

Der vorgestellte Losungsansatz auf der Basis
von Stereobilddaten und Tiefenkarten wurde
mit einer Reihe von Algorithmen und Soft-
waremodulen in Matlab umgesetzt. Diese de-
cken den gesamten Ablauf von der automati-
schen Detektion iiber die Klassifizierung bis
zur Kartierung von Verkehrszeichen ab (siehe
Abb. 3) und werden nachfolgend erlédutert.

4.1 Automatische Detektion von
Verkehrszeichen

Als Eingangsdaten sind von jedem Stereobild-
paar das linke Normalbild und die entspre-
chende Tiefenkarte erforderlich (siche Abb. 4).
Im unteren Drittel des Normalbildes sind kei-
ne permanenten Verkehrszeichen zu erwar-
ten, weshalb dieser mit einem schwarzen
Band ausmaskiert wird. Da die Farbton- und
Sattigungs-Komponenten kaum auf unter-

schiedliche Beleuchtungsverhiltnisse reagie-
ren und mit diesen somit bessere Ergebnisse
bei der Detektion von Verkehrszeichen erzielt
werden konnen, wird das RGB-Normalbild
in den HSV-Farbraum transformiert. Um den
Suchraum im Normalbild einzuschrinken,
wird die Tiefenkarte auf einen vordefinierten
Distanzbereich reduziert. Das gewéhlte Basis-
Tiefenverhéltnis liegt zwischen 0.06 und 0.25,
womit auch Verkehrszeichen detektiert wer-
den konnen, die an einer benachbarten Fahr-
bahn anliegen. Zudem kann mit einer hohen
Bildaufnahmerate das gleiche Zeichen redun-
dant detektiert und klassifiziert werden. Die
Segmentierung von roten, blauen und gelben
Farbregionen erfolgt anhand von Schwellwer-
ten fiir die Farbton- und Sattigungs-Kompo-
nenten, welche empirisch auf Grund von meh-
reren Bildern verschiedener Messfahrten er-
mittelt wurden. Fiir blaue Segmente ergab sich
beispielsweise ein Farbtonbereich zwischen
0.52 und 0.72 sowie ein Sittigungsbereich
zwischen 0.20 und 0.80. Liegt der Farbtonwert
zwischen 0.04 und 0.19 und ist der Sattigungs-
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Abb. 3: Entwickelte Algorithmen fir die auto-
matische Detektion, Klassifizierung und 3D-
Kartierung von chromatischen Verkehrszei-
chen (graue Felder: Operationen nutzen die
Disparitats- bzw. Tiefeninformation).
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wert grofler als 0.50 und kleiner als 0.98, han-
delt es sich um Pixel eines gelben Segments.
Nach den morphologischen Bildoperationen
Offnen, SchlieBen und Fiillen wird gepriift, ob
die Farbsegmente einer bestimmten Fléchen-
grofe, welche von der jeweiligen Aufnahme-
distanz des Segments abhédngig ist, entspre-
chen. Ist dies der Fall, erfolgt die Bestimmung
der Form mit den zwei Merkmalen Kreisfor-
migkeit und Fiillungsgrad. Diese lassen sich
wie folgt berechnen:

4 x r x Flache des Segments

Kreisformigkeit = >
( Umfang des Segments)

)
Fiillungsgrad

Fléche des Segments

B Flache des umschliessenden Rechtecks @

Die Differenzen zwischen der Ausdehnung
der Segmente und den genormten Seitenlén-
gen, welche in der Signalisationsverordnung
(ScuwEeizER BUNDESRAT 1979) definiert sind,
diirfen ein Toleranzintervall von beispiels-
weise 10 cm nicht tiberschreiten. Die Tiefen-

karten dienen dabei der Bestimmung der me-
trischen Breite und Hohe des Segments im
Objektraum. Die gerundeten Seitenldngen
sollten dem Klein- oder Normalformat in der
Schweiz entsprechen. Nachdem auf der dis-
tanzreduzierten Tiefenkarte ein Schliessen
und eine Dilatation ausgefiihrt wurden, er-
folgt die Generierung von Ebenensegmenten.
Dies sind Regionen, in denen die Bildpunk-
te sehr geringe Tiefenunterschiede aufweisen.
Die Segmente werden wiederum mit morpho-
logischen Bildoperationen (Offnen, Schlie-
Ben und Dilatation) generalisiert. Der Quoti-
ent aus Flache des Ebenensegments innerhalb
des Farbsegments (Verschnitt Abb.4g und
Abb. 4k) und Gesamtflache des Farbsegments
(Abb. 4g) bildet den Detektionsindikator. Die-
ser dient zur Beurteilung der Giite des Detek-
tionsprozesses.

4.2 Automatische Klassifizierung und
Kartierung von Verkehrszeichen

Fiir die Klassifizierung der Verkehrszeichen
wird ein kreuzkorrelationsbasiertes Template
Matching mit vordefinierten Referenzmustern

Abb. 4: Automatische Detektion eines rechteckigen Verkehrszeichens mit vorwiegend blauen
Farbanteilen (a: linkes Normalbild, b: Farbton-Komponente, c¢: Sattigungs-Komponente, d: dis-
tanzreduzierte Farbton-Komponente, e: distanzreduzierte Sattigungs-Komponente, f: blaue Farb-
segmente (binarisiert), g: blaue Farbsegmente nach morphologischen Operationen, h: Tiefenkar-
te, i distanzreduzierte Tiefenkarte, j: Ebenensegmente, k: Ebenensegmente nach morphologi-
schen Operationen).
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durchgefiihrt (siche Abb.5). Dabei werden
nicht alle Muster gepriift, denn durch einen
hierarchischen Klassifizierungsansatz kann
die Kandidatenmenge auf Grund von Farbe
und Form wesentlich reduziert werden. Ver-
kehrszeichenarten, welche auf den erfassten
Straflenabschnitten nicht vorkommen, konnen
vom Klassifizierungsprozess ausgeschlossen
werden.

Es wird das Referenzmuster bestimmt, mit
welchem iiber den Suchbereich der grofite nor-
mierte Kreuzkorrelationskoeffizient ermittelt
wird. Dieser Wert dient auch als Klassifizie-
rungsindikator. Uberschreitet er einen vorde-
finierten Schwellwert, gilt die Klassifizierung
als erfolgreich.

Die GroBe des Suchbildes ist durch den
Verkehrszeichenausschnitt im Normalbild zu-

histig iy Rl
mit Schwmlitwnrt fur Binarsismng

ziiglich eines definierbaren Bereichs (z.B. 10
Pixel) auf jeder Seite definiert. Das Referenz-
muster wird auf die Ausdehnung des Farbseg-
ments innerhalb des Suchbildes skaliert. Die
Berechnung der Korrelation erfolgt auf Grund
desjenigen Kanals, welcher bei empirischen
Untersuchungen die groBte Ahnlichkeit zwi-
schen einem realen Verkehrszeichenbild und
dem entsprechenden synthetischen Referenz-
muster zeigte. Bei roten Verkehrszeichen ist
dies der blaue Kanal, bei blauen der rote und
bei gelben die Séttigungs-Komponente. Pixel
des Suchbildes, welche im Referenzmuster
weil} sind, weisen je nach Bildqualitdt einen
zu tiefen Grauwert auf (siche Abb. 5). Um die
Matching-Ergebnisse zu verbessern, werden
somit alle Pixelwerte des Suchbildes auf weif3
(maximaler Grauwert) oder schwarz (Null)

0000000
00000000
QOO00OOO
sicizlal 1 Jolc)
©ev0

!
00000006
00000600
QOO0
QOOB®R0O6
©000
/

Aras Basad Madehing, mil Nr. 342 ma vos 302
1

o
= I

=
b

Hesmiarie
Hraistkoanmalmions koo el
=
E? gl L.

(R —
Relwranzmusiar-Hummar

@

Abb. 5: Automatische Klassifizierung eines roten runden Verkehrszeichens mit kreuzkorrelations-

basiertem Template Matching.
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gesetzt. Die Ermittlung des dafiir benétigten
Schwellwertes erfolgt dynamisch auf Grund
der Grauwertverteilung des Suchbildes. Dabei
wird jener Grauwert bestimmt, bei welchem
der Wert des Summenhistogramms grofBer als
ein bestimmter prozentualer Anteil der be-
trachteten Pixel ist. Bei Dreiecken ist dieser
Anteil 40 % und bei den restlichen Formen
75 %. Die Grauwerte vom Maximum des lin-
ken und rechten Bereichs im Grauwerthisto-
gramm werden ermittelt, der Mittelwert dient
als Schwellwert.

Wenn ein Verkehrszeichen detektiert und
klassifiziert werden konnte, erfolgt dic Be-
stimmung der 3D-Objektkoordinaten. Fiir
die Berechnung der Modellkoordinaten sind
die Tiefeninformation und die Bildkoordina-
ten des Schwerpunktes sowie die Parameter
der inneren Orientierung notwendig. Die an-
schlieBende Transformation in den gewiinsch-
ten geoditischen Referenzrahmen setzt vor-
aus, dass die dusseren Orientierungsparame-
ter des linken Normalbildes bekannt sind.

Unterschiedliche Sachdaten wie die Lan-
deskoordinaten des Schwerpunktes, die Re-
ferenzmusternummer und die genormten Sei-
tenldngen werden automatisch bestimmt und
in eine Textdatei ausgegeben. Diese kdnnen
fiir den Aufbau oder die Aktualisierung eines
Geoinformationssystems genutzt werden.

4.3 Benutzeruntersttitzter Ansatz

Verkehrszeichenkandidaten, welche einen zu
niedrigen Detektions- oder Klassifizierungs-
indikator aufweisen, miissen nachtraglich
durch den Benutzer verifiziert werden. Dafiir
steht eine grafische Benutzeroberfliche zur
Verfiigung. Félschlicherweise als Verkehrs-
zeichen segmentierte Regionen kdnnen ver-
worfen und eine falsche Klassenzuweisung
korrigiert werden. Wurde ein Verkehrszei-
chen nicht automatisch detektiert, kann es in-
teraktiv aus den Bilddaten extrahiert werden,
indem der Schwerpunkt digitalisiert wird.
Die manuelle Digitalisierung tibernimmt die
Rolle der Suchraumeinschrinkung aus Ab-
schnitt 4.1, ansonsten kommen die gleichen
Algorithmen wie beim automatischen Ansatz
zum Zuge. Dies ist vor allem dann hilfreich,
wenn schlechte Tiefenkarten vorliegen. Sind

die Schwellwerte fiir die Farbsegmentierung
nicht gut gewéhlt, kann die ebenfalls imple-
mentierte Hough-Transformation zu besse-
ren Ergebnissen fithren. Dabei werden je nach
Farbe die Formen Kreis, Rechteck, Quadrat,
Dreieck und Raute getestet.

4.4 Detektion von achromatischen
Verkehrszeichen

Fiir die Farbsegmentierung von weilen und
grauen Verkehrszeichen erwies sich die Be-
stimmung von robusten Schwellwerten fiir
die Farbton- und Séttigungs-Komponenten
als untauglich, da fiir entsprechende Fldachen
in den Bilddaten keine klaren Grauwert-In-
tervalle ausgemacht werden konnten. Zudem
weisen viele Bildpunkte in der Umgebung der
Verkehrszeichen dhnliche Grauwerte auf. Der
Ansatz von PacLik et al. (2000) konnte auch
nicht verfolgt werden, da die Bestimmung ei-
nes festen Intervalls fiir die Hellwert-Kompo-
nente nicht erfolgreich war.

Nach GomEZ-MoRrEeNo et al. (2010) kann die
Segmentierung von achromatischen Farben
durch die Verwendung der chromatischen/
achromatischen Dekomposition verbessert
werden. Dafiir sind mehrere Ansdtze denk-
bar, welche von ihnen vorgestellt und evalu-
iert werden. Der chromatische/achromatische
Index, welcher von Liu et al. (2002) entwickelt
wurde, ist einer davon und lésst sich wie folgt
berechnen:

R-G|+|G-B|+|B-R

CAD(R,G,B) = D

R, G, B reprisentieren die Farbkomponen-
ten fiir ein gegebenes Pixel und D ist der Ex-
traktionsgrad einer achromatischen Farbe.
Ist der CAD-Wert kleiner oder gleich 1, han-
delt es sich um eine achromatische Farbe. Bei
weillen Verkehrszeichen muss zusitzlich die
Summe von R, G, B groBler als ein definierter
Schwellwert sein (GoMEzZ-MoRENO et al. 2010).
Bei Liu et al. (2002) und MALDONADO-BASCON
et al. (2007) werden die besten Ergebnisse mit
D =20 erzielt, bei GoMEzZ-MoRrENoO et al. (2010)
mit D = 30 und einem Schwellwert fiir weil}
von 180. Diese Resultate konnten mit den vor-
liegenden Bilddaten nicht reproduziert wer-
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den. Somit wurde fiir die automatische Detek-
tion von weillen und grauen Verkehrszeichen
die generalisierte Hough-Transformation um
die Tiefeninformation erweitert. Dabei wer-
den zunidchst Kanten mit dem Canny-Ope-
rator auf Grund der Hellwert-Komponente
extrahiert. Alle Kantenpixel, welche sich in
den Ebenensegmenten befinden, dienen als
Eingabe fiir die Hough-Transformation. Ge-
priift werden die Formen Kreis und Recht-
eck. Die Einschrinkung des Wertebereichs
fiir die MaBstébe erfolgt mit der Distanz zum
Verkehrszeichen, wofiir wiederum die Tie-
fenkarte zur Anwendung kommt. Fiir die an-
schlieBende Klassifizierung wird erneut das
Template Matching aus Abschnitt 4.2 durch-
gefiihrt.

5 Untersuchungen und Resultate

Fiir die Giiteuntersuchungen der entwickel-
ten Algorithmen wurden mehr als 4000 geo-
referenzierte Stereobildpaare von einer Mess-
fahrt mit dem mobilen Kartierungsfahrzeug
des IVGI in Muttenz bei Basel verwendet. Die
dabei eingesetzten Kameras, welche in einem
Abstand von 92,7 cm montiert waren, weisen
eine Kamerakonstante von 7,9 mm auf. Die Pi-
xelgroBe betrdgt 7,4 um bei einer Sensorgrofe
von 1926 x 1082 Pixel. Die Messfahrt erfolgte
Mitte November 2010 bei bewodlktem Himmel
und entsprechend ungiinstigen Beleuchtungs-
verhdltnissen, was dunkle Bildaufnahmen zur
Folge hatte. Pro Sekunde wurden 5 Full-HD-
Stereobildpaare bei einer Fahrgeschwindig-
keit von circa 40 km/h erfasst, was einem Ste-
reobildabstand von etwa 2 m entspricht.

5.1 Detektions- und
Klassifizierungsglite

Fiir die Beurteilung der Detektions- und Klas-
sifizierungsergebnisse erfolgte eine Untertei-
lung in Hauptstraen und Quartierstrafen.
Relevante Verkehrszeichen mit iiberwiegend
roten, blauen und gelben Farbanteilen wurden
bestimmt. In diesem Fall waren dies vor al-
lem rechts an der Strafle anliegende Verkehrs-
zeichen, welche normalerweise senkrecht zur
Fahrtrichtung ausgerichtet sind. Dies repré-
sentiert die Verkehrszeichen, welche in der
Regel entlang von Hauptstralen anzutreffen
sind.

