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VNIR/SWIR Laboratory Imaging Spectroscopy for Wall-to-
Wall Mapping of Elemental Concentrations in Soil Cores

Simon Schreiner, henning BuddenBaum, chriStoph emmerling, Trier & markuS

SteffenS, Freising
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fuse reflectance spectroscopy has proven to
be useful for many soil scientific topics. Re-
flectance spectroscopy has been used in many
studies for the determination of soil proper-
ties like mineral composition (ViScarra roS-

1 Introduction

Visible/near infrared (VNIR, 400 nm to
1000 nm wavelength) and shortwave infrared
(SWIR, 1000 nm to 2500 nm wavelength) dif-

Summary: Visible/near infrared (VNIR, 400 nm
to 1000 nm wavelength) and shortwave infrared
(SWIR, 1000 nm to 2500 nm wavelength) labora-
tory imaging spectroscopy with spatial resolutions
of 63 µm and 250 µm, respectively, was used for
mapping contents of C, N, Fe, Al, and Ca in soil
profiles. Four soil cores of 30 cm to 50 cm length
were collected at a Regosol and a Cambisol site and
scanned hyperspectrally after drying. Small sam-
ples (ROI; Regions of Interest) were taken from the
cores and analysed chemically as references for re-
gression analyses. Partial least-squares regression
(PLSR) and multivariate adaptive regression
splines (MARS) models between spectral informa-
tion and elemental contents of reference samples
were established for VNIR and SWIR data sepa-
rately and for the combined datasets. The regres-
sion models were applied to the hyperspectral im-
age data to create spatially explicit maps of elemen-
tal contents for the soil profiles. PLSR yielded
slightly better regression accuracies than MARS,
and PLSR maps were more plausible in visual in-
spection. The optimal spectral range for elemental
mapping was inconsistent, but in most cases the ad-
dition of SWIR data to VNIR data resulted in im-
provements of the elemental content estimations.

Zusammenfassung: Abbildende Laborspektrosko
pie im VNIR/SWIR-Bereich zur flächendeckenden
Kartierung von Elementkonzentrationen in Bo
denprofilen. Hyperspektrale Laboraufnahmen in
den Wellenlängenbereichen Sichtbar/Nahinfrarot
(VNIR, 400 nm bis 1000 nm Wellenlänge) und
Kurzwelleninfrarot (SWIR, 1000 nm bis 2500 nm)
mit räumlichen Auflösungen von 63 µm und
250 µm wurden verwendet, um die räumlichen
Verteilungen von C, N, Fe, Al und Ca in Bodenpro-
filen zu kartieren. Vier Bodenkerne mit 30 cm bis
50 cm Länge wurden an einem Cambisol- und ei-
nem Regosol-Standort entnommen und im Labor
hyperspektral abgetastet. Kleine Proben wurden
aus den Profilen entnommen und als Referenz für
die nachfolgenden Regressionsanalysen chemisch
analysiert. Regressionsmodelle wurden mittels
Partial Least-Squares Regression (PLSR) und Mul-
tivariate Adaptive Regression Splines (MARS)
zwischen Spektralinformationen und Element-
konzentrationen der Referenzproben aufgestellt,
separat für VNIR- und SWIR-Daten und für die
kombinierten Datensätze. Die Regressionsmodelle
wurden auf die Bilddatensätze angewendet, um
Karten der Elementkonzentrationen in den Boden-
profilen zu erzeugen. Die Regressionsgenauigkei-
ten von PLSR waren leicht höher als die von
MARS, und die PLSR-Karten gaben einen visuell
plausibleren Eindruck. Der optimale Spektralbe-
reich zur Kartierung der verschiedenen Elemente
war uneinheitlich. Aber meistens brachte die Be-
rücksichtigung der SWIR-Daten eine Verbesse-
rung gegenüber den VNIR-Daten alleine.
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close to Trier, Germany. Hyperspectral imag-
es of the cores were recorded using a VNIR
camera and a SWIR camera. The content of C,
N, Fe, Al, and Ca was analysed on reference
samples with standard laboratory techniques.
Spectra of the reference samples were used to
establish regression models (PLS regression
and MARS). These models were used to cre-
ate maps of the elemental concentrations in
the soil cores. Main research objectives were
(1) to compare the regression techniques for
elemental mapping of various elements, (2) to
compare the predictive capacity of the VNIR
and SWIR spectral range, and (3) to compare
the two sampling sites in terms of elemental
contents and distributions.

2 Material and Methods

2.1 Study Site and Soil Sampling

The sampling was carried out approximate-
ly 12 km northeast of Trier (Rhineland Pa-
latinate, 49.84°N, 6.71°E). Two differing soil
types were sampled. The first soil type was
classified as an albic Cambisol under a Nor-
way spruce monoculture, the second soil was
a colluvic gleyic Regosol (WRB 2014) close to
a creek under a European beech monoculture.
Both soils derived from Triassic Sandstone
(Buntsandstein). The study site is character-
ized by temperate, oceanic climate conditions
with a mean annual temperature of 9.1 °C and
a mean annual precipitation of 780 mm.
The soil profiles were sampled with cus-

tom-made stainless steel boxes. Two boxes
with 100 × 100 × 300 mm3 size and two box-
es with 100 × 100 × 500 mm3 were available.
They were designed to sample undisturbed
sections of soil profiles. After digging a hole
and removing the litter layer, the steel boxes
were gently hammered horizontally into the
soil and subsequently excavated. In the lab,
the soil cores were dried in the steel boxes at
35 °C for one week. Two profiles of different
depths were sampled for each soil type, one of
30 cm and the other of 50 cm depth. The two
profiles of albic Cambisol are subsequently in-
dicated as Cambisol30 and Cambisol50, and
the colluvic gleyic Regosol profiles as Rego-
sol30 and Regosol50.

Sel et al. 2009), texture (StenBerg 2010), bio-
logical properties (heinze et al. 2013), soil sa-
linity (farifteh et al. 2008), or chemical com-
position (Vohland et al. 2009). The papers by
ViScarra roSSel et al. (2006), Ben-dor et al.
(2009), StenBerg (2010) and harteminK &
minaSny (2014), among many others, give an
overview on techniques and results of reflec-
tance spectroscopy in soil science.
In most studies, reflectance spectrosco-

py was either used on samples from selected
points (field and laboratory spectroscopy), or
on the soil surface (airborne and spaceborne
imaging spectroscopy). Recently, Jung et al.
(2015) introduced a hyperspectral snapshot
camera for proximal soil sensing.

The horizontal variability of soil surfaces is
usually slow and gradual, but variability in the
third dimension, depth, is much higher (ViS-
carra roSSel et al. 2015). Information on ver-
tical variability is needed, among others, for
interpretations of soil formation processes,
characterizations of the soil horizons and the
detection of small scale soil processes like bio-
turbation. The technique of laboratory imag-
ing spectroscopy of soil cores using a hyper-
spectral line scanner was introduced by Bud-
denBaum & SteffenS (2011) for spectroscop-
ic analysis of undisturbed soil profiles with
a very high spatial resolution. Applying this
proximal sensing technique for the creation
of elemental maps by using support vector re-
gression and PLSR was presented by Budden-
Baum & SteffenS (2012b). Effects of spectral
pre-treatments on elemental regressions using
VNIR laboratory imaging spectroscopy were
studied by BuddenBaum & SteffenS (2012a).
The approach was extended to include horizon
classification and geostatistical characteriza-
tion of a soil profile (SteffenS & BuddenBaum

2013), and soil organic matter quality (Stef-
fenS et al. 2014). While these studies used only
VNIR spectroscopy, SWIR cameras are now
available with a comparable spatial resolution
for laboratory use. Since many mineralogic
absorption features are situated in the SWIR
spectral region, an improved elemental map-
ping could be expected from adding SWIR in-
formation.

For the present study, soil cores were sam-
pled from a Cambisol under Norway spruce
and a Regosol under European beech stand
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track; a single pixel is about 250 µm wide.
The 30 cm profiles consist of approximately
1200 lines, the 50 cm profiles of 2000 lines.
The SWIR images were also recorded with a
Spectralon white reference panel which cov-
ered about 50 lines.

2.3 Image Pre-Processing

Because the illumination was not perfectly
uniform, the object reflectance ρobj was calcu-
lated for each image line (along track) sepa-
rately following (1):

L
L

ρ ρ= ⋅
obj

obj ref
ref

(1)

where Lobj is the measured radiance from the
object in camera units, Lref is the measured ra-
diance from the white reference and ρref is the
known reflectance of the white reference panel
(peddle et al. 2001).

Different pre-processing steps have been
applied by several authors, e.g. Ben-dor et
al. (1997), BuddenBaum & SteffenS (2012a),
udelhoVen et al. (2003), and ViScarra roSSel

& WeBSter (2011), but in combination with
PLSR, these transformations were not able to
increase regression accuracy significantly. To
improve the signal-to-noise ratio, we applied
spectral resampling, a bisection of the spatial
resolution of the VNIR images, and continuum
removal (CR). Spectral resampling implies an
increase of the spectral sampling interval and
the full width at half maximum from 3.7 nm to
7.3 nm in the VNIR range and from 7 nm to
15 nm in the SWIR range. With this transfor-
mation, neighbouring spectral bands were av-
eraged, and the number of bands was reduced
from 160 to 78 bands (VNIR) and from 256 to
100 bands (SWIR). The spatial resolution of
the VNIR images was bisected by averaging
2 × 2 pixels to one resulting pixel. CR is a tool
to amplify reflective features and especially to
amplify absorption bands in a spectrum. This
is done by fitting a convex hull to the spectrum
and dividing the reflectance values for each
wavelength by the reflectance level of the con-
tinuum line (convex hull) at the correspond-
ing wavelength (KoKaly & clarK 1999). This
pre-processing returns a CR value of 1 to all