Bei der Prozessierung im Distanzbereich
von 4 bis 14 m konnten mit den entwickelten
Algorithmen 89 % der relevanten Verkehrs-
zeichen automatisch detektiert werden (siche
Tab. 1). Korrekt klassifiziert wurden auf ei-
ner HauptstraBe 86 % und auf Quartierstra-
Ben 82 %. Wie bei HOFERLIN & ZIMMERMANN
(2009) wurde auch der Indikator fiir die Prazi-
sion der Detektion berechnet:

Priizision = _TIP “4)
TP+ FP

Dabei ist die Anzahl der ‘True Positives’
TP durch die Summe der ‘True Positives’ und
‘False Positives’ FP zu dividieren. Die hohen
Werte in Tab. 1 sagen aus, dass sehr wenige
Segmente félschlicherweise als Verkehrszei-
chen ermittelt wurden.

Dass einige Verkehrszeichen nicht detek-
tiert oder klassifiziert werden konnten, beruht
auf unterschiedliche Ursachen. Bei der De-
tektion im Bereich von Baustellen ist es mog-
lich, dass aufgrund von Abschrankungen und
Warnvorrichtungen viele rote Farbsegmen-

Tab. 1: Detektions- und Klassifizierungsgute der entwickelten Algorithmen flr eine Messfahrt in
Muttenz bei Basel (Alle: Verkehrszeichen mit iberwiegend roten, blauen und gelben Farbanteilen;
Relevante: rechts an der StraBe anliegende Verkehrszeichen, welche vielfach senkrecht zur

Fahrtrichtung ausgerichtet sind).

Anzahl Detektionsrate Klassifizierungsrate Prizision
Haupt- Alle 90 72% 70% 94%
strafle Relevante 63 89% 86%
Quartier- Alle 152 55% 47% 98%
straflen | Relevante 65 89% 82%
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te ausgeschieden werden. Sind die Flachen
nicht allzu groB, kann dies zu ‘False Positi-
ves’ fiihren. Obwohl die Verkehrszeichen in
der Schweiz in der Regel einen guten Zustand
aufweisen, sind gewisse Verkehrszeichen ver-
gilbt. Dabei weist die Sattigungs-Komponen-
te sehr niedrige Werte auf, was auch bei im
Schatten liegenden Verkehrszeichen der Fall
ist. Da der definierte Schwellwert fiir diese
Komponente nicht iiberschritten werden kann,
ist die Detektion nicht moglich. Verkehrszei-
chen, welche fast parallel zur Fahrtrichtung
ausgerichtet sind, haben in den Normalbildern
teilweise eine zu geringe Breite im Vergleich
zur Hohe, womit diese Farbsegmente mit der
aktuellen Losung verworfen werden. Schwie-
rigkeiten bereitet die automatische Detektion
auch bei schlechten bzw. unvollstdndigen Tie-
fenkarten. Fiir mehrere Verkehrszeichen exis-
tierten keine vordefinierten Referenzmuster,
was zu keiner oder zu einer falschen Klassi-
fizierung fiihrte. Ein nicht optimaler Schwell-
wert fiir die Binarisierung des Suchbildes
kann die Ursache fiir einen zu niedrigen Kor-
relationskoeffizienten sein.

5.2 Kartierungsgenauigkeit

Fiir die Berechnung der Kartierungsgenau-
igkeit wurden die Referenzkoordinaten von
22 Verkehrszeichen mittels Tachymeter be-
stimmt. Die Differenzen zu den mit den ent-
wickelten Algorithmen automatisch ermittel-
ten Koordinaten wurden ausgewertet. Tab.2
zeigt, dass fiir die Komponente quer zur
Fahrtrichtung und fiir die Hohe eine empiri-
sche Standardabweichung von etwa 5 cm er-
reicht werden konnte und fiir die Komponen-
te in Fahrtrichtung 6 cm. Erwartungsgeméf
streut die Komponente in Fahrtrichtung bzw.
senkrecht zur Stereobasis am meisten und ist
somit am schlechtesten bestimmt. Die grof3-

te Abweichung einer Komponente betrigt
16 cm, die meisten Differenzen pro Kompo-
nente liegen jedoch im Bereich bis 5 cm. Die
empirische Standardabweichung einer Koor-
dinatendifferenz fiir die 3D-Position betrdgt
9,5 cm.

6 Fazit und Ausblick

Es konnte aufgezeigt werden, dass durch eine
konsequente Nutzung der Tiefeninformation
aus Dense-Stereo-Matching in der automati-
sierten Verkehrszeichenkartierung sehr hohe
Detektionsraten erreicht werden kénnen. Un-
ter guten Bedingungen konnen etwa 90 % der
Verkehrszeichen mit iberwiegend roten, blau-
en und gelben Farbanteilen im Normal- und
Kleinformat in der Schweiz automatisch de-
tektiert und 85 % korrekt klassifiziert werden.
Benutzerunterstiitzt lassen sich diese Werte
um weitere 5 % erhohen. Somit miissen nur
noch 5 bis 10 % der Verkehrszeichen interak-
tiv in den Stereobilddaten oder im Feld digi-
talisiert werden. Zudem treten durch den be-
nutzerunterstiitzten Ansatz und diverse Be-
dingungen nahezu keine ‘False Positives’ auf.
Eine vollautomatische Kartierung mit einer
3D-Genauigkeit von unter 10 cm ist moglich.
Der entwickelte Ansatz reagiert robust auf
Skalierung, Translation und kleine Rotatio-
nen. Obwohl mit nahe gelegenen Verkehrs-
zeichen bessere Ergebnisse zu erwarten sind,
kann das Signal im ganzen vordefinierten
Distanzbereich detektiert werden. Das Ver-
kehrszeichen kann beliebig im Bild positio-
niert sein. Kleine Rotationen werden toleriert.
Zudem ist es moglich, im gleichen Bild meh-
rere Verkehrszeichen mit den Formen Kreis,
Rechteck, Quadrat, Dreieck und Raute zu de-
tektieren. Eine reduzierte Leistung des Ver-
fahrens ist bei schief stehenden oder stark ver-
drehten Verkehrszeichen sowie auf sehr stei-

Tab.2: Praktische Kartierungsgenauigkeit der entwickelten automatischen Verkehrszeichenkar-
tierung fur eine Messfahrt in Muttenz bei Basel (mm).

Aquer Alidings AHoéhe ALage A3D
Mittelwert -36 23 -36 66 86
Maximum 152 146 157 154 159
mp,. 46 64 53 79 95
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len Straen zu erwarten, was jedoch in der
Praxis noch nicht beobachtet werden konnte.

Neben qualitativ guten Tiefenkarten ist
auch eine gute Farbsegmentierung fiir den
Detektionserfolg entscheidend. Dazu miis-
sen passende Schwellwerte vorliegen. Bei den
Untersuchungen wurde das Intervall fiir die
jeweilige Komponente relativ gro3 gewihlt.
Dies ist aber nur moglich, weil der Suchraum
durch die Tiefeninformation markant einge-
schriankt wird und félschlicherweise detek-
tierte Verkehrszeichen durch gewisse Bedin-
gungen verworfen werden.

Da Detektions- und Klassifizierungsgiiten
von 100 % kaum realistisch sind, besteht die
Moglichkeit, die automatisch kartierten Ver-
kehrszeichen in einem georeferenzierten 3D-
Video zu iiberlagern. Die 3D-Videos konnen
mit dem StereoVision-Client (BURKHARD et al.
2011) betrachtet, die Ergebnisse somit kontrol-
liert und die fehlenden Verkehrszeichen spedi-
tiv digitalisiert werden. Eine erste Implemen-
tierung der Algorithmen fiir weiBle und graue
Verkehrszeichen, welche die Tiefeninforma-
tion in Kombination mit der Hough-Trans-
formation verwendet, wird in Zukunft wei-
ter verbessert. Geplant sind auch die Detek-
tion von weiteren komplexen Verkehrszeichen
und die Erkennung von beliebigem Text (Wu
et al. 2005). Eine Erhohung der geometrischen
Qualitdt und Zuverldssigkeit ldsst sich durch
Matching in Stereobild-Sequenzen erreichen
(Huskr et al. 2011). Die Verfolgung der Ver-
kehrszeichen iiber mehrere Stereobildpaare
wiirde insbesondere eine Steigerung der se-
mantischen Qualitdt bewirken.

Laufende Arbeiten sollen die Auswirkung
der Kameraauflosung auf die Detektions- und
Klassifizierungsgenauigkeit aufzeigen. Erste
Untersuchungen mit einem Stereosystem be-
stehend aus hoher aufgeldsten Industriemess-
kameras mit je 11 MPixeln deuten auf eine
leichte Verbesserung der Ergebnisse hin. Fiir
die Erkennung von Text ist die hhere geome-
trische Auflésung zwingend notwendig. Lau-
fende Untersuchungen zeigen zudem, dass die
Qualitdt der Tiefenkarten mit den hoher auf-
gelosten Bildsensoren und mit geeigneten ra-
diometrischen Anpassungen nochmals deut-
lich gesteigert werden kann, was sich wieder-
um positiv auf die automatisierte Verkehrszei-
chenkartierung auswirkt.
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Aufbau und Charakteristika der Geodateninfrastruktur
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Zusammenfassung: Die Firma Austro Control
Ges.m.b.H. (ACG) ist fiir die Flugsicherung der zi-
vilen Luftfahrt in Osterreich zustindig. Der durch
INSPIRE gesetzlich vorgeschriebene Aufbau einer
Geodateninfrastruktur (GDI) wurde zum Anlass
genommen, auch die internen Geschiftsprozesse
zu optimieren. Die fiir externe und interne Aufga-
ben entstandene GDI-ACG besteht aus der Basis-
komponente Geodaten sowie den Komponenten
Metadaten, Geowebserver und Geowebportal. Das
Portal ist ein Thin-Client und integriert viele Funk-
tionen, die in den iiblichen Geowebportalen nicht
enthalten sind. Dazu gehéren die Online-Darstel-
lung aller Flugzeugpositionen, die dritte Dimensi-
on und meteorologische Informationen.

Summary: The company Austro Control
Ges.m.b.H. (ACG) is responsible for the air traffic
control of the civil aviation in Austria. The demand
for the development of a spatial data infrastructure
(SDI) based on the INSPIRE directive led also to a
reorganization of the internal processes of ACG.
The SDI-ACG consists of the base-component Ge-
odata, and of the components Metadata, Geoweb-
server, and Geowebportal. The portal is a thin-cli-
ent solution and integrates many functions that are
not available in standard web-browsers including
the online-position of all aircraft, the third dimen-
sion, and meteorological information.

1 Einleitung

»Austro Control sorgt rund um die Uhr dafiir,
dass sicherheitskritische Informationen wie
Radar- und Navigationsdaten sowie Funk-,
Wetter-, Flugplan- und Flugberatungsdaten
ohne Unterbrechung zur Verfiigung stehen
und garantiert damit tagtdglich hochste Si-
cherheitsstandards in der Luftfahrt™ (Austro-
ConTroL 2002). Um diese Vorgaben zu erfiil-
len, bedarf es einer progressiven und robus-
ten IT. Die Geodateninfrastruktur (GDI) der
Austro Control ist Teil dieser IT und Thema
dieses Artikels.

Die Austro Control — Osterreichische Ge-
sellschaft fiir Zivilluftfahrt m.b.H. (ACG) ist
ein privatwirtschaftlich organisiertes Unter-
nehmen, das sich zu 100 Prozent im Besitz
der Republik Osterreich befindet und das fiir
den sicheren sowie wirtschaftlichen Ablauf
des zivilen Flugverkehrs im osterreichischen
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Luftraum verantwortlich ist. Aus dieser Ver-
antwortlichkeit und der zentralen Lage Oster-
reichs in Europa ergibt sich zudem die Bedeu-
tung der Austro Control fiir den internationa-
len Luftverkehr.

Fiir eine Vielzahl von Geschiftsprozessen
der Austro Control, wie z.B. die Produktion von
aeronautischen Karten, bilden raumbezogene
Daten die Grundlage. Diese Daten stammen aus
unterschiedlichen unternehmensinternen sowie
-externen Quellen und werden in diversen Da-
teiformaten vorgehalten bzw. weitergegeben.
Das Zusammenfiihren der Daten verursachte
deshalb bislang einen nicht zu unterschéitzen-
den Aufwand fiir die Austro Control und behin-
derte das zielgruppengerechte Inwertsetzen der
Daten durch die Fachabteilungen.

Zur Verbesserung der Geodatenbereitstel-
lung und der nahtlosen Geodatenintegration
in bestehende Geschéftsprozesse wurde des-
halb der Aufbau einer Geodateninfrastruktur
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durch die Austro Control initiiert und in Zu-
sammenarbeit mit einem Unternechmenskon-
sortium bestehend aus der Frequentis AG, der
Intergraph Ges.m.b.H. sowie der CNS Solu-
tions & Support GmbH umgesetzt.

2 Die GDI-ACG im Kontext von
INSPIRE

Bestehende Bestrebungen der Austro Control
zur Optimierung interner Geschaftsprozesse
durch den Aufbau einer Unternehmens-GDI
erhielten durch die INSPIRE-Richtlinie (IN-
SPIRE 2007) und deren Uberfiihrung in na-
tionales Recht (GEoDIG 2010) im Jahre 2010
einen obligatorischen Rahmen. INSPIRE ver-
pflichtet die Mitgliedstaaten, in der offentli-
chen Verwaltung vorhandene und in digita-
ler Form vorliegende Geodaten zu definierten
Themenbereichen in vorgegebener Struktur
und iiber standardisierte Geowebdienste ver-
fligbar zu machen.

Obwohl privatwirtschaftlich gefiihrt, wur-
de INSPIRE von Austro Control zum Anlass
fir die Implementierung einer Geodatenin-
frastruktur gemél den in den INSPIRE-Um-
setzungsanleitungen definierten technischen
Spezifikationen genommen. Durch die auf
diese Weise moglich werdende Interoperabi-
litdt von Geodaten(-sitzen) und Diensten soll
sich die GDI-ACG nahtlos in INSPIRE-ge-
triebene Geodateninfrastrukturknoten auch
aufBerhalb des Unternehmens integrieren las-
sen. Durch standardkonforme Geowebdiens-
te konnen bei Bedarf Geodaten von externen
Stellen, z.B. die fiir die Kartenproduktion der
Austro Control verwendeten Geobasisdaten
des osterreichischen Bundesamtes fiir Eich-
und Vermessungswesen, direkt iiber das In-
ternet in die eigene Infrastruktur eingebun-
den werden. Umgekehrt lassen sich die bei der
Austro Control erfassten bzw. fortgefiihrten
Geofachdaten iiber das Internet in einheitli-
chem durch INSPIRE definiertem Standard
externen Stellen anbieten.

INSPIRE und in Entsprechung das Geoda-
teninfrastrukturgesetz der Republik Oster-
reich sehen eine schrittweise Umsetzung der
durch INSPIRE getroffenen Vorgaben bis ins
Jahr 2019 vor. Die Erarbeitung technischer
Empfehlungen bzw. Vorschriften durch IN-

SPIRE sind zu einem Teil bereits abgeschlos-
sen; teilweise begleiten sie aber die schrittwei-
se Umsetzung noch oder sie lassen kiinftige
inhaltliche Entwicklungen bei der Versionie-
rung von relevanten Standards erwarten. Die-
se Verdnderlichkeit der technischen Spezifika-
tionen und die fortwihrende Notwendigkeit,
die implementierte GDI-Software entspre-
chend anzupassen, um interoperabel zu weite-
ren Knoten der europédischen GDI-Landschaft
zu sein, fithrte zur Entscheidung, gewartete
Softwareprodukte von kommerziellen An-
bietern fiir die GDI-ACG zu verwenden: Der
dauerhafte Abgleich der verwendeten Soft-
wareprodukte mit Vorgaben des evolutioniren
INSPIRE-Prozesses sollte extern erfolgen und
die Arbeit der ACG nicht beeintrdchtigen.