2.2 Imaging Setup

After smoothing the surface of the soil pro-
file with a long knife, the images were record-
ed using a HySpex VNIR-1600 and a HySpex
SWIR-320m-e hyperspectral camera (Norsk
Elektro Optikk, Skedsmokorset, Norway) at
the Department of Environmental Remote
Sensing and Geoinformatics at the University
of Trier (BuddenBaum & hill 2015, Budden-
Baum et al. 2015). The cameras were equipped
with a 30 cm focal lens and set up in a labora-
tory frame with a translation stage under the
camera. The translation stage moves the ob-
ject in along-track direction, while the cam-
era, a push-broom scanner, records image
lines across track. The speed of the translation
stage is adapted so that square pixels result.

For the VNIR images two tungsten halogen
light sources illuminate the currently scanned
line from about 35 cm distance and at an angle
of about 45° in front of and behind the camera
to minimize shadows on the soil surface. The
VNIR-1600 camera records 1600 pixels across
track with a field of view of 17°. The pixel in-
stantaneous field of view is 0.18 mrad across
track and 0.36 mrad along track. The area re-
corded from the 30 cm distance is 10 cm wide,
so that the size of a single pixel amounts to
about 63 µm. A 30 cm long soil profile con-
sists of approximately 4800 image lines, a
50 cm profile of 8000 image lines. About 200
additional image lines containing a certified
reflectance standard white reference panel
of known reflectivity (Spectralon, Labspere
Inc., North Sutton, NH, USA) were scanned
with each sample, so radiance could be trans-
formed to reflectance. 160 spectral bands were
recorded in the spectral range of 414 nm to
1000 nm with a spectral sampling interval of
3.7 nm. The data was recorded in 12 bit radio-
metric resolution.

The laboratory frame can only hold one
camera at a time, so the SWIR images were
recorded after the VNIR datasets. Because the
light source used for VNIR imaging only cov-
ers the spectral range up to 1700 nm, a stabi-
lized tungsten halogen lamp (50 W) was used
for illumination. The SWIR-320m-e camera
records 256 spectral bands in the spectral
range of 1000 nm to 2500 nm with a field of
view of 13.5°. 320 pixels are acquired across
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gen (TN) concentrations were determined in
duplicate by dry combustion at 1100 °C by a
EuroEA elemental analyzer (Hekatech GmbH,
Wegberg, Germany) in carbonate-free sam-
ples. Total amounts of aluminum (Al), iron
(Fe) and calcium (Ca) were extracted with
3 ml concentrated HNO3 and 1 ml H2O2 (su-
prapur) in 0.1 g – 0.2 g dry mass using high
pressure bombs (Berghof, Eningen, Germany)
(udelhoVen et al. 2003). Element concentra-
tions were measured with an atomic absorp-
tion spectrometer (Varian AA 240 FS and AA
240Z/GTA 120, Palo Alto, CA, U.S.A.).

2.5 Elemental Mapping

We compared two statistical methods for es-
tablishing regression models between ele-
mental concentrations and reflective proper-
ties: Partial least-square regression (PLSR),
and Multivariate adaptive regression splines
(MARS). The regression analyses were car-
ried out in MATLAB (Version R2012, Math-
works, Natick, MA, USA). All models were
established on reflectance and chemical data
from both soils and all horizons combined.

Partial least-square regression (PLSR) after
Wold et al. (2001) is a widely used approach
for quantitative analysis in chemometrics and
hyperspectral remote sensing (farifteh et
al. 2007, SteffenS & BuddenBaum 2013, ViS-
carra roSSel & BehrenS 2010, Vohland &
emmerling 2011). PLSR is closely related to

parts of the spectrum that lie on the convex
hull, i.e. wavelength regions that are not in an
absorption band, and values between 0 and 1
to regions inside absorption bands. So CR ac-
centuates the absorption bands in the spectra
while minimizing brightness differences. The
recorded images mostly have a high quality,
but despite efforts to reduce noise, some noise
is still present, especially in the SWIR range.
The noise is most obvious in vertical stripes
on the images.

To obtain spectra from 400 nm to 2500 nm
for each pixel, an image-to-image geometric
correction was applied. Ground control points
(GCP) were identified in the images and used
for warping the SWIR image to the VNIR im-
age’s geometry using a rubber sheeting (local
triangulation) approach.