Die Bedeutung der GDI-ACG fiir die Um-
setzung der INSPIRE-Richtlinie in Osterreich
zeigt sich darin, dass sie als das erste offent-
lich ausgeschriebene Geodateninfrastruktur-
projekt in Osterreich gilt (INTERGRAPH 2011).
Vom Engagement der ACG diirfte deshalb
eine Signalwirkung fiir die INSPIRE-Um-
setzung in Osterreich ausgehen und die GDI-
ACG als Referenz fiir sich noch entwickelnde
GDI-Knoten des Landes dienen.

3 Die GDI-ACG in ihren
Komponenten

3.1 GDI-Basiskomponente
,Geodaten”

Die Luftfahrt unterscheidet zwischen dyna-
mischen und statischen Daten. Sowohl dyna-
mische als auch statische Daten haben regel-
maifig einen Raumbezug. Dynamische Daten
sind zum Beispiel Flugplan-, NOTAM (Noti-
ce to Airmen)- und Wetterdaten. Als NOTAM
werden die traditionellen Freitextmitteilungen
iiber temporire sicherheitskritische Ereignis-
se bezeichnet, die meist kurzfristig und des-
halb innerhalb des 28-tdgigen AIRAC-Zyklus
an die Luftfahrtteilnehmer geleitet werden
miissen. Dies sind bspw. Informationen iiber
aktuelle Sperrungen von Start- bzw. Lande-
bahnen oder Gefahren, wie Fallschirmspriin-
ge oder Vogelschwirme. Dagegen decken sta-
tische Daten ein breiteres Spektrum ab. Die
fiir die Arbeit der ACG relevanten statischen
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Abb. 1: Beispiel fir eine fachthemenbezogene Luftfahrtkarte (© Austro Control Ges.m.b.H.).
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Geodaten lassen sich thematisch in Geldn-
dedaten (z.B. DHM), Navigationsdaten (z.B.
GPS-Tracks), sonstige Geobasisdaten (z.B.
Gemeinde- und Landesgrenzen), meteorologi-
sche Daten (z.B. Windverhiltnisse) sowie ae-
ronautische Daten (z.B. Bauhindernisse, Flug-
routen oder Sicherheitszonen) ordnen.

Aus den statischen Geodaten generiert
das Unternehmen Luftfahrkarten zu diver-
sen Fachthemen (Abb. 1). Die Luftfahrtkarten
werden sowohl einzeln als auch als Bestand-
teil des Osterreichischen Luftfahrthandbuchs
verdffentlicht. Die Bedeutung gerade der sta-
tischen Geodaten fiir die Arbeit der Austro
Control ergibt sich aus der Verpflichtung zur
Erstellung und Fortfithrung des Luftfahrt-
handbuchs gemil internationaler Konventi-
on. Seine Publikation folgt einem weltweit
einheitlichen Schema, das eine verbindliche
chronologische ~ Aktualisierungsfolge (Al-
RAC-Zyklus (Aeronautical Information Re-
gulation and Control)) vorschreibt und eben-
falls durch die Convention on International
Civil Aviation der International Civil Aviation
Organization (ICAO) festgelegt ist.

Die statischen Geodaten, die durch Fachab-
teilungen oder unternechmensferne Quel-
len wie dem Osterreichischen Bundesamt fiir
Eich- und Vermessungswesen (BEV) erfasst
werden, bilden die Datenbasis der GDI-AGC.
Sie liegen bei der Austro Control in vielfalti-
gen Formaten vor: Microstation DGN, Auto-
CAD DWG und DXF, ESRI SHP, KML, Orac-
le Spatial, CSV, XLS, ASCII. Die Datenhal-
tung der GDI-ACG sieht das Zusammenfiih-
ren all dieser Daten in einer zentralen Daten-
bank (Oracle 11g R2) vor.

Um den Anforderungen der Luftfahrt ge-
recht zu werden, muss das entwickelte Daten-
modell auch die Fortfiihrung der Daten ent-
sprechend dem AIRAC-Zyklus unterstiitzen
und das AIXM 5 (Aeronautical Information
Exchange Model) beachten. AIXM basiert auf
GML und gibt aeronautischen Informationen,
unter anderem auch NOTAM, eine prozessier-
bare Struktur.

3.2 Komponente ,Metadaten”

Um eine webbasierte, INSPIRE-konforme
Erfassung von Metadaten zu gewihrleisten,

verwendet die Austro Control die Intergraph
Software Catalogue Editor Web (CEW). Der
CEW bietet eine Erfassungsoberfliche, die
die Anforderungen des INSPIRE-Metadaten-
profils abbildet. Dariiber hinaus lassen sich
einmal erfasste Metadaten durch die Software
aufihre INSPIR E-Konformitit hin validieren.

Neben dem INSPIR E-Metadatenprofil wur-
de fiir interne Zwecke und zur Erfiillung der
regulativen Anforderungen der Austro Con-
trol zudem ein spezifisches Metadatenpro-
fil erarbeitet, welches eine Erweiterung des
INSPIRE-Profils darstellt. Dieses wird in der
Software als alternatives Metadatenerfas-
sungsprofil angeboten, aus dem sich automati-
siert das INSPIRE-Profil ableiten lasst.

Das Zusammenspiel der einzelnen GDI-
Komponenten ermoglicht, dass sich dieser
CSW (Catalogue Service for the Web) sowie
weitere standardkonforme CSWs in das Geo-
webportal der ACG-GDI einbinden lassen.
Dort kann — neben dem Bedienen von portal-
spezifischen Funktionen — auch nach Metada-
ten recherchiert und die gefundenen Dienste
direkt im Kartenviewer dargestellt bzw. be-
arbeitet werden. Dadurch werden zum einen
parallele Softwarelosungen fiir die Metada-
tenrecherche obsolet. Zum anderen setzt die-
ser Ansatz das Publish-Find-Bind-Muster ei-
ner serviceorientierten Softwarearchitektur
(SOA-Paradigma) um.

3.3 Komponente ,Geowebserver*

Der ,,Geowebserver* ist diejenige Infrastruk-
turkomponente der GDI-ACG, welche die
Geodaten und die dazugehorigen Metadaten
mittels Geowebdiensten bereitstellt. Die fiir
die Geowebserverimplementierung verwen-
dete Software der Firma Intergraph, nament-
lich GeoMedia WebMap und GeoMedia SDI
Pro, wird entsprechend den Empfehlungen
von INSPIRE entwickelt.

3.4 Komponente ,Geowebportal”

Das Geowebportal bildet die zentrale Nutzer-
schnittstelle der GDI-ACG. Folglich muss es
besondere Anforderungen in Hinblick auf Be-
dienbarkeit und Performance erfiillen. Darii-
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ber hinaus ist es notwendig, dass sich wesent-
liche Geowebdienste in ein solches Portal ein-
binden und gemeinsam darstellen lassen. Das
Geowebportal der Austro Control, welches
mit der Software GeoMedia SDI Portal von
Intergraph umgesetzt wurde, gewdéhrleistet
dies fiir praktisch alle vom OGC verabschie-
deten Web-Dienstestandards.

Uber die von der Austro Control geforder-
ten Standards hinaus sind zudem auch nicht
standardisierte, aber verbreitete Dienste wie
Google Maps, MS Bing, Intergraph Map Pub-
lisher Service und das ERDAS APOLLO
ECWP streaming in die Portalsoftware ein-
bindbar. Das Portal erlaubt zudem die inte-
grierte Suche nach Metadaten von Datensit-
zen, Datensatzreihen und Diensten innerhalb
der Portaloberfliche. Die Ergebnisbereiche
(Bounding Box) gefundener Metadaten kon-
nen dabei ebenso wie die Inhalte gefundener
Dienste per Mausklick im Portal-Kartenview-
er dargestellt werden.

Das Dienstespektrum des Geowebportals
der GDI-ACG lésst sich durch die Moglich-
lichkeit zum rechtegesteuerten Dateidown-
load in verschiedenen Dateiformaten wie

KML, DGN oder CSV direkt aus der Portal-
oberfliche heraus erginzen.

Das implementierte Portal stellt eine Thin-
Client-Losung dar, die in allen géngigen Inter-
netbrowsern laufféhig ist und keine clientsei-
tige Installation erfordert. Dennoch bietet es
GIS-Basisfunktionalitdten, die deutlich tiber
Moglichkeiten zur gemeinsamen Darstellung
und Symbolisierung von Dienste-Layern oder
zur Anzeige von Attributen einzelner Geoob-
jekte im Kartenviewer hinausgehen. So lassen
sich in der Portaloberfliche — basierend auf
den jeweiligen Diensten und ihren spezifizier-
ten Vorgaben — auch Analysen durchfiihren
(WES, Web Feature Service) und Objekte er-
zeugen bzw. verdndern (WFS-T, WFS-Trans-
actional). Der Client bietet dariiber hinaus
auch Druck- und Redlining-Funktionalitdten
sowie die Moglichkeit, Kartenansichten be-
stimmter aeronautischer Themen in chrono-
logischer Reihenfolge mittels Schieberegler
anzuzeigen. Dadurch lassen sich, basierend
auf Geowebdiensten sowie unter Beachtung
von AIXM-Daten und Nutzerberechtigungen,
auch AIRAC-Zyklen abbilden und vom An-
wender nachvollziehen (Abb. 2).
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Abb. 2: Das Geowebportal der Austro Control (© Austro Control Ges.m.b.H.).



652 Photogrammetrie o Fernerkundung « Geoinformation 5/2012

Durch die Integration von GPS-Tracks im
GPX-Format sind zudem Flugrouten im Portal
darstellbar. Desweiteren erhélt der Bearbeiter
fiir die jeweils aktuelle Mausposition im Kar-
tenviewer nicht nur x- und y-Wert fiir mehrere
Koordinatensysteme, sondern auch die Hohe
in Metern — eine fiir die Luftsicherheit ele-
mentare, in Geowebportalen ,,out-of-the-box*
aber regelméfig nicht implementierte Anfor-
derung.

4 Fazit

Mittel- und langfristig bieten Geodateninfra-
strukturen Moglichkeiten, die liber heute be-
reits greifbare Vorteile hinausgehen diirften.
Fir die GDI-ACG konnte ein solches Zu-
kunftspotential im verbesserten Austausch
von Geodaten zwischen den Fachabteilun-
gen der Flugsicherung und den Luftfahrzeu-
gen selbst liegen: So werden heute bei jedem
Flug noch vielféltige gedruckten Flugkarten
durch die Piloten im Cockpit mitgefiihrt — die
Zukunft sollte jedoch auch hier der digitalen
Karte gehoren (GrotHE 2005), so dass dann
die Luftfahrzeuge selbst als integrierter Teil
der GDI anzusehen sind (RosiN et al. 2011).
Umgekehrt wiirden sich spétestens zu diesem
Zeitpunkt auch weiterfithrende Anforderun-
gen an die Integration von dynamischen, in
den Fahrzeugen erfassten Geodaten in eine
umfassende Flugsicherungs-GDI stellen und
sich durch die Verarbeitung dieser Daten wei-
terer Mehrwert fiir die Sicherheit und Wirt-
schaftlichkeit der Zivilluftfahrt ergeben.
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Interexpo Geo-Siberia 2012, April
17-19, 2012, Novosibirsk, Russia

Russian educational institutions in geodesy
and geoinformatics have a long tradition.
MIIGAIiK, the Moscow State University of
Geodesy and Cartography, was established
1779 in Moscow under Catherina the Great.
With Russia as the largest country in the
world, it played a vital role in the surveying
and mapping task since 1917, with the map
coverage completed in 1955. In 1935 the edu-
cational capacity in geodesy was augmented
by the establishment of NIIGAiK, the Novosi-
birsk State University of Geodesy and Cartog-
raphy, supplying the Russian manpower in
geodetic engineering. NIIGAiK has now been
renamed in Siberian State Academy for Geod-
esy (SSGA). The Russian geodetic educational
system of these two institutions was intro-
duced at Wuhan in China in 1956 for the Wu-
han Technical University for Surveying and
Mapping (WTUSM), which is now part of
Wuhan University.

SSGA started to organize annual confer-
ences and exhibitions in geodesy and geoin-
formatics in 2005 at Novosibirsk, known as
“Geo Sibir”. In 2012 the events were renamed
to “Interexpo Geo-Siberia”. The event not
only has a strong national component, but it
also includes a large international participa-

tion with cooperating countries, such as Ger-
many, Kazakhstan, Mongolia and China, and
with international organizations such as FIG,
ISPRS and ICA. Rector prof. ALEKSANDER
Karpik and vice rector prof. VLADIMIR SERE-
povicH summarized the event: In 2012 there
were 600 participants (35 of them from
abroad) and 140 international exhibitors at the
new Expo Center in Novosibirsk.

The technical program was presented in 22
sessions with over 700 presentations. 655 pa-
pers were published in the proceedings. Spe-
cial international sessions with simultaneous
translation were organized on Disaster Man-
agement by ICA (MiLaN KoNEcNy, Czech Re-
public) and GNSS engineering surveys by FIG
(REK, SCHMITT, JAEGER, SCHWIEGER, Germany,
and MiLev, Bulgaria). Special attention was
given to the presentation of a geoportal by the
Novosibirsk Oblast, which manages geodata
for the cadastre and the environment. The
Russian operational use of internationally ac-
quired satellite imagery by Scanex was like-
wise very impressive.

SSGA will host a workshop in September
2012 at Almaty, Kazakhstan, in cooperation
with local Universities, as it has done in 2011
in Ulanbaatar, Mongolia, and in 2010 in Ust-
Kamenogorsk, Kazakhstan.

GotTFrIED KONECNY, Hannover

Participants at closing of the conference Interexpo Geo-Sibiria.
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Geospatial World Forum, April
23-27, 2012, Amsterdam, The
Netherlands

GIS Development, now renamed “Geospatial
World”, calls itself a Geospatial Communica-
tions Network, which provides a platform for
the geospatial community in the world to ex-
change and to promote ideas on how industry,
government and academia may contribute to-
wards a sustainable development of the world.
The seat of this development is Delhi in India.
It communicates via publications and confer-
ences. Beginning with conferences in India,
other meetings were held regularly in the Mid-
dle East and South East Asia since 2005, and
more recently also in Latin America and Af-
rica. In 2007 GIS Development began to or-
ganize the first World Forum in Hyderabad in
India. This magnificent effort brought togeth-
er geospatial technology leaders of the globe.
It was repeated in 2007 and 2009 in India’s
cradle of IT.