Homogeneous regions of interest (ROIs)
of about 2 cm2 area were regularly distrib-
uted over the soil profiles (18 ROIs on each
of the 50 cm profiles and 12 ROIs on each of
the 30 cm profiles) and mean spectra of these
ROIs were extracted.

2.4 Chemical Analysis

The ROIs were visually identified in the soil
core and samples of about 2 cm2 and about 1 cm
depth were taken for chemical laboratory an-
alysis. After thoroughly sieving to < 2 mm and
grinding, samples were oven-dried at 105 °C.
Total organic carbon (TOC) and total nitro-

Fig. 1: PLS regression of C using the SWIR wavelength range: a) relative cross-validated RMSE
as a function of the number of latent variables, best model at 4 latent variables is marked; b) meas-
ured versus C contents estimated using the model with 4 latent variables (Regosol: circles, Cam-
bisol: triangles), and the 1:1 line.
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te Carlo repetitions to each model to avoid
overfitting (Schlerf et al. 2010) and calculated
the cross-validated relative root-mean-square
error (relRMSEcv) for each model.

Fig. 1a illustrates the relationship between
number of latent variables and relRMSEcv.
The model with lowest relRMSEcv was se-
lected. With this optimal number of latent
variables, a new PLSR is calculated and ap-
plied on the hyperspectral images to cre-
ate maps of the distribution of the element in
question. Resulting concentrations for C using
the SWIR wavelength range and four latent
variables compared to the laboratory meas-
ured concentrations are shown in Fig. 1b. No
further calibration/validation scheme was ap-
plied, because plausible maps resulted from
this strategy. Fig. 2 shows the regression co-
efficients (PLS weights) for each element and
each wavelength range. The regression coef-
ficients have been normalized for displaying
them in the figure by subtracting their mean
and dividing the result by their standard de-
viation (z-transformation). The plots show the
important wavelength regions for estimating
the elemental concentrations.

Multivariate adaptive regression splines
(MARS) after friedman (1991) is a non-para-
metric generalization of recursive partitioning

principal components regression (PCR) and
combines features from PCR and multiple re-
gression (maraBel & alVarez-taBoada 2013,
Wold et al. 2001a). PLS regression projects
the data (chemical concentrations and reflec-
tive properties with a high number of correlat-
ed variables) into a lower dimensional space,
formed by a set of orthogonal latent variables,
by a simultaneous decomposition of X (spec-
tral matrix) and Y (chemical matrix) that max-
imizes the covariance between X and Y (Voh-
land & emmerling 2011, Wold et al. 2001b).
A large number of measured collinear spectral
variables is reduced to a few non-correlated
latent variables (maraBel & alVarez-taBoa-
da 2013), which also implements a reduction
of the data volume and the calculation time.
The method is well suited for the calibration of
a small number of samples with experimental
noise in both chemical and spectral data (atz-
Berger et al. 2010), even if the number of ob-
servations is smaller than the number of wave-
lengths (Ben-dor et al. 2008).
To find the optimum number of latent vari-

ables, we calculated PLSR models with up to
20 latent variables on the ROI spectra for each
analyzed element, separately for all VNIR-,
SWIR-, and full range images. We applied a
five-fold cross validation and a 100-fold Mon-

Fig. 2: Normalized weights of the input bands in the three PLS regressions (VNIR, SWIR, and full
wavelength range).
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2. Typically, in both soils a vertical element
gradient was clearly developed with high or-
ganic matter content in the topsoil and de-
creasing amounts with increasing depth. The
thickness of the humus-rich A-horizon ranged
from 6 cm to 10 cm depending on the respec-
tive soil profile. Mean concentrations of TOC
in the topsoil reached more than 200 mg g-1,
whereas in the subsoil it was about 20 mg g-1

– 30 mg g-1. Nitrogen showed the same trend,
with amounts in a range from 0.2 mg g-1 –
16 mg g-1. Maximum C contents of 291 mg g-1

(Cambisol) or 339 mg g-1 (Regosol) might be
attributed to residues of the litter layers, which
have not been involved in the soil sampling
schedule. Both soils derived from siliceous
bedrocks (Sandstones) and thus, as expected,
soil pH in these soils varied between 4.5 and
5.0, which is equivalent to the silicate buffer
capacity of soil. As a consequence, soils were
carbonate-free and thus, amounts of total car-
bon in soil were equivalent to total organic
carbon.

Amounts of Fe, Al, and Ca in both soils
showed a different element distribution in the
soil profile compared to carbon and nitrogen.
Although there was a remarkable variability
in the amounts of Fe and Al, the differences
in both elements between the top soils and the
sub-soils of both investigated soil profiles re-
mained small. The differences in the element
distribution of Fe and Al between both soils
were also quite small and in a typical range
of those soils. Similarly, Ca was concentrated
in the top soil and amounts of Ca in the sub-
soil were in both soils roughly at the detection
limit. This result can also be attributed to the
parent material and forestal land-use of both
soils.

regression approaches such as classification
and regression trees (CART) (ViScarra roS-
Sel & BehrenS 2010). It makes no assumption
about the underlying functional relationship
between the dependent and independent vari-
ables. naWar et al. (2015) found that MARS
was better suited for the visible and near-in-
frared reflectance spectroscopy estimation of
soil salinity than PLSR.

The MARS models were evaluated using a
five-fold cross validation and 100 Monte Car-
lo repetitions. Elemental maps were then cal-
culated by applying the models on a pixel-by-
pixel basis on the hyperspectral images.
Even though the profiles were illuminated

from two directions, the formation of shadow
because of strong surface roughness was una-
voidable. Parts of the profiles with high carbon
and nitrogen or iron-concentrations are dark
coloured. The spectral signatures of these
parts are similar to the shadow signatures,
which results in false values. To correct this,
shadows had to be determined and the profiles
shadow masked. Shadows were detected using
a principal component analysis followed by an
unsupervised classification. One of the result-
ing classes corresponded well with shadowed
areas in a visual inspection. After building a
shadow mask for each profile, this mask was
applied on the respective image (SteffenS &
BuddenBaum 2013).

3 Results and Discussion

3.1 Elemental Concentrations

The high variance of carbon and nitrogen con-
tent in both soils are shown in Tabs. 1 and

Tab. 1: Descriptive statistics of the Regosol including minimum (Min), maximum (Max), mean of
concentrations of all five elements. Negative values result from detection limits in the analysis and
were treated as zero in further analyses.

Colluvic Gleyic Regosol

C (mg g-1) N (mg g-1) Fe (mg g-1) Al (mg g-1) Ca (mg g-1)

Min 5.7 0.2 0.44 3.26 -0.42

Max 338.8 16.1 4.66 17.06 1.77

Mean Topsoil 270.8 13.4 3.42 3.63 1.26

Mean Subsoil 36.5 1.7 1.36 9.35 -0.10

Mean full profile 71.2 3.5 1.66 8.50 0.10
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Tab. 2: Descriptive statistics of the albic Cambisol containing minimum (Min), maximum (Max),
mean of concentrations of all five elements in their specific units. Negative value results from de-
tection limits in the analysis and was treated as zero in further analyses.

Albic Cambisol

C (mg g-1) N (mg g-1) Fe (mg g-1) Al (mg g-1) Ca (mg g-1)

Min 5.9 0.2 1.70 4.11 -0.16

Max 290.7 10.4 5.54 15.60 2.83

Mean Topsoil 199.7 7.3 3.05 5.69 1.57

Mean Subsoil 24.5 0.8 3.05 8.09 -0.02

Mean full profile 50.5 1.8 3.05 7.73 0.22

Tab. 3: Intercorrelations of the elemental concentrations.

C N Fe Al Ca

C 1

N 0.979 1

Fe 0.286 0.259 1

Al -0.318 -0.324 -0.027 1

Ca 0.897 0.831 0.255 -0.329 1

Tab. 4: Statistical comparison of the PLSR models. For each element and wavelength range sta-
tistically best result (relRMSE and R2) and corresponding number of latent variables (LV) is listed.
Data for the two soils are combined.

VNIR SWIR Full

relRMSE /
% R² #LV

relRMSE /
% R² #LV

relRMSE /
% R² #LV

C 15.32 0.468 4 12.25 0.660 4 10.13 0.767 7

N 12.54 0.601 3 9.44 0.774 4 8.16 0.831 7

Fe 9.78 0.818 7 17.55 0.415 4 9.58 0.826 7

Al 21.71 0.340 5 21.02 0.381 4 19.42 0.472 5

Ca 9.68 0.767 3 7.82 0.848 4 6.34 0.900 6

Tab. 5: Statistical comparison of the MARS models. Best results are displayed in bold. Data for the
two soils are combined.

VNIR SWIR Full

relRMSE R² relRMSE R² relRMSE R²

C 25.27 0.250 30.86 0.215 24.62 0.300

N 22.08 0.209 24.42 0.285 19.77 0.353

Fe 18.84 0.451 30.91 0.130 22.45 0.339

Al 27.91 0.186 33.38 0.101 32.59 0.126

Ca 12.50 0.682 16.04 0.629 14.55 0.632
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RMSE values are achieved (Fig. 3c). The high
amount of image noise in the resulting maps
and the fact that in most cases the full wave-
length range does not lead to the highest ac-
curacies hint to some sensitivity to noise and
overfitting in MARS.