In 2012 the Geospatial World Forum was
held in Europe for the first time, at the Am-
sterdam Expo Center R.A.I. At this event,
there were 1054 delegates, 415 speakers and
51 exhibitors from 78 countries. 4 plenary ses-
sions were held. There were 4 Exchange Fo-
rums (Earth Observations, Land Administra-
tion, Capacity Building, Public Private Part-
nership); also 6 symposia (Energy, Water,
Mining, Construction, Defence, Enterprises)
and 9 seminars (Cloud Computing, Real-Time,
Image Information, European Data, Mobile
Mapping, 5D Modelling, Standards, Open
Source, Environmental Management); 6 fur-
ther sessions (Cartography, Governance,
WebGlIS, Cloud Computing, Surveying, Pho-
togrammetry). Many of the events were held
in parallel so that it was only possible to com-
ment on the plenary sessions and on some
other highlights. Most of the presentations are
downloadable from the Geospatial World Fo-
rum 2012 Website. This is a wealth of materi-
als, characterizing the present state of devel-
opment in geoinformatics, which was estimat-
ed as a 2 billion $ per annum business.

The Forum was officially opened on Tues-
day, April 24, 2012 by DorINE BURMANJE,
president of the Dutch cadastre, which was the
local organizer of the Forum. She welcomed

ABDUL KaLAM, the 11 president of India. Ca-
dastre and Mapping have been forerunners of
geospatial activity in the Netherlands. Four of
the six national key registers are now geospa-
tial. STEVEN BERGLUND, president of Trimble,
noted, that technology has been the geospatial
enabler since 25 years. Geospatial activities
now become central for energy, oil and gas,
mining, telecommunications, infrastructure,
transportation, water, agriculture, local gov-
ernment and forestry. We note, that three tech-
nologies have merged, sensors, software, and
wireless communications. K.K. SiNGH, chair-
man and director of Rolta, considered the geo-
spatial technology mature to transform the
world from mapping toward spatial analysis,
noting that the mind is visually oriented. MEL-
ANIE SCHULTZ VAN HAERGEN-MAAS GEESTERA-
NuUs, the Dutch Minister for Infrastructure and
Environment, confirmed that geoinformation
is crucial. In the Netherlands the country is
flown with 10 cm GSD images every year to
be able to map the country with an accuracy of
20 cm. There was a national effort toward
standardization of addresses and the estab-
lishment of a national satellite image data
base. Netherlands will have free and open data
in 2015. Her statement was: “the government
procures the data, the community provides the
apps” concluding that information is a source
for learning, unless its organization is a bur-
den. Former president ABpuL Karawm of India
delivered an address on “geospatial technolo-
gy for sustainable development”. Primarily
for 3 billion people in rural areas India has
launched 200 satellites. ISRO data are shared
by 70 countries. Satellite data have provided a
ground water map of India, showing that 46
million ha are still wasteland, which need to
be made productive. Fishing has benefitted
from twice weekly measurements of ocean
temperature and chlorophyll. Children have
been engaged with GPS-GIS to map the socio-
economic environment, to find water bodies
and to maintain a clean neighbourhood.

The plenary sessions started with a panel
discussion on Geospatial Industry chaired by
INGRID VAN DEN BERGHE, president of EuroGeo-
graphics, Belgium. Jack DANGERMOND, presi-
dent of Esri, USA, noted that the world chang-
es rapidly (climate, population, politics, ener-
gy, water, biodiversity). But the geospatial
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community is growing, permitting crowd
sourcing. A cloud GIS can be utilized for shar-
ing data including utilization of sensor net-
works. OLLA RoLLEN, president of Hexagon,
Sweden, compared the development of geo-
spatial technology with the growth of the mu-
sic industry. Traditional governmental high
accuracy data with few updates have been
changed to low accuracy data with faster up-
dates by Google. This may lead to low accu-
racy real time updates when the information
cloud is unlocked. A tendency in surveying,
photogrammetry, remote sensing and CAD to-
wards 3D can be stated. Also, a geospatial
mixing of imagery and the point cloud can be
expected. GREG BENTLEY, CEO of Bentley Sys-
tems, USA, stressed the importance of infra-
structure for billions of people. In 166 coun-
tries a 14 trillion $ is served to 78% by Bentley
products. In the 1980’s it was by 2D CAD.
Since 2000 it was in 3D. Since 2010 it was by
semantic web. The initiation of a 3D cadastre
in the Netherlands has disclosed that there is
an underground utility chaos. PauL CHEUNG,
director of the UN Statistics Division, New
York, noted that industry is in front of the in-
terest at the Geospatial World Forum, and
government in the back. But the role of gov-
ernment is not small. Governments are pushed
by Google and Microsoft, but industry cannot
be the sole producer of geospatial data, even at
the time when budgets are cut. Governments
need a collective voice but the geospatial insti-
tutions are not represented in national frame-
works. Therefore, Global Geospatial Informa-
tion Management (GGIM) promoted by the
UN Secretariat was established with four ma-
jor tasks: (1) for countries to believe in GGIM,
(2) to generate an inclusive platform for na-
tional and global data sharing, (3) to include
an ethics commitment, and (4) to develop mu-
tual beneficial relationships between govern-
ments and industry. Governments need to re-
alize a vision: accuracy, authoritativeness, re-
liable supply of information to support nation-
al, regional and global development.

The panel discussion on “Enabling a Spa-
tial Culture” was chaired by VANEssa Law-
RENCE, director general of the Ordnance Sur-
vey, UK. STEVEN HAGAN, vice president of Or-
acle, USA, outlined the challenges with geo-
spatial data like big data volumes, cloud com-

puting (unstructured data), and spatial data
bases (semantic web). ALAIN DE TAEYE, board
member of TomTom reported that a naviga-
tional coverage, accurate and up to date, for 36
million km of roadways has been created.
This includes 156 million address points. Nav-
igational systems have become dynamic maps
including traffic information. BEM SEMMES,
Pitney Bowes, concluded that there is an in-
creasing demand for answers based on smar-
ter customer experience (reservations, restau-
rants). Davip ScHiLL, OGC founder, started by
saying: “I came into this business to make
progress, not money”. There is a convergence
of applications. The geosciences are the pillar.
There are major social issues, e.g. water, and
there is a need for better education, otherwise
we cannot communicate; the cloud needs a
service bureau, since there is a controversy
between belief and facts. SIR STEWART PEACH,
Joint Forces Command, pointed out that tech-
nology is a bridge to enable a geospatial cul-
ture. But vision is required, and teamwork is a
critical factor to avoid silos. Creativity cannot
be stopped by government regulations.

The Exchange Forum “Earth Observation
System for Nation Building” started with the
Keynote of GottrriED KoNECNY, Hannover.
He stated that technology, such as GNSS, sat-
ellites, digital imaging and wireless commu-
nication were the drivers in earth observation.
But it needed cooperative programs to make a
global impact. Such programs were GEO on
the global level and GMES for Europe. An es-
pecially effective program was the Interna-
tional Charter for Disaster Relief in which the
space agencies of the globe cooperated on a
voluntary basis. GER NiEuwporT of the Nether-
land’s Space Office discussed national per-
spectives for earth observations. There is a
technology push also nationally, but there is
no full earth observation market, so that tech-
nology is underutilized. The need is for infor-
mation, not for data. Global issues like GMES
depend on complex systems. Scientific data
from satellites become available, e.g. the Sen-
tinels, and they are available in an open data
policy. For that purpose a Dutch satellite data
portal has been established. GUNTER SCHREIER,
DLR, Germany, discussed 3 challenges for
earth observation: Urbanization, natural di-
sasters, and civil security. GEOFF SAWYER,
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EARSC (European Association of Remote
Sensing Companies) established in 1999 as a
non-profit organization with 65 members in 22
countries, estimated an 800 million to 1 bil-
lion € business for these companies in 2006.
GMES is a European key program and should
make data available free and open (Sentinels)
or under modest cost licensing agreements.
Finland, Netherlands, Spain, UK, Australia
aim for a minimum cost model. After the fail-
ure of Landsat commercialization, Landsat
and CBERS data are free since 2008. JouN
HornsBy, MDA, Canada, noted the growth of
the number of satellite operators: in 1997 there
were 69 satellites by 17 operators, in 2007 151
satellites by 28 operators. Emphasis has shift-
ed from research (1972) to natural resources
and environment uses (1990) to time critical
uses (2010). Tony FrAazeeRr, Vice President of
GeoEye, USA, pointed out that, with satellite
images, governments can do more with less;
they can concentrate on underserved markets;
they can provide acceptable solutions faster
and cheaper, enabling leapfrogging. Examples
are public health improvements (malaria),
public safety issues (tribal conflicts) in Africa,
land ownership issues in Russia where already
49 million parcels have been mapped from
satellite images, urban issues in India, creat-
ing 3D city models to augment urban plan-
ning. Topp DoucLas, Trimble, Canada, stated
that the developed world has long established
cadastral mapping, yet major challenges are
fast updates, cost saving and restriction to use
of aerial images only. The developing world
has poor or no cadastral maps. Still lots of
challenges remain, in particular establishing a

cadastral system with innovative automated
approaches. CHrisTIAN HEIPKE, Leibniz Uni-
versity Hannover, discussed earth observation
uses for quality control and the update of geo-
spatial databases, showing examples carried
out for BKG (German Federal Government)
and other regions of the world (Africa, South
America). Semi automatic procedures applied
to images were 3 times more effective than by
human operators.

The Seminar “GIS-Ready Information from
Imagery” chaired by CHRrISTIAN HEIPKE, cov-
ered some special activities: GOTTFRIED
KoNecny reported on the ongoing ISPRS-
UNGGIM project of a UN member country
survey of existing map coverage and its updat-
ing at different scales. Contacts to internation-
al data providers (Google, Microsoft,
TomTom, Navteq) have also been established
with a request to them to communicate their
status of data coverage and the update cycles.
Dieter FritscH, University of Stuttgart, dis-
cussed progress in 3D city models: Several cit-
ies (Hamburg, Berlin, New York) have includ-
ed LOD2 city models on Google Earth. Re-
quirements should be for LOD3 (windows,
stores, balconies) or in some cases for LOD4
(inside buildings).

In a session on “Photogrammetry” ALEXAN-
DER WIECHERT of Microsoft Vexcel gave a pre-
sentation on the development of the UltraCam
digital camera. By 2006, 47 cameras were
sold, by 2008, 101, and by 2012, 216. The new
model is the “Eagle” with 20,000 pixels per
array. The software for their use was OPC in
2004, Ultramap 1 in 2011 and Ultramap 2 in
2012 for Bingmaps. Ultramap 3 is before its

Discussions at the Geospatial World Forum on Earth Observation.
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release for fully automatic DSM ortho’s (“true
orthophotos”). The collection efficiency of the
UltraCam is considerably better than lidar.
Only for corridor mapping lidar has an advan-
tage. The UltraCam is also utilized for Micro-
soft’s Global Ortho with 30 cm GSD in the US
and in Europe. LoRRAINE TIGHE of Intermap,
Canada, presented the availability of Inter-
map’s 30 m posting global elevation model,
which is based on a combination of Intermap’s
NextMap radar DSM/DTM coverages (North
America, Western Europe and SE Asia),
NASA’s SRTM (DSM globally at 90 m post-
ing), Japan’s ASTER Stereo DSM at 30 m
posting and NASA’s IceSat altimeter at 30 m
posting. A test site established by airborne li-
dar revealed ASTER accuracies of +/-10 m,
the 90 m SRTM of +/-3 m and the World Inter-
map 30 m DEM at +/-3 m. NextMap with a
coverage of 18 million km? had an accuracy
of +/-1 m. While 90 m SRTM and ASTER data
are free of charge, DTM’s from aerial photos
are in the range of 40 $/km?, from airborne li-
dar between 100 and 150 $/km? and InSAR
NextMap data at 30 $/km?. The same pricing
is valid for InSAR TanDEM-X data. InSAR
COSMO-SkyMed data may cost about
20 $/km?2. GERRY MITCHELL, President of Pho-
toSat, USA, reported a project in Eritrea,
where geophysical boreholes have been tar-
geted for imaging with optical high resolution
satellites in stereo (WorldView-1 and Geo-
Eye). The project area was 400 km?and the ac-
curacy achieved was better than 50 cm.

At the closing several participant expressed
their appreciation for a most interesting and
successful event. Sanjay Kumar concluded
the meeting with the announcement, that the
next Geospatial World Forum 2013 will take
place in Amsterdam again.

GotTFRIED KONECNY, Hannover

32nd EARSeL Symposium, May
21-25, 2012, Mykonos, Greece

The European Association of Remote Sensing
Laboratories EARSeL is composed of about
250 member laboratories in 39 countries
(mostly European). It is a regional member of
the 102 year old ISPRS. EARSeL was founded

in 1976 at the Danish Technical University in
Lyngby with the support of the European
Space Agency ESA and the Council of Europe
in Strasbourg, where the first General Assem-
bly was held in 1977. Since then, General As-
semblies were organized every year in differ-
ent European countries. Starting with the 1981
meeting in Voss in Norway the General As-
sembly was combined with a scientific and
technical symposium. The 32" EARSeL
Symposium was held in Mykonos, Greece. It
was organized in the hotel Royal Mykonian,
with a splendid coastal view. The local organ-
izer was the University of Thessaly in Volos.
EARSeL Chairman 2009-2012 RAINER
REUTER from the University of Oldenburg out-
lined in his introductory speech, that remote
sensing, with the upcoming global energy de-
mand, faces new challenges. These are in find-
ing optimal locations for the generation of
photovoltaic solar energy, but also for the opti-
mal utilization of wind energy. ORHAN ALTAN,
the president of ISPRS, described the context
into which remote sensing is embedded within
the International Council of Scientific Unions
ICSU. He called for joint action between geo-
spatially oriented international societies.
MaurIicE BRriGeaup, representing ESA, out-
lined the European Space Agency’s earth ob-
servation program and its perspective: ESA
continues to operate meteorological satellites
(Meteosat 1 to 7, MSG 1 to 3 and MTQG) in
cooperation with EUMETSAT. The Earth
Watch missions, after the recent termination
of Envisat’s operation, will be continued by
the Sentinels 1 to 3, 4/5 and 5 PC to provide
GMES data in cooperation with the European
Commission. The scientific objectives are to
be met by the currently operating 3 Earth Ex-
plorers (SMOS, GOCE and CryoSat). Further
5 earth explorers are scheduled or planned.
Among the many other paper presentations
some of the highlights were: BarBARA KoOsz-
TRA from FOMI, Budapest, and GEORGE
BUTTNER from the European Environmental
Agency, Copenhagen, reported on the docu-
mentation of land cover changes in Europe by
the CORINE program, in which land cover
data were derived for 5.8 million km? in 39
countries in 3 epochs from satellite images
(1988-1989, 2001-2005, 2007-2011). A fourth
epoch (2013-2014) is in preparation. In con-
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Opening session of the EARSeL Sympo-
sium in Greece.

trast to the homogenized European effort, Ur-
suLA GEessNEr of the German Aerospace Cent-
er DLR compared global land cover maps pro-
duced from different sources for West Africa.
In the WASCAL Project data of the Global
Land Cover 2000, the data of the University of
Maryland 1992/93, Globe cover 2005 for Af-
rica and MODIS satellite images of 2001 were
compared; this showed many discrepancies,
indicating that a regional rather than a global
approach is necessary for land cover mapping.
CHEN JuN of the National Geomatics Center of
China (NGCC) presented global land cover
mapping efforts made in China for ICSU’s
“Future Earth” Program. NGCC uses archived
USGS Landsat 1 to 8 data. 10,200 scenes are
available for 2000 and 9900 scenes for 2012
covering 70% of the global land area. In China
the datasets are supplemented by Chinese HJ
satellite data with 30 m GSD. The aim is to
generate a web based information system for
global land cover by 2015. AURELIA SAND of
CNES, France, showed the first Pleiades high
resolution images with 0.7 m GSD in pan and
2.8 m GSD in multispectral resolution. A very
interesting presentation was given by STEVEN
AcHaL, ITRES, Canada. The company devel-
oped the thermal imager TABI-1800 and put it
to operational use to combat forest wild fires
in Northern Alberta. When flown at a height
of 1000 m, a swath of 720 m can be imaged
with 1800 pixels at a thermal resolution of
0.008 °C. In Northern Alberta up to 40,000 ha

Coffee break with (from left to right): CHen
JUN, KARSTEN JAcoBSeN, ORHAN ALTAN, GOTT-
FRIED KONECNY, MaARIO HERNANDEZ, CHENGLI
WANG.

may be flown during one night with data de-
livery in the morning.