Selected elemental maps showing the
strengths and weaknesses of the statistical re-
sults are discussed. Fig. 4 displays PLSR-de-
rived maps of the five elements for the profile
Cambisol50. Each map covers a profile area of
10 cm width and 50 cm depth. All maps reflect
the spatial distribution well and have plausible
ranges of values. C mainly accumulates in the
top-horizon, but also in the subsoil, isolated
organic residues are recognizable, e.g. caused
by roots. Due to the very high correlation be-
tween C and N contents, the N map has simi-
lar distributions; organic residues in the sub-
soil region are even better recognizable in the
nitrogen map than in the C map. The Fe con-
tent is relatively homogenous throughout the
profile because of the iron-rich parent mate-
rial. Al shows a pattern similar to Fe, but the
maximum is in a lower region of the profile.
The Ca profile in Fig. 4 has to be discussed

carefully, because concentrations in the sub-
soils (of both soils) were sometimes under the
detection limit. There are some patches of Ca
concentrations which might have remained
from previous liming events.

Fig. 5 shows a comparison of C in the Cam-
bisol30 profiles created using the three wave-
length ranges and PLS regression. In the
VNIR profile, accumulations of C are visible
in the humus-rich top soil and in organic resi-
dues (roots) in the subsoil regions. The SWIR
profile accentuates regions of high C content
more strongly. The full range data leads to the
most contrast-rich map of C but also shows the
most image noise.

Some maps created with MARS can be
seen in Fig. 6. While C, N, and Al are mapped
in acceptable quality, the maps of Fe and Ca
are quite noisy. According to the reference
measurements, C and N concentrations are
highest in the topsoil, but MARS is unable to
capture that.

Intercorrelations between the elemental
concentrations are listed in Tab. 3. C and N
are very highly correlated with each other and
highly correlated with Ca. Fe and Al show no
correlation with each other and low correla-
tions with the other elements.

3.2 Regression Models of Elemental
Concentrations

For each element, multiple concentrations
maps (derived from different wavelengths
ranges: VNIR, SWIR, and full range) were
calculated combining data from the two soils.
relRMSE and R2 of the statistically best re-
sults are shown for each element and each
wavelength range in Tabs. 4 and 5 for PLSR
and MARS, respectively.

Using PLSR, most elements are estimated
best with the full wavelength range. Surpris-
ingly, C estimations using SWIR data are bet-
ter than VNIR-based estimations, although
it is well known that a high organic car-
bon amount colours the soil dark in the vis-
ible spectral region (Stoner & Baumgardner

1981).
Tab. 5 gives an overview of the statistical

results using MARS. In the visual compari-
son, almost all MARS maps were inferior to
the PLSR maps, and R2 and relRMSE values
of the MARS models are lower than the PLSR
values, which is in contrast to the results of
naWar et al. (2014). Best statistical values for
the organic matter (C and N) are in the full
wavelength range. Best models for Fe, Al, and
Ca are in the VNIR wavelength range, which
is plausible for iron because of the broad ab-
sorption bands between 0.6 µm and 1.5 µm
(mulderS 1987). Fig. 3 shows scatter plots of
MARS estimations of C for the three wave-
length regions. The scatter plot in the VNIR
wavelength range shows a narrow distribution
of most samples on the 1:1 line for the lower
values, but some strong outliers in the range
above 50 mg g-1 (Fig. 3a). The distribution in
the SWIR wavelength range is generally simi-
lar, with one outlier even far in the negative
range (Fig. 3b). R2 in the SWIR is lowest and
RMSE is highest. In the full wavelength range
the scatter is still high, but outliers are less
extreme and thus the highest R2 and lowest
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Fig. 3: Measured against MARS estimated C concentrations (with 1:1 lines) using different wave-
length ranges (Regosol: circles, Cambisol: triangles).

Fig. 4: Maps of the 5 elements in the 50 cm long Cambisol profile according to PLS regression
using the full wavelength range. The grey levels are stretched linearly from 0 (black) to the 98th
percentile of values present in each map (white).
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affected by image noise, while the MARS
maps emphasize the noise that is present in
the image data.

While previous studies used exclusively the
VNIR camera, the additional information re-
trieved using a SWIR camera was tested in
this study. The elemental maps using only
the HySpex SWIR-320m-e module were not
always reasonable, but regressions including
VNIR and SWIR wavelengths in combination
lead to improved statistical results.

The resulting maps show elemental distri-
bution in a very high spatial resolution and can
be used for further analyses of the soil cores
and their horizons. Consequently, laboratory
imaging spectroscopy of soil profiles in the

4 Conclusions

In this study, elemental concentrations in soil
profiles were mapped using laboratory imag-
ing spectroscopy. We compared three spectral
ranges, i.e. VNIR, SWIR, and full range im-
ages, and two regression methods, i.e. MARS
and PLSR.