During the Council Meeting of EARSeL, a
new Bureau was elected for the next 2 years
with JoanNis MaNakos, Aristoteles University
of Thessaloniki, as chairman and LENA
Havrounova, Technical University of Prague,
as vice chair. The next EARSeL Symposium
will take place from May 13 to 18, 2013, in
Matera, Italy.

GotTFrRIED KONECNY, Hannover

8. GIS-Ausbildungstagung, 14.-15.
Juni 2012, am GFZ Potsdam

Zum achten Mal fand in Potsdam die Veran-
staltung zur GIS-Aus- und Weiterbildung
statt. Mit liber 70 Teilnehmern hat sich die
Veranstaltung damit im deutschsprachigen
Bereich als Plattform fiir den Erfahrungsaus-
tausch zu aktuellen Themen wie z.B. ,,GIS an
Schulen® oder neuen Methoden in der GIS-
Hochschulausbildung etabliert. Auch in die-
sem Jahr fand zuvor eine Esri-Fortbildung mit
der Uberschrift ,,Web-GIS in Forschung, Leh-
re und Verwaltung* statt. Diese war mit 20
Teilnehmern fast schon iiberbucht und nach
einhelliger Meinung der Teilnehmer zu kurz,
um einen soliden Einblick in die vielen neuen
Technologien zu bekommen.
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Wie schon in den Vorjahren dominierte die
Gruppe der Hochschullehrenden mit {iber
50%. In diesem Jahr war ein gewisser Kreis
der Teilnehmer aus dem behdordlichen Bereich
zu verzeichnen, welches auch auf den interes-
santen Keynotevortrag von Prof. HANs-JORG
KutTerer (Bundesamt fiir Kartographie und
Geodisie, BKG) zuriickzufiihren war. Das in-
teressant gestaltete Programm lief viel Zeit
fiir Diskussionen. Zudem sorgten, wie schon
in den vergangenen Jahren, das nette Ambien-
te auf dem Telegrafenberg, das hervorragende
Wetter und das abendliche Buffet dafiir, dass
eine angenchme Atmosphire entstehen konn-
te. Der grofle Anteil von Teilnehmern, fiir die
diese Tagung zu den gesetzten Terminen im
Jahr gehort, unterstreicht diese Aussagen. Ein
Fiinftel der Teilnehmer war zum ersten Mal
bei der Veranstaltung.

Wie auch schon in den vergangenen Jahren
wurden Aus- und Weiterbildungsthemen im
Umfeld der Geoinformatik fécheriibergrei-
fend diskutiert und Erfahrungen ausgetauscht,
wobei sich die insgesamt 19 Vortrdge um die
Schwerpunkte ,,Schulen”, , Ausbildung*,
SHVirtuelle Aus- und Weiterbildung™ und
wHochschulausbildung® gruppierten. Hans-
JorG KuTTERER verdeutlichte in seinem Key-
notevortrag, dass seine Behorde in den kom-
menden Jahren einen groen Bedarf an quali-
fiziertem Personal mit GIS-Kenntnissen ha-
ben wird. Ursache ist in erster Linie die gege-
bene Altersstruktur, die vor allem im gehobe-
nen Dienst in den nédchsten Jahren viele Stel-
lenausschreibungen erwarten liasst. Ob diese
Stellen vorwiegend mit Geoddten und GIS-
Spezialisten besetzt werden konnen, hingt na-
tlirlich auch vom Angebot an qualifizierten
Bewerbern ab. Das Thema ,,GIS an Schulen*
wurde in zwei Blocken behandelt. RAINER
Upnues stellte dabei gleich die Gretchenfrage:
Warum setzen nur ca. 15% der Geographie-
lehrer GIS ein? Dieses gilt weltweit! Anhand
empirischer Daten wurden die 21 wichtigsten
Hemmnisse identifiziert und gruppiert. Dem-
zufolge sind die technische und didaktische
Komplexitdt Haupthemmnisse bei der Imple-
mentation von GIS in Schulen. Interessanter-
weise wurden diese Erkenntnisse von anderen
Kollegen bestdtigt. Bei einer Untersuchung
zur Verwendung verschiedener Programme
zur GIS-Ausbildung an der Schule zeigten

sich auch Schwéichen beim Einsatz von Geo-
webbrowsern und bei der Satellitenbild-Lese-
kompetenz. Einen gleichwohl einfachen, wie
lehrreichen Ansatz hat HANS-JORG STARK aus
Basel mit dem Projekt ,,see you™ vorgestellt.
Dabei wurden Schiilern die GIS-Fahigkeiten
ihrer Smartphones vor Augen gefiihrt. Durch
kontinuierliches Tracken der Position kdnnen
individuelle und gruppenbezogene Bewe-
gungsmuster und Karten erstellt werden. Den
Schiilern werden dabei die Vor- und Nachteile
moderner Technologie gezeigt und somit die
Medienkompetenz erhoht. Dass mit grolem
personlichem Einsatz auch komplexe GIS-
Projekte mit Schiilern durchgefiihrt werden
konnen, zeigte der Beitrag von GERHARD ORT-
MANN.

In einem Themenblock ,,Ausbildung® lie-
ferten Kollegen vom GFZ einen Werkstattbe-
richt iiber die laufenden guten Erfahrungen
mit der Geomatiker-Ausbildung. Dass viel-
leicht trotz der guten Ausbildung keiner der
Lehrlinge direkt am GFZ als Fachangestellter
bleiben wird, sondern alle studieren werden,
ist eigentlich ein gutes Zeichen, dass diese
Ausbildung zu mehr befdhigt. THomas WITKE
erlduterte angesichts des offensichtlichen
Fachkriaftemangels in Baden-Wiirttemberg
die vielféltigen Aktivititen des Ministeriums

Hans-Jora KuTTERER (BKG), JOCHEN SCHIEWE
(HCU Hamburg), RaLr BiL (Uni Rostock),
Gerp Konig (TU Berlin), MaTTHIAS MOLLER
(Beuth Hochschule Berlin), Gorres GRENz-
poRFFER (Uni Rostock) und BERNHARD HARZER
(Harzer Verlag Karlsruhe) bei der GIS-Aus-
bildungstagung in Potsdam.



660

Photogrammetrie « Fernerkundung « Geoinformation 2/2012

fiir Landlichen Raum und Verbraucherschutz
und verschiedenen anderen Akteuren im GIS-
und Vermessungsumfeld. Dabei geht es nicht
nur um die Ausbildung oder die Hochschule,
sondern auch um die Fort- und Weiterbildung
sowie die Ausbilder und die Werbung an
Schulen. Im Bereich ,,Hochschulausbildung*
standen in den zwei Vortragsblocken ver-
schiedene Themen zur Hochschulausbildung,
wie die Vorstellung neuer Studienginge, die
Miihen, GIS in ein geotechnisches Curricu-
lum zu integrieren, und der fortwéhrende Bo-
lognaprozess im Vordergrund. Z.B. wurde die
Gesamtsituation der Entwicklung der Studen-
tenzahlen in der Geodésie in dem Vortrag von
ANDREAS EicHHORN (TU Darmstadt) beleuch-
tet. Dabei wurde deutlich, dass die Anzahl der
Absolventen in der Geodédsie kaum ausreichen
wird, um den kommenden Bedarf an Geodai-
ten in den vielen Berufsfeldern zu decken.
Gleichzeitig mahnte EicHHORN an, dass in den
letzten Jahren eine fortwéhrende Zersplitte-
rung der Namensgebung der geoditischen
Studiengidnge zu beobachten ist, die nicht un-
bedingt fiir ein eindeutiges Markenzeichen
,,Geodasie” forderlich ist. RoBert Seuss (FH
Frankfurt) stellte den Master ,,Geoinformati-
on und Kommunaltechnik* an der FH Frank-
furt vor und betonte auch hier, dass die Chan-
cen fiir die Absolventen sehr gut seien. SVEN
FunrMANN von der Texas State University
zeigte den Teilnehmern, wie in den USA die
internationale Zusammenarbeit fiir die stu-
dentische Ausbildung in Form von Study Ab-
road Programmen organisiert ist. Dabei stellte
er auch klar, dass solche Programme fiir die
Studenten nicht gerade billig sind und ein gro-
Ber organisatorischer Aufwand dahinter steht.

Die Beitrédge standen, wie auch schon in den
Vorjahren auf einer CD gesammelt, zur Kon-
ferenz bereit. Weitere Informationen und die
Prisentationen sind in dem Programm ver-
linkt und unter http:/gis.gfz-potsdam.de/
index.php?id=245 abrufbar. Die Veranstalter
setzen diese Veranstaltung mit alten und neu-
en Schwerpunkten im kommenden Juni 2013
fort. Der genaue Termin wird in Kiirze auf der
Webseite bekannt gegeben.

GORRES GRENZDORFFER, Rostock

WorldView Global Alliance User
Conference, June 20 — 21, 2012,
Munich

The WorldView Global Alliance User Confer-
ence was held June 20th and 21st 2012 in Mu-
nich, Germany, and attracted more than 150
people to participate. WorldView-1 and
WorldView-2 satellite sensors belong to the
most advanced sensors available at the mo-
ment, recording remote sensing imagery with
a super high spatial resolution up to 0.5 m. The
annual user group meeting brings together the
operators and the community working with
the image data.

The first day of the event started with a wel-
come address of ADRIAN ZEVENBERGEN, head of
EUSI and the announcement of the “GMES
master” program. The WorldView satellites
are designed for a flexible data acquisition;
both platforms can be shifted and rotated into
a special pointing direction for an image ac-
quisition just in seconds. Depending on the
actual cloud coverage derived from weather
satellite information, e.g. Meteosat, the pro-
gramming of a target area can be performed
just before the image recording starts. This
new feature was presented by the satellite op-
erators and leads to less cloudy image data.
Especially when combining WorldView to-
gether with QuickBird image data the results
are impressive: almost cloud-free, up-to-date
images can be produced out of several image
takes by the merging algorithm. Day two was
reserved for best practice presentations of the
user community from scientific research and
from the application side. WorldView-2 coast-
al band is of great benefit when mapping the
seafloor in shallow water; bathymetric maps
could be produced, differenciating between
several underwater cover types. The yellow,
red edge and the two infrared bands are useful
for the analysis of crop yields. The land use
resp. land cover of built-up areas was detected
using image differenciating tools and special
designed indices. The German Aerospace
Center (DLR) with its subdivision Center for
Crisis Information (ZKI) uses super high reso-
lution satellite image data and smart analysis
tools for almost real time detection of changes
in cases of natural and man-made hazards.
There is still a lack of world-wide elevation
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data with a reliable spatial resolution and
height information, because SRTM and AS-
TER GDEM provide a 90 m and 30 m resolu-
tion only. Digital elevation models (DEMs)
derived from stereo image data of the World-
View satellites with a 2.5 m spatial resolution
have been tested for their accuracy with reli-
able results over the area of Istanbul, Turkey.
A number of (DEMs) calculated from triple
stereo WorldView image data have been used
for the production of the impressive, animated
3D mountain model for Himalayan K2.

Special thanks are directed to European
Spacelmaging (EUSI) staff based in Munich.
EUSI organized a very balanced social frame
program, an evening in typical Bavarian beer
environment. The satellite challenge was re-
lated to the European Soccer Championship: a
number of different European stadiums had to
be located. The program of the meeting was
very well in balance, profound presentations
about current and future sensor design were
mixed with scientific and practical application
presentations of the users.

MATTHIAS MOELLER, Berlin und Salzburg,
Austria.

11. Internationales 3D-Forum
Lindau, 20. — 21. Marz 2012

Am 20. und 21. Mérz 2012 fand in der Insel-
halle Lindau das 11. Internationale 3D-Forum
Lindau mit einem neuen Teilnehmerrekord
von 190 Besuchern und 21 ausstellenden Fir-
men statt. Mit den Schwerpunktthemen 3D in
Tourismus und Marketing, Doppik und Mobile
Mapping sowie Gebdudeextraktion aus La-
ser- und Photogrammetriedaten boten die
Veranstalter Dipl.-Ing. Craus BinL (Stadt Lin-
dau) und Dr.-Ing. Acuim HELLMEIER (Ingeni-
eurbliro Real.IT, Aalen) dem Fachpublikum
aus Wirtschaft, Wissenschaft und Verwaltung
einmal mehr ein hochinteressantes und aktu-
elles Programm. Neben diesen Schwer-
punktthemen standen wieder Anwendungen
von und mit 3D Stadtmodellen im Vorder-
grund der Veranstaltung.

Partner der Veranstaltung waren der Deut-
sche Verein fiir Vermessungswesen (DVW),
die Deutsche Gesellschaft fiir Photogramme-
trie, Fernerkundung und Geoinformation

(DGPF), das Virtual Dimension Center
(VDC) und die Stadtwerke Lindau. Haupt-
sponsor der Veranstaltung war die Firma Esri
Deutschland GmbH.

Die Veranstaltung wurde wie in den Vor-
jahren in einen Vortragsteil am ersten Tag und
in Vertiefungsthemen und Workshops am
zweiten Tag aufgeteilt.

Die BegriiBung und Erdéffnung am ersten
Tag libernahm in Vertretung der Oberbiirger-
meisterin der Stadt Lindau der neue Leiter des
Stadtplanungsamtes CHRISTIAN HERRLING. In-
teressant und positiv motivierend fiir die Teil-
nehmer war dabei sicherlich, wie HERRLING als
Architekt und Stadtplaner ausfiihrte, dass er
3D Stadtmodelle mehr und mehr als unver-
zichtbares Werkzeug im stiddtebaulichen Pla-
nungsprozess ansieht. AnschlieBend folgte der
Eroffnungsvortrag von ALEXANDER ZIPF vom
Geographischen Institut der Universitdt Hei-
delberg mit dem Beitrag 3D Stadtmodelle im
Wandel — von nice to have zum praxisnahen
Werkzeug. Zipr gab darin nicht nur einen gu-
ten Uberblick iiber die Entwicklung von 3D
Stadtmodellen, er zeigte vielmehr auf, welche
Entwicklungsmoglichkeiten noch in dieser
Thematik stecken. Der nichste Beitrag folgte
von NicoLas HEvEr von der Firma Google
Deutschland. HEYER zeigte mit seiner iiberaus
lebendigen und nicht rein technischen Priasen-
tation auf, welche Interessen ein Unternehmen
wie Google an dem Thema 3D Geo-/Gebaude-
daten hat.

Im dritten Beitrag am Vormittag stellte
RoBERT RoscHLAUB vom Landesamt fiir Ver-
messung und Geoinformation in Miinchen die
Strategie und Vorgehensweise des Freistaates
Bayern bei der landesweiten ErschlieBung der
dritten Dimension vor. Hervorgehoben sei
hier das Projekt LoD2 fiir ganz Bayern, wel-
ches vor kurzem begonnen wurde und 2015
abgeschlossen sein soll. Im letzten Vortrag
vor der Mittagspause stellte der Architekt Jan
Havarsch von der ETH Ziirich ein neues 3D-
Werkzeug fiir Stadtplaner vor. Interessant da-
bei war u.a., mit welcher Einfachheit damit im
Stadtplanungsprozess ~ Variantenplanungen
von Straflen oder Gebdudekomplexen simu-
liert und visualisiert werden konnen.

Bevor dann die Mittagspause begann, stell-
ten die Veranstalter die ausstellenden Firmen
in Kurzportrits vor.
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Den zweiten Teil des Vortragsprogramms
erdffnete MicHAEL PospiecH von der Stadt
Niirnberg, in dem er iiber das neue 3D Stadt-
modell von Niirnberg berichtete. PospiECH
machte deutlich, dass nach der technischen
Realisierung die Vermarktung des 3D Stadt-
modells sowohl innerhalb der Stadtverwal-
tung als auch extern bei Architekten, Pla-
nungsbiiros etc. eine nicht zu unterschétzende
und aufwendige Arbeit ist. Auch der néchste
Beitrag 3D-Geodaten fiir Tirol befasste sich
primédr mit der Vermarktung von 3D Modellen
im Bereich Tourismus und Standortmarke-
ting, vorgetragen von PATRICK FRITZMANN von
der Landesregierung Tirol und FLORIAN SiE-
GERT (3D Reality Maps).

Im anschliefenden, sehr praxisbezogenen
Beitrag zeigte JoacHiM EBERT von der Stadt
Aalen auf, wie Mobile-Mapping-Daten in der
stiadtischen Verwaltung genutzt werden kon-
nen. Besonderes Interesse bei den Teilnehmern
fand dabei das Thema Doppik (Doppelte Buch-
fiihrung in Konten), welches derzeit bei vielen
Kommunen ein iiberaus aktuelles Thema ist.

Den vortraglichen Abschluss des ersten Ta-
ges machte BENnjaAMIN SatTES (Planungsbiiro
Z&M 3D WELT GmbH) mit dem interessan-
ten Beitrag Standortauswahl von Windkraft-
anlagen auf der Basis von 3D Geomodellen.
Diese Thematik wird aus aktuellem Anlass
sicherlich auch in den folgenden Jahren immer
wieder auf der Tagesordnung stehen.

Der erste Veranstaltungstag klang dann am
Abend in gemiitlicher Atmosphére zur Stark-
bierzeit im mittelalterlichen Gasthaus Siinf-

30-Forum Lindawil

I._‘tl_

Veranstaltungsort Inselhalle in Lindau.

zen auf der Insel Lindau aus, wo neben Speis
und Trank alte Bekanntschaften gepflegt und
neue Kontakte gekniipft wurden.

Am zweiten Tag standen am Vormittag drei
Vertiefungsthemen auf dem Programm: Be-
ginnend mit dem Thema Internetvisualisie-
rung von 3D Stadtmodellen, wo iiber Stand
und neueste Trends sowie iiber Formate und
Standards wie CityGML und X3DOM refe-
riert wurde, folgte der zweite Themenblock
mit der Uberschrift Fortfiihrung und Verdich-
tung von 3D Stadtmodellen. Hier wurde u.a.
vertiefend auf die Integration von Mobile-
Mapping-Daten in 3D Stadtmodelle eingegan-
gen. Den Abschluss bildete der sehr praxisna-
he Beitrag Vom Foto zur 3D-Animation, worin
den Teilnehmern ganz konkrete Werkzeuge
vorgestellt wurden, die sie selbst fiir die Er-
stellung von 3D-Animationen nutzen kdnnen.

Die Vertiefungsthemen wurden von GERr-
HARD JUEN (Fachhochschule Gelsenkirchen),
Vorker Coors (Hochschule fiir Technik,
Stuttgart) und GUNTER Pomaska (Fachhoch-
schule Bielefeld) prisentiert.

Am Nachmittag fanden zwei Firmen- und
ein CityGML-Workshop statt. Neben der Fir-
ma Esri, die ihre neuen Aktivitdten im 3D-
Bereich mit der CityEngine vorstellte, war die
Firma UVM Systems prisent, die u.a. iiber die
automatische Texturierung von Gebdudemo-
dellen berichtete.

Der CityGML Workshop mit Experten aus
der SIG3D und der Standard Working Group
des OGC (Open Geospatial Consortium) fand
bereits zum zweiten Mal in Lindau statt und

Prasentation von Softwarelésungen beim
3D-Forum in Lindau.



Nachruf

663

beschiftigte sich neben neuen Modulen mit
den Neuerungen des OGC Standards Ci-
tyGML 1.1.

Die Veranstaltung ging gegen 17:00 Uhr zu
Ende. Sie kann nicht nur wegen des neuen
Teilnehmerrekordes als voller Erfolg gewertet
werden, sondern auch wegen der guten Reso-

nanz. Das ndchste Internationale 3D-Forum
Lindau findet am 19.-20. Mérz 2013 statt (3d-
forum.li).

ANDREAS LINDENMULLER, Lindau
AcHim HELLMEIER, Aalen

Nachruf

Professor Heinz Draheim verstorben

,»Eigentlich bin ich ja Photogrammeter, denn
ich war schon in den 60er Jahren im Vorstand
der Deutschen Gesellschaft fiir Photogramm-
metrie.... Das betonte HeiNz DRAHEIM bei
meiner Vereidigung an der Universitét Karls-
ruhe im Jahre 1983. Er beendete damals sei-
nen aktiven Dienst und seine Tatigkeit als
Rektor. 14 Jahre lang hatte er die ,,Fridericia-
na“ geflihrt, und statt ,,Magnifizenz* durfte
man ihn daher auch mit ,,seine Permanenz*
anreden oder gar mit ,,seine Mumifizens®.

Am 5. November 1915 in Pommern gebo-
ren, pragte ihn doch Berlin, wo er nach dem
Abitur an der Technischen Hochschule Ver-
messungswesen studierte und 1939 mit dem
Diplom abschloss. Nach Krieg und Gefangen-
schaft zog es ihn zuriick an die TH im vollig
zerstorten Berlin. Er arbeitete als wissen-
schaftlicher Assistent und Oberingenieur und
an seiner Promotion (1952), legte auch die
Grof3e Staatspriifung fiir den Hoheren Techni-
schen Verwaltungsdienst ab und habilitierte
sich 1958.

Soweit vollstédndig ausgestattet mit solidem
akademischen Riistzeug, wurde DRAHEIM be-
reits ein Jahr spiter als Professor an die Tech-
nische Hochschule Karlsruhe berufen mit ei-
nem Bewerbungsvortrag iiber Transformation
ungleichartiger Koordinaten nach C. Strinz.
Am Karlsruher Geodétischen Institut hatte er
das groBe Arbeitsfeld ,,Ausgleichungsrech-
nung und Landesvermessung“ zu vertreten.
Es war daher auch konsequent, dass Professor
DraHEIM sehr bald die Schriftleitung der Zeit-
schrift Allgemeine Vermessungs-Nachrichten
(AVN) iibernahm (1962 bis 1993), zumal der

Wichmann-Verlag in Karlsruhe wurzelte. Das
,,blaue Wunder* pflegte er die AVN zu nennen
wegen ihres blauen Einbandes und ihrer wun-
derbaren Inhalte und grenzte sie damit ab zur
Jroten Fahne“ der Zeitschrift fiir Vermes-
sungswesen (ZfV), anspielend auf die be-
kannte Dresdner Briicke einerseits und das
Organ der Kommunistischen Partei anderer-
seits.

Die eigentliche, herausragende Phase des
beruflichen Lebens von Professor DRrRAHEIM
begann jedoch mit seiner Wahl zum Rektor
der Universitdt Karlsruhe im Jahre 1968. Er
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hat sie durch gesellschaftspolitisch sehr
schwierige Zeiten navigiert und brachte es mit
Prédsenz und personlichem Einsatz zustande,
die divergierenden Gruppierungen vom ge-
meinsamen Ziel hochklassiger Lehre und For-
schung zu liberzeugen. Studentische Unruhen
wie an anderen Universititen gab es in Karls-
ruhe nicht, man sprach hier von der ,,Pax Dra-
heim®.

Ein erster sichtbarer Schritt zur Moderni-
sierung der Karlsruher Hochschule bestand in
der Erarbeitung und Verabschiedung einer
neuen Grundordnung. Rektor DRAHEIM gelang
es ,,...die Mitwirkung aller Mitglieder nahezu
optimal zu gestalten, ohne die Funktionsfa-
higkeit der Universitit zu gefdhrden®, wie es
sein Weggefihrte Professor H.G. KAHLE zu
seinem 65. Geburtstag formulierte. Die
Grundordnung war eine sehr praktische, libe-
rale Verfassung ohne hinderliche Biirokratie.
Diese war Rektor DRAHEIM so sehr verhasst,
dass er, wenn er es fiir richtig hielt, Erlasse des
Ministeriums auch einfach ignorierte. Das of-
fene Wort und Mut im Sinne von Zivilcourage
hat DrAHEIM jederzeit ausgezeichnet. Es ist in
dieser Auspriagung wohl auch ein Berliner Im-
port, welcher allerdings in Baden bisweilen
auch missverstanden werden kann.

Neben ,,Hochschulpolitik® — Rektor Dra-
HEIM vertrat auch von 1971 bis 1977 die Uni-
versitidten im Wissenschaftsrat — war es die
internationale Arbeit, die er besonders bef6r-
derte. Der Kooperationsvertrag mit der TU
Budapest, abgeschlossen bereits 1970 in der
Eiszeit des Kalten Krieges und noch vor Auf-
nahme diplomatischer Beziehungen, setzte
MaBstibe fiir die Uberwindung des Eisernen
Vorhangs, womit die Wissenschaft also der

Politik voranging. Professor DRAHEIM wurde
unter anderem auch dafiir von seiner Partner-
universitdt mit dem Ehrendoktor ausgezeich-
net. Er war Prisident und spiter Ehrenprési-
dent der Fédération Internationale des
Géometres (FIG), Ehrenmitglied der Royal
Institution of Chartered Surveyors und Com-
mandeur dans 1'Ordre des Palmes Académi-
ques, um nur einige Ehrungen aus seinem in-
ternationalen Arbeitsfeld zu nennen.

Es hieBe jedoch den Menschen HEiNnz Dra-
HEIM vollkommen zu verkennen, lieBe man
seine Freude an geistreicher Diskussion und
sein Engagement fiir das Musische uner-
wihnt: Vorstand der Gesellschaft der Freunde
des Badischen Staatstheaters, Mitglied im
Rundfunkrat des Siiddeutschen Rundfunks,
praktizierender Cellist. Beim Musizieren al-
lerdings tiberlieB er freiwillig seiner Frau, ei-
ner ausgebildeten Konzertpianistin, den Vor-
tritt. Zusammen mit seinem spateren Rektor-
Nachfolger Professor HEinz KunLE trat diese
auch offentlich auf unter dem gemeinsamen
Namen ,,Kunheim®, Umblitterer beim Vier-
héandigspiel war iibrigens HEINZ DRAHEIM.

Professor HEiNz DRAHEIM verstarb am 25.
April 2012 an seinem Wohnsitz bei Karlsruhe
im Alter von 96 Jahren ,,nach einem langen,
gliicklichen, der Wissenschaft, der Kunst und
der Musik gewidmeten Leben...“, wie es in
der Traueranzeige heif3t.

Mit ihm verlieren wir eine grofle Person-
lichkeit, welche die Bedeutung und die Faszi-
nation unseres geoditischen Berufsfeldes wei-
tervermittelt hat, und einen geradlinigen, lie-
benswerten Menschen.

Hans-PeTER BAHR, Karlsruhe
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Neue Mitglieder der DGPF

Als neue personliche Mitglieder begriifit die
DGPF

Prof. Dr. LArRS BERNARD, Dresden

B.Sc. KATiA DORNHOFER, Kiel

CuristoPHER EBERT, Wulkenzin OT Neuendorf
Dipl.-Ing. RoBerT EckARDT, Jena

Dipl.-Geogr. HENDRIK HEROLD, Dresden

Prof. Dr.-Ing. SteraN Hinz, Karlsruhe

PhD. MirosLav KArDOS, Zvolen, Slowakei
Dipl.-Geodkologe StEFaN KARGEL, Potsdam
Nabpja KAuper, Miinster

M.Eng. Tomasz Kocur, Siandéw, Polen
Dipl.-Geogr. Lukas LEHNERT, Marburg
Dipl.-Ing. FrRank LieBoLD, Dresden

B.Eng. Tosias LocumanN, Wesenberg
Dipl.-Geogr. THomas Lotz, Marburg

B.Sc. StEFAN MENZE, Bochum

Dr.-Ing. MEeupr RavanBakusH, Melbourne,
Australien

Dipl.-Geol. GorTrrIED M. REIMANN, Herne

M.Sc. SErRGEJ Rupsinski, Bochum
BENJAMIN SACKEL, Neubrandenburg
M.Sc. Lukas ScHACk, Hannover
B.Eng. MARTIN SCcHERPINSKI, Rostock
MARCEL SCHWIEDER, Berlin

BRENNER SiLva, Marburg

B.A. Roman Skorzus, Erfurt

Dr. Boris THies, Marburg

Dipl.-Ing. (FH) MicHAELA TrRUM, Unnau
Dipl.-Ing. SEBasTiaN TuTTAS, Eichenau
Dipl.-Ing. DETLEV WAGNER, Kirchheim
Dipl.-Ing. PaTrick WESTFELD, Dresden

Als neue korporative Mitglieder begriifit die
DGPF die Firmen

M.O.S.S. Computer Grafik Systeme GmbH,
Taufkirchen

topometric GmbH, G&ppingen

IABG mbH, Ottobrunn

Hochschulnachrichten

Universitat Stuttgart, Dissertation
Alexander Fietz

Herr Dipl.-Ing. ALEXANDER FIETZ promovierte
am 8.3.2012 an der Fakultdt fiir Luft- und
Raumfahrttechnik und Geodisie der Univer-
sitdt Stuttgart mit der Arbeit ,, Ableitung von
Bewegungsstrategien zur automatisierten,
vollstindigen Vermessung von Innenraumsze-
nen auf autonom navigierenden Plattformen*
zum Dr.-Ing.

Referent: Prof. Dr.-Ing. habil. DIETER FRITSCH,
Stuttgart; Korreferent: Prof. Dr. rer. nat. habil.
PauL LEvI.