PLSR was better suited for elemental map-
ping, both in terms of statistical measures and
in visual quality of the resulting maps. This
study confirms PLSR as a powerful regres-
sion tool that makes use of all input bands and
serves well in identifying important spectral
bands representing specific elemental concen-
trations in natural soil profiles. PLSR is less

Fig. 5: Comparison of PLSR C maps of the Cambisol30 profile created with three different wave-
length ranges. The grey levels are stretched linearly from 0 (black) to the 98th percentile of value
of the full range map (white).
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ners and with experimental close-up laser set-
ups. The scales of the analysed objects com-
prise the canopy structure (næSSet & BJerK-
neS 2001), single trees (pfeifer et al. 2004)
and single plants on organ level (pauluS et al.
2013, pauluS et al. 2014b, WahaBzada et al.
2015), respectively.

1 Introduction

Highly accurate 3D plant measurements have
become an important tool for plant phenotyp-
ing (omaSa et al. 2007). 3D measurements are
performed at different scales from airplanes,
with fixed-positioned terrestrial laser scan-

Summary: Laser scanning devices used for plant
phenotyping have shown their ability to penetrate
the plant surface. This results in an interaction with
the leaf tissue and in absorption of the emitted la-
ser. The use of the intensity of reflection, measured
from the backscattered laser ray, enables a more
profound analysis of the geometric accuracy as well
as an inspection of the plant’s physiological condi-
tion. We show the comparison of two triangulation-
based 3D laser scanners with different wavelengths,
658 nm (red) and 405 nm (blue), providing the in-
tensity as additional information. By analysing the
interaction of both laser sensors with separated leaf
tissue contents it is possible to locate the origin of
the measured signal and to evaluate the geometric
accuracy of the point cloud. Furthermore, differ-
ences in the physiology of the plant as well as sur-
face altering plant diseases like powdery mildew
can be identified using the intensity of reflection.
The use of the combination of a blue and a red laser
scanner for high precision 3D imaging of the plant
surface is shown, as well as its applicability for the
analysis of plant tissue composition, the stage of
leaf senescence and for a detection of plant diseases
is demonstrated. Finally, the intensity of the red la-
ser showed a high interpretability regarding the tis-
sue composition while the blue laser provided a
high geometric accuracy.

Zusammenfassung: Einfluss von unterschiedli
chen Blattschichten auf 3D LaserTriangulation.
Bei der Phänotypisierung von Pflanzen mittels La-
serscannern hat sich gezeigt, dass der ausgesandte
Laser in die Pflanzenstruktur eindringt und dort
von den photoaktiven Bestandteilen teilweise ab-
sorbiert wird. Die Nutzung zusätzlicher Messinfor-
mationen wie der Intensität des Messsignals er-
möglicht es, eine detailliertere Aussage über den
Ursprung der Reflexion und somit auch über die
geometrische Genauigkeit zu treffen. Zusätzlich
können Aussagen über den physiologischen Zu-
stand der Pflanzen abgeleitet werden. Die Studie
nutzt zwei 2D-Lasertriangulationssensoren mit un-
terschiedlichen Wellenlängen, 658 nm (rot) und
405 nm (blau), mit deren Hilfe die Interaktion ver-
schiedener Laserfarben mit separierten Blattbe-
standteilen untersucht wird. Durch Einbeziehen der
Intensität ist es möglich, den Ursprung der Refle-
xion zu lokalisieren und systematische Abweichun-
gen der resultierenden Punktwolke aufzudecken.
Darüber hinaus unterstützt die Intensität die Ana-
lyse des physiologischen Zustands der Pflanze und
ermöglicht die Detektion oberflächenverändernder
Pflanzenkrankheiten wie dem Echten Mehltau.
Letztlich kann gezeigt werden, dass die Kombina-
tion zweier Laserfarben sowohl die Interpretierbar-
keit als auch die geometrische Genauigkeit der ge-
messenen Punktwolke verbessert.
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laser wavelengths in a multi-wavelength cano-
py LiDAR for the detection and classification
of biochemical concentrations, e.g. withered
vs. healthy leaves on canopy level.

Apart from these physical effects, based on
a metrological viewpoint, there is the question
how the surface penetration and the spectral
properties of plants affect the results of com-
mercial laser scanning devices. For materials
such as marble, it has been shown that the dis-
tance measurement is affected systematically,
which results in a reduced measurement accu-
racy (dupuiS & Kuhlmann 2014).

Therefore, we show a combined 3D laser
scanning approach using two commercial tri-
angulation-based laser scanners with different
wavelengths (405 nm and 658 nm), providing
the intensity of the backscattered laser ray as
additional information. In contrast to pauluS

et al. (2014c), where the analysis was based
on the point density using several scans with
different sensor settings, the intensity enables
the direct and repeatable analysis of the reflec-
tance depth of the signal and a better under-
standing of the interaction of the laser with the
leaf surface structures. Based on the intensity
values we are able to locate the origin of the
received signal and to analyse the accuracy
of the 3D point cloud. Furthermore, we show
that an intensity based analysis provides more
profound insights into the stage of leaf senes-
cence of the plants combined with the geomet-
rical surface information in 3D.

2 Measuring Setup

Laser scanning experiments were performed
using a measuring system comprising a 2D
laser triangulation sensor (LTS), working ac-
cording to the light-section method (dongeS &
noll 1993), and a moving table. A linear guid-
ance system, combined with a stepper motor
(isel Germany AG, Eichenzell, Germany) that
actuates the moving table, supplements the 2D
laser sensor with the third dimension (Fig. 1A,
B), i.e. the scanner is mounted in a fixed posi-
tion above the moving table and the measured
object is moved through its vertical laser plane.
The table was moved stepwise, i.e. the meas-
urement was performed when the object un-
der test was static. According to investigations

In particular, high throughput phenotyping
focuses on the monitoring of plant and organ
development (honSdorf et al. 2014) as well as
on the derivation of phenotypic parameters
from processed point clouds (paproKi et al.
2012, BellaSio et al. 2012). Industrial meas-
uring systems using active laser triangulation
were commonly applied for plant measure-
ments, providing a spatial resolution and geo-
metrical accuracy of sub-millimetres (pauluS

et al. 2014a, Wagner et al. 2010). This is es-
sential for the tracking of growth and small-
est geometrical changes due to environmental
conditions like nutrient availability or abiotic
and biotic stress (pauluS et al. 2014d).

Evaluating the accuracy of 3D plant meas-
urements is extremely challenging, because
no highly accurate reference systems are
available. For industrial purposes high accu-
rate reference artifacts can be provided that
enable the analysis of the sensor quality (du-
puiS & Kuhlmann 2014). Furthermore, recent
research has shown that the plant-sensor inter-
action is not negligible (pauluS et al. 2014c).
Sensor properties like laser wavelength and
exposure time have a significant impact on
the resulting 3D point cloud. The received sig-
nal, backscattered from different layers of the
plant structure, is partially absorbed by chlo-
rophyll and, in the worst case, it results in a
sensor signal that is not evaluable.

The physical effect of the penetration of la-
ser light into the surface structure of different
materials as well as the depth of the penetra-
tion is well known in dermatology (Barolet

2008) and photodynamic therapy (muStafa

& Jaafar 2012). In this context, it is of high
importance to treat the human skin in de-
fined tissue depths. For wavelengths between
300 nm and 900 nm, experiments and simula-
tions pointed out that longer wavelengths lead
to larger physical penetration (Barolet 2008).
Furthermore, spectral analysis has shown that
the absorption by plant tissue strongly depends
on the used wavelength (fiorani et al. 2012).
As established commercial 3D measuring de-
vices mainly use a red laser light that lies in
the absorption maximum of chlorophyll, the
use of a different wavelength should improve
the scanning result and the interpretability
(Strothmann et al. 2014). The work of Wei et
al. (2012) showed the application of up to four
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3 Impact of different Leaf Tissues

The main objective of this study is to pre-
sent the impact of the characteristics of leaf
or plant surfaces on measurements performed
by an active 3D laser triangulation sensor.
The experiments focus on the interaction of
the laser sensor with the leaf surface and on
the way in which this will affect the measure-
ment accuracy. They were inspired by a pre-
vious publication (pauluS et al. 2014c) where
the data interpretation was based on the point
density measured at different exposure times
ranging from the minimum to the maximum
limit of the laser sensor. In the present study,
an intensity-based data analysis was utilized,
thus it was possible to analyse single measure-
ments using one fixed exposure time. How-
ever, measurements were performed up to 10
times to prove their repeatability. As all repe-
titions follow the same behaviour, representa-
tive results for one measurement were shown.
The exposure time was manually set to a level
with a minimum amount of over- and under-
exposure of the CCD-array to achieve high-
est geometric measurement accuracy and to
minimize systematic uncertainties (dupuiS &
Kuhlmann 2014). However, as we used natu-
ral objects with various reflective properties,
over- or underexposure cannot be excluded
entirely.

3.1 Measurability of Epidermis

In theory, the epidermis, a single layer of cells
that forms the boundary between the plant and
the environment, is lacking chlorophyll and,
thus, is almost transparent compared to the
mesophyll cells. To visualize the effect of the
physical penetration depth on the measured
point cloud, different numbers of epidermal
stripes extracted from leek leaves (Allium por
rum L.) were scanned with both lasers. The
physical penetration of the laser beam into the
surface structure causes a systematic devia-
tion of the distance measurement and, there-
fore, the measured