Kurzfassung: Die Selbstlokalisierung eines
autonomen mobilen Roboters in der Umge-
bung ist eine seiner grundlegenden Aufgaben.
Eine prézise Lokalisierung ist fiir viele Appli-
kationen notwendig. Eine Voraussetzung da-
fiir ist das Vorliegen einer genauen und voll-

stdndigen Karte. Wihrend die durch den Ro-
boter erzeugte Karte bei typischen Robotikan-
wendungen ein notwendiges Nebenprodukt
darstellt, riickt diese bei einer Betrachtung
von vermessungstechnischer Seite unmittel-
bar in den Fokus. Es stellt sich die Frage, in-
wiefern sich die gesammelten Raumdaten be-
ziiglich der Genauigkeit, der Vollstandigkeit
und des Detaillierungsgrades fiir eine Umge-
bungskartierung eignen, die den Anforderun-
gen eines menschlichen Nutzers geniigen. Im
Alltag benétigt der Nutzer exakte Modelle
von Innenrdumen, deren Beschaffung hiufig
mit groBem Aufwand verbunden ist. Eine
vollautomatische Generierung dieser Innen-
raummodelle wire fiir ihn daher wiinschens-
wert. Die Arbeit soll hierzu einen Beitrag lei-
sten und versucht die Verfahren und Mittel
zusammenzustellen, die zur Modellierung ei-
ner Innenraumszene quasi ,,per Knopfdruck*
notwendig sind.
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Konzipiert wurde ein mobiles Messsystem,
durch das sich Innenraumumgebungen voll-
standig und mit mdglichst hoher Genauigkeit
in 2D als auch in 3D einmessen lassen. Der
Aufbau des Messsystems erfolgte in zwei Stu-
fen. In einer Basisstufe wurde eine mobile
Plattform mit einem low-cost Laserscanner
ausgestattet, um eine 2D-Exploration von In-
nenraumszenen zu ermoglichen. In einer Aus-
baustufe erlaubt die Anbringung einer Digi-
talkamera — basierend auf der Anwendung
photogrammetrischer Methoden — eine zu-
satzliche 3D-Rekonstruktion.

In der Arbeit werden Positionierungsstrate-
gien fiir die 2D als auch die 3D Vermessung
vorgestellt, deren priméres Ziel eine Genauig-
keitsmaximierung der resultierenden Raum-
daten ist. Im ersten Teil der Arbeit wird ein
2D-Messsystem vorgestellt, das in der Lage
ist, unbekannte Innenraumszenen zu erkun-
den und exakte Grundrisspldne von diesen zu
erstellen. Dabei fédhrt das System iterativ
Messposen an, die durch eine Positionierungs-
strategie bestimmt werden. Die an den einzel-
nen Messpositionen aufgezeichneten 2D-
Punktwolken werden iiber ein Scan-Matching
Verfahren in einem gemeinsamen Koordina-
tensystem registriert. Die Positionierungsstra-
tegie beruht auf einer globalen Betrachtung
der Umwelt als Verkettung von Linienseg-
menten. Da die Enden dieser Segmente auf
Datenliicken hinweisen, wird iiber diese die
Exploration einer Szene bis zu deren vollstén-
diger Erfassung vorangetrieben. Der zweite
Teil der Arbeit stellt eine Positionierungsstra-
tegie vor, durch die sich ein Bildverband fiir
eine photogrammetrische Rekonstruktion
aufnehmen ldsst. Bereits vor der eigentlichen
Aufnahme werden mogliche Posenkonfigura-
tionen tiiber eine Genauigkeitsabschidtzung
eruiert. Die Annahme, sich in ebenen Umge-
bungen zu bewegen, ermoglicht eine Ein-
schrankung der Wahl moglicher Kamerapo-
sen auf ein 2D Suchproblem. Ausgangsinfor-
mation der Posebestimmung ist die 2D Umge-
bungskarte, die sich durch das vorgestellte 2D
Messsystem erstellen ldsst. Aus dieser werden
iterativ pseudozufillige Posenkonstellationen
fiir definierte Umgebungsbereiche abgeleitet
und anhand einer Kostenfunktion miteinan-
der verglichen. Die Kostenfunktion versucht
die im Biindelausgleich entstehenden Varian-

zen der Objektpunkte abzuschitzen. Dies
wird durch eine Reduzierung des funktiona-
len Modells des Biindelausgleichs auf eine 2D
Betrachtung moglich, wobei ein 2D Rich-
tungsnetz entsteht. Form und Grofe der resul-
tierenden Fehlerellipsen lassen Riickschliisse
auf die Giite moglicher Kameraposen zu und
erlauben eine vergleichende Evaluierung.

Ein wesentlicher Teil der Arbeit beschéftigt
sich mit der empirischen Evaluierung der Sys-
teme, um deren Leistungsvermdgen und die
Giite der resultierenden Raumdaten zu erér-
tern. Anhand von Versuchen in realen Umge-
bungen wird die praktische Anwendbarkeit
der entwickelten Messverfahren belegt. Im
Falle der scannenden Vermessung belegen die
Experimente, dass das entwickelte Messsys-
tem auch komplexe Innenraumszenarien ein-
zumessen und zu explorieren vermag. Eine
Betrachtung der erstellten Punktwolke zeigt,
dass deren Genauigkeit vielen vermessungs-
technischen Anspriichen geniigt und das Ver-
fahren diesbeziiglich herkémmlichen Mess-
mitteln {liberlegen ist. Bei einer anschlieBen-
den Modellierung werden jedoch feinere Um-
gebungsstrukturen falschlich abgebildet oder
gehen ganz verloren. Auch die 3D-Messstrate-
gie ist existierenden Strategien nachweislich
tiberlegen. Das rein passive Verfahren fiihrt
jedoch zu Punktwolken, die nicht dicht genug
sind, um mit entsprechender Software detail-
lierte Umgebungsmodelle erzeugen zu kon-
nen.

Die Dissertation ist in der Reihe C der
Deutschen Geoditischen Kommission bei der
Bayerischen Akademie der Wissenschaften
(ISBN 978-3-7696-5097-6) unter der Nr. 685
online  verdffentlicht  (http://dgk.badw.de/
index.php?id=12). Gleichzeitig erscheint die
Arbeit in elektronischer Form bei der Biblio-
thek der Universitdt Stuttgart (http:/elib.uni-
stuttgart.de/opus/doku/e-diss.php).

Technische Universitat Clausthal,
Dissertation Michael Schéafer

Herr Dipl.-Geol. MICHAEL SCHAFER wurde am
27.2.2012 an der Fakultit fiir Energie- und
Wirtschaftswissenschaften der Technischen
Universitat Clausthal mit der Arbeit ,, Atmo-
sphdre als Phasenbestandteil der differentiel-
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len Radarinterferometrie und ihr Einfluss auf

die Messung von Hoéhendnderungen” zum
Dr.-Ing. promoviert.

Referent: Prof. Dr.-Ing. WoOLFGANG BuscH,
Technische Universitdt Clausthal; Korreferen-
tin: Prof. Dr. rer. nat. CHRISTIANE SCHMULLIUS,
Friedrich-Schiller-Universitidt Jena; Vorsit-
zender der Promotionskommission: Prof. Dr.-
Ing. NorBERT MEYER, Technische Universitét
Clausthal.

Kurzfassung: Die differentielle Interferome-
trie auf Grundlage von satellitengestiitzten
Radarfernerkundungssensoren mit syntheti-
scher Apertur (dInSAR) hat sich fiir die Erfas-
sung von Verformungen der Erdoberfliche
bewihrt. Das Verfahren ermdglicht prinzipi-
ell Messgenauigkeiten im Millimeterbereich,
wodurch es neben vielen geowissenschaftli-
chen Fragestellungen auch fiir geoditische
Messungen interessant wird, beispielsweise
zur Ermittlung bergbaubedingter Hohenédnde-
rungen. Fiir das Erreichen hoher Messgenau-
igkeiten miissen jedoch Fehlereinfliisse in den
Daten bekannt sein und mdoglichst vermieden
werden. Diese Arbeit befasst sich vornehm-
lich mit dem Einfluss der Erdatmosphére auf
die Ergebnisse der Radarinterferometrie.

Die Erdatmosphére besitzt einen bedeuten-
den Einfluss auf die Ausbreitung elektromag-
netischer Wellen, welche von satellitenge-
stiitzten Radarsensoren ausgesendet werden.
Dabei spielen insbesondere kleinrdumige In-
homogenitdten in der Troposphire, vor allem
bedingt durch das Wetter, sowie unterschied-
liche Elektronendichten in der Ionosphire
eine Rolle. In Interferogrammen dufert sich
eine Atmosphdrendnderung zwischen den
Aufnahmezeitpunkten als zusdtzlicher Pha-
senbestandteil in Uberlagerung mit den ge-
suchten Phaseninformationen, welche die De-
formation und Topographie der Geldndeober-
flache widerspiegeln.

Vorgestellt wird ein Verfahren, welches als
Novum die Ermittlung der atmosphérischen
Phasenverschiebung zu einem einzelnen Zeit-
punkt erméglicht. Die Berechnung erfolgt auf
der Grundlage einer Zeitreihe von Radarauf-
nahmen. Samtliche Interferogrammkombina-
tionen bezogen auf einen Aufnahmezeitpunkt
beinhalten auch die Atmosphére dieses Zeit-

punkts, was eine statistische Ermittlung er-
laubt. Als Besonderheit des gezeigten Verfah-
rens ist keine vorherige Losung von Phasen-
mehrdeutigkeiten notig. Nebenbei ermdglicht
die Vorgehensweise zudem die Detektion von
Deformationsgebieten sowie die Ermittlung
von einzelnen Pixeln, die eine zeitliche Pha-
senstabilitdt aufweisen.

Gezeigt werden Ergebnisse basierend auf
sechs Zeitreihen dreier Radarsensoren an
Bord der Erdbeobachtungssatelliten Terra-
SAR-X, Envisat und ALOS. Diese Sensoren
weisen verschiedene Radarwellenldngen im
X-, C- und L-Band auf, was die Untersuchung
frequenzabhingiger Einfliisse ermdglicht. Die
mit dem neuen Verfahren aus Radardaten ge-
wonnen Informationen werden mit Wetterda-
ten verglichen. Vor allem optische Fernerkun-
dungsdaten von Meteosat MSG und Envisat
MERIS zeigen eine gute Ubereinstimmung.
Auch die zukiinftige Nutzung der erzeugten
Ergebnisse zur rdumlich hochaufgeldsten Ge-
winnung von meteorologischen Kenngréfien
der Atmosphére ist vorstellbar. Dariiber hin-
aus werden diverse Parameter entwickelt, wel-
che eine Charakterisierung und den Vergleich
von atmosphérischen Zustidnden zu verschie-
denen Zeitpunkten ermoglichen. Mit ihrer
Hilfe konnen deutliche jahreszeitliche Unter-
schiede in der Auspridgung der Atmosphére
festgestellt werden, wobei Szenen im Sommer
eine starkere Beeinflussung durch Atmosphai-
re zeigen als im Winter. Auch Vergleiche zwi-
schen den Sensoren werden angestellt und
diskutiert, wobei vor allem die Sonnenein-
strahlung je nach Tageszeit der Aufnahmen
die Stdrke der Atmosphére in den Radardaten
beeinflusst. Ferner bewirkt die Ionosphére bei
Radarwellenldngen ab dem Dezimeterbe-
reich, dass Aufnahmen, z. B. von L-Band Ra-
dar auf ALOS, ein deutlich abweichendes jah-
reszeitliches Verhalten gegeniiber den kiirze-
ren Wellenldngen von Envisat und TerraSAR-
X zeigen. AbschlieBend werden Betrachtun-
gen zur theoretischen Erfassbarkeit von Ho-
hendnderungen mittels differentieller Radar-
interferometrie angestellt. Unter dem Aspekt
des Auftretens von Atmosphire in den Radar-
daten werden zudem die Auswirkungen von
atmosphérischen Phasenverschiebungen auf
verschiedene differentiell-interferometrische
Auswerteverfahren behandelt, wie beispiels-
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weise die rasterbasierte Stapelung von Interfe-
rogrammen oder die punktbasierte Persistent
Scatterer Interferometrie (PSI).

Die Dissertation ist in der Schriftenreihe
,,Geotechnik und Markscheidewesen™ des In-
stituts fiir Geotechnik und Markscheidewesen
der Technischen Universitdt Clausthal als Heft
Nr. 22 (ISBN 3-938924-15-2) erschienen. Zu-
dem ist die Arbeit elektronisch ver6ffentlicht
beim Gemeinsamen  Bibliotheksverbund
(GBV) unter http://www.gbv.de/dms/
clausthal/E_DISS/2012/db110817.pdf.

Technische Universitat Clausthal,
Dissertation Diana Walter

Frau Dipl.-Ing. Diana WaLTER wurde am
28.9.2011 an der Fakultdt fiir Energie- und
Wirtschaftswissenschaften der TU Clausthal
mit der Arbeit ,,Systematische Einfliisse digi-
taler Hohenmodelle auf die Qualitdit radarin-
terferometrischer Bodenbewegungsmessun-
gen’ zum Dr.-Ing. promoviert.

Referent: Prof. Dr.-Ing. WoLFGANG Busch, TU
Clausthal; Korreferent: Prof. Dr.-Ing. Uwe
SORGEL, Leibniz Universitdt Hannover; Vor-
sitz der Promotionskommission: Prof. Dr.-Ing.
NorBERT MEYER, TU Clausthal.

Kurzfassung: Auf dem Gebiet der Bodenbe-
wegungsiiberwachung ist das Interesse an der
Radarinterferometrie als Messmethode insbe-
sondere durch die neuen hochauflésenden
SAR-Satelliten stark gestiegen. Die Qualitét
der Interferogramme hat sich erheblich ver-
bessert, was vor allem auf die hoheren Wie-
derholraten, aber auch auf die geringeren
Schwankungen der Satellitenorbits zuriickzu-
fiihren ist. Durch die hoheren Boden-
auflosungen wurde auch das Anwendungs-
spektrum speziell im Bereich der Einzel-
objektiiberwachung erweitert. Anhand ver-
schiedener ~Anwendungsbeispiele  konnte
mehrfach nachgewiesen werden, dass Messge-
nauigkeiten von wenigen Millimetern pro Jahr
erzielbar sind. Die Anerkennung der Radarin-
terferometrie als Messmethode im klassisch
geodétisch-markscheiderischen Sinne und die
damit verbundene Uberfiihrung in die Praxis
macht eine genaue und umfassende Beschrei-
bung und Quantifizierung der Messfehler er-

forderlich. Die Messfehler resultieren iiber-
wiegend aus rdumlichen und zeitlichen Ein-
flussfaktoren. Systematische Fehler werden
durch die Aufnahmegeometrie hervorgerufen,
hauptsdchlich durch den Abstand zwischen
den Satellitenaufnahmepositionen. Die Erfas-
sung von Bodenbewegungen der Erdoberfla-
che mittels Radarsensoren setzt wiederholte
Aufnahmen voraus. Aus den gemessenen Pha-
sen der zuriickgestreuten Signale werden In-
terferogramme generiert und im Allgemeinen
unter Verwendung von vorhandenen Hohen-
modellen topographiebedingte Einfliisse kor-
rigiert. Fehler in den Héhenmodellen werden
dabei direkt, aber auch indirekt, in die Bewe-
gungsmessung iibertragen und fithren zu
Messfehlern. Der Einfluss wird in der prakti-
schen Anwendung héufig unterschitzt. Spezi-
ell in bergbaulich beeinflussten Gebieten oder
auch dicht bebauten stddtischen Bereichen tre-
ten verstédrkt topographiebedingte Messfehler
auf.

Im Rahmen der Dissertation wird der syste-
matische Einfluss von Hohenmodellfehlern
innerhalb des interferometrischen Auswerte-
prozesses ausfiihrlich untersucht sowie die
Auswirkungen auf die Genauigkeit der abge-
leiteten Bodenbewegungen quantifiziert. Ne-
ben der funktionalen Beschreibung der Zu-
sammenhénge erfolgt exemplarisch an einem
bergbaulich beeinflussten Gebiet die Analyse
der vertikalen Messfehler in Abhdangigkeit un-
terschiedlicher Hohendaten und Satellitensen-
soren (TerraSAR-X, Envisat ASAR, ALOS
PALSAR) sowie unterschiedlicher Aufnah-
megeometrien. Dabei wird differenziert auf
Auswirkungen von Hohenfehlern in Berei-
chen mit stetigen topographischen Veridnde-
rungen sowie in Stadt- und Vegetationsgebie-
ten eingegangen. Spezielle Untersuchungen
erfolgen hinsichtlich der Genauigkeit bei der
Uberfithrung von Hohenmodelldaten ins
Range-Doppler-Koordinatensystem (Geoko-
dierung), die Voraussetzung fiir die topogra-
phische Korrektur ist.

Die Validierung mittels terrestrischer Da-
ten zeigt, dass die realen Messfehler haufig
kleiner sind als die theoretisch berechneten
Werte. Bei X-Band Sensoren bewirken bereits
kleine Hohenfehler groBe Phasenfehler, die
jedoch im Vergleich zu L-Band Ergebnissen
deutlich kleinere Messfehler verursachen. Auf
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Grundlage der durchgefiihrten Untersuchun-
gen werden in der Arbeit Empfehlungen gege-
ben, mit deren Hilfe eine Reduktion von topo-
graphiebedingten Messfehlern in Inter-
ferogrammen unter Einhaltung sensorspezifi-
scher Aufnahmeparameter sowie Verwendung
geeigneter Hohenmodelle méglich ist. Vertie-
fende Kenntnisse zur Identifikation von

Hohenfehlern in Interferogrammen sollen An-
wendern als Interpretations- und Bewertungs-
hilfe zur quantitativen Einschidtzung mogli-
cher Messfehler dienen.

Die Dissertation ist in der Schriftreihe des
Instituts fiir Geotechnik und Markscheidewe-
sen der TU Clausthal als Heft Nr. 21 erschie-
nen.

VDV-Preis (Verband Deutscher Vermessungsingenieure)

Der diesjahrige VDV-Preis fiir die bundes-
weit beste Masterarbeit im Fachgebiet Geo-
désie und Geoinformatik wurde am 1. Juni
2012 an der Jade Hochschule in Oldenburg
verliechen. Herr M.Sc. FoLkMAR BETHMANN
erhdlt den VDV-Preis fiir seine Masterarbeit
wEntwicklung einer Monte-Carlo-Simulation
zur Optimierung der 6DOF-Navigation mit ei-
nem mikroskopintegrierten Einkamerasystem*.
BetHMANN hat in seiner Masterarbeit ein Si-
mulationsprogramm zur Ermittlung der mit
dem System von mikroskopintegrierten Ein-

kamerasystemen erreichbaren Genauigkeiten
entwickelt. Die Genauigkeit ist gerade in der
Neurochirurgie und der HNO-Chirurgie bei
beengten Verhéltnisse von grofler Bedeutung.
Der VDV-Preis wird einmal jéhrlich bundes-
weit verliehen fiir je eine Diplom-, Bachelor-
und Masterarbeit. Der VDV ist mit ca. 6.500
Mitgliedern die berufspolitische Vertretung
der Vermessungs- und Geoinformationsinge-
nieure in Deutschland.

BurkHARD KREUTER, VDV, Wuppertal

Buchbesprechung

Mo6ser/HorFmEISTER/MULLER/SCHLEM-
MER/STaIGER/WANNINGER: Handbuch
Ingenieurgeodéasie — Grundlagen,
vierte, vollig neu bearbeitete
Auflage

Das vorliegende Buch hat seine Urspriinge in
dem bekannten Fachbuch ,,Ingenieurgeoda-
sie” von HENECKE/WERNER/MULLER aus dem
Jahr 1982, dessen zweite Auflage ich als Stu-
dent gern und oft in die Hand genommen
habe, weil viel Wissen komprimiert und ver-
standlich weitergegeben wurde. Man erhielt
zundchst einen kurzen Abriss der jeweils be-
handelten ingenieurgeoddtischen Fragestel-
lung und darauf aufbauend den passenden
Uberblick iiber die zur Verfiigung stehenden
Instrumente und Verfahren sowie der physi-

kalischen Grundlagen der eingesetzten Senso-
rik.

Nachdem in den letzten dreifig Jahren ein
immenser technischer Wandel stattgefunden
hat, bietet der vorliegende Band der vierten
Auflage in neun Kapiteln nun diesen umfas-
senden Uberblick in die notwendigen ,,Grund-
lagen™ der Ingenieurgeoddsie. Nach einem
Uberblick des Themenkomplexes ,,Ingenieur-
geodisie™ stellt das zweite Kapitel einen sieb-
zehnseitigen Exkurs in das ,,0ffentliche Ver-
messungswesen” dar und gibt eine konzen-
trierte Ubersicht iiber die Organisation des
behordlichen Vermessungswesens in Deutsch-
land und die baurechtlichen Grundlagen, die
bei Planung und Bauvorbereitung von Interes-
se sind. Kapitel 3 befasst sich eingehend mit
der ,,Auswertung von Messungen®, allgemein
gesagt: von den Grundbegriffen der ,,Fehler-
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lehre und Statistik™ bis zu Koordinatentrans-
formationen. Von den altbekannten geodati-
schen Fachtermini wie ,,Standardabweichun-
gen“ tiber den ,,GUM* (,,Guide to the Expres-
sion of Uncertainty in Measurement*) wird
der Bogen zu den im Bauwesen iiblichen ,,To-
leranzen gespannt. Einzelne statistische
Testverfahren, das , Totale Differential®“ oder
sogar die Kovarianzfortpflanzung fiir korre-
lierte Groflen werden formelméBig detailliert
beschrieben und sind fiir den Leser sicherlich
sofort nachvollziehbar. Das Fachgebiet ,,Aus-
gleichungsrechnung™ wird auf den fiinfzig
Seiten dieses Kapitels verstidndlicherweise nur
kurz angerissen, so dass der vorliegende Band
das Studium weiterer Fachliteratur nicht er-
setzen kann. Vertieft wird das Wissen zur
Ausgleichungsrechnung spéter im siebten Ka-
pitel ,,Grundlagennetze®. Diese ,,Zweiteilung™
erfahrt auch die Thematik ,,Bezugssysteme
und Koordinatensysteme®, die zunédchst im ei-
genstidndigen Kapitel 4 und spéter erneut in ,,7
Grundlagennetze® mehr anwendungsbezogen
diskutiert werden.

Kernstiick dieses Bandes sind sicherlich die
Kapitel ,,5 Grundlagen der Sensorik* und ,,6
Messverfahren™ sowie die Kapitel zur ,,Ab-
steckung® (8 und 9). Im Kapitel 5 werden um-
fassend und verstdndlich die physikalischen
Grundlagen der Optik sowie der Elektronik
dargestellt und der Weg aufgezeigt, wie aus
einer zu messenden Grofie zunichst das (elek-
trische) Signal eines Aufnehmers und daraus
wiederum der eigentliche (digitale) Messwert
wird. Daran anschlieBend wird im sechsten
Kapitel eine umfassende Auswahl ingenieur-
geodétischer Instrumente, die in der Regel
eine Kombination mehrerer Einzelsensoren
sind, im Zusammenhang mit ihren Hauptan-

wendungen betrachtet. Fiir viele ingenieur-
geoditische Problemstellungen werden typi-
sche Losungsansidtze von der Auswahl des
Instrumentariums und des eigentlichen Mess-
verfahrens mit Abschitzung des Fehlerbud-
gets bis zur Auswertung beschrieben, teilwei-
se unter Angabe aller benétigten Formeln. Im
achten Kapitel kommt man von den allgemei-
neren Verfahren zum Thema ,,Absteckung®,
das unter ,,9 Bogenabsteckung* nochmal spe-
zialisiert wird.

Bei einer solch umfassenden Darstellung
der Sensorik, des Instrumentariums und der
Verfahren kann man sich sicherlich vortreff-
lich dariiber streiten, ob einzelne Themen-
punkte in das eine oder lieber in das andere
Kapitel gehort hitten. Beispielsweise wird der
,unbedarfte” Leser das klassische Messband
wohl zunéchst vergeblich unter den physikali-
schen Grundlagen bzw. den Messverfahren
suchen, bis er es unter der Thematik Abste-
ckung (an zwei Stellen) prignant behandelt
findet. Auch wenn das sehr gute Stichwortver-
zeichnis hervorragende Dienste leistet, sollte
man nicht einzelne Begriffe lexikonartig
nachschlagen, sondern sich die Muf3e nehmen,
das Buch als Ganzes zu lesen. Denn das ist es
auch wert.

Das Buch wird dem Anspruch gerecht, eine
systematische Darstellung der Ingenieurgeo-
disie sowohl fiir Studierende als auch fir
praktizierende Ingenieure der Geodisie und
anderer Fachdisziplinen zu geben. Auch die-
sen Band werde ich, wie schon seinen Ur-
sprungsband von 1982, sicherlich immer wie-
der gern in die Hand nehmen und kann ihn der
angesprochenen Personengruppe unumwun-
den empfehlen.

KarL Forpe, Neubrandenburg
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2012

4.-5. Oktober: 1. Gemeinsames Arbeitskreis-
Treffen des AK ,,Fernerkundung® der
DGfG und des AK ,Interpretation von
Fernerkundungsdaten“ der DGPF in Bo-
chum. ak-fernerkundung.de

7.-13. Oktober: ECCV 2012, European Con-
ference on Computer Vision, in Florenz, Itali-
en. eccv2012.unifi.it

9.-11. Oktober: INTERGEO 2012 und 60.
Deutscher Kartographentag und 3. Euro-
paischer Kongress der CLGE (Comité de
Liaison des Géométres Européens) in Hanno-
ver. intergeo.de

16.-18. Oktober: 9th Symposium on Loca-
tion-Based Services in Miinchen. www.
1bs2012.tum.de

6.—7. Dezember: 3D-NordOst 2012, 15. An-
wendungsbezogener Workshop zur Erfas-
sung, Modellierung, Verarbeitung und Aus-
wertung von 3D-Daten am GFal in Berlin-
Adlershof. 3d-nordost.de.

2013

13.—14. Februar: 12.Oldenburger 3D-Tage.
jade-hs.de/3dtage

17.-23. Februar: 17. Internationale Geoditi-
sche Woche in Obergurgl, Osterreich. uibk.
ac.at/vermessung/veranstaltung/obergurgl.
html

30. April — 2. Mai: 8th International Sympo-
sium on Mobile Mapping Technology 2013
in Tainan, Taiwan. conf.ncku.edu.tw/
mmt2013/

25.-30. August: 26th International Carto-
graphic Conference (ICC) in Dresden.
icc2013.org/

2.-6. September: XXIVth CIPA Heritage
Documentation Symposium in Strafiburg,
Frankreich. cipa.icomos.org

9.-13. September: 54. Photogrammetrische
Woche in Stuttgart. www.ifp.uni-stuttgart.
de/phowo

8.—15. Dezember: ICCV 2013, International
Conference on Computer Vision, Sydney,
Australien. iccv2013.org



672 Photogrammetrie « Fernerkundung « Geoinformation 2/2012

Korporative Mitglieder

Firmen

AEROWEST GmbH

AICON 3D Systems GmbH

aphos Leipzig AG

Becker Geolnfo GmbH

Bernhard Harzer Verlag GmbH

Blom Deutschland GmbH

Brockmann Consult GmbH

bsf swissphoto GmbH

Biiro Immekus

CGI Systems GmbH

con terra GmbH

DB Netz AG

DELPHI IMM GmbH

Deutsches Bergbau-Museum

EFTAS Fernerkundung Technologietransfer GmbH
ESG Elektroniksystem- und Logistik-GmbH
Esri Deutschland GmbH

EUROPEAN SPACE IMAGING
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Geoinform. & Photogr. Engin. Dr. Kruck & Co. GbR
geoplana Ingenieurgesellschaft mbH
GEOSYSTEMS GmbH
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Vermessung
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ITT Visual Information Solutions Germany
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Microsoft Photogrammetry
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trimetric 3D Service GmbH

Wichmann, VDE Verlag GmbH

Z/1Imaging Ltd.

Behorden

Amt fiir Geoinformationswesen der Bundeswehr
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Bundesamt fiir Kartographie und Geodésie
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Hessisches LA fiir Bodenmanagement und Geoinforma-
tion

Innenministerium NRW, Gruppe Vermessungswesen
Institut fir Umwelt- und Zukunftsforschung

LA fiir Geoinformation und Landentwicklung, BW
LA fir Vermessung und Geoinformation, Bayern

LB Geoinformation und Vermessung, Hamburg

LB fiir Kiistenschutz, Nationalpark und Meeresschutz,
SH

Landesvermessung und Geobasisinformation Nieder-
sachsen

Mairkischer Kreis, Vermessungs- und Katasteramt
Regierungsprisident Tiibingen, Abt. 8 Forstdirektion
Regionalverband Ruhr

Staatsbetrieb Sachsenforst Pirna

Stadt Bocholt, Fachbereich 31

Stadt Diisseldorf, Vermessungs- und Katasteramt
Stadt K6ln, Amt fiir Liegenschaften, Vermessung und
Kataster

Stadt Wuppertal, Vermessung, Katasteramt und
Geodaten

Thiiringer LA fiir Vermessung und Geoinformation

Hochschulen

BTU Cottbus, Lehrstuhl fiir Vermessungskunde

FH Frankfurt a.M., FB 1, Studiengang Geoinformation
FH Mainz, Institut fiir Raumbezogene Informations- und
Messtechnik

Jade Hochschule, Institut fiir Angewandte Photogram-
metrie und Geoinformatik

HCU HafenCity Universitit Hamburg, Geomatik

HfT Stuttgart, Vermessung und Geoinformatik

HS Bochum, FB Vermessung und Geoinformatik

HS Karlsruhe, Fakultit fiir Geomatik

HTW Dresden, FB Vermessungswesen/Kartographie
LUH Hannover, Institut fiir Kartographie und
Geoinformatik

LUH Hannover, Institut fiir Photogrammetrie und
Geoinformation

MLU Halle, FG Geofernerkundung

Ruhr-Uni Bochum, Geographisches Institut

RWTH Aachen, Geoditisches Institut

TU Bergak. Freiberg, Institut fiir Markscheidewesen und
Geodaisie

TU Berlin, Computer Vision & Remote Sensing

TU Berlin, Institut fiir Geodésie und Geoinformations-
technik

TU Braunschweig, Institut fiir Geoddsie und Photogr.
TU Clausthal, Institut fiir Geotechnik und Markscheide-
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TU Darmstadt, Institut fiir Photogrammetrie und
Kartographie

TU Dresden, Institut fiir Photogrammetrie und
Fernerkundung

TU Miinchen, FG Photogrammetrie und Fernerkundung
TU Wien, Institut fiir Photogrammetrie und Fernerkun-
dung

Uni Bonn, Institut fiir Photogrammetrie

Uni Gottingen, Institut fiir Waldinventur und Wald-
wachstum

Uni Heidelberg, IWR Interdisziplindres Zentrum fiir
Wissenschaftliches Rechnen

Uni Kassel, FB Okologische Agrarwissenschaften

Uni Kiel, Geographisches Institut

Uni Stuttgart, Institut fiir Photogrammetrie
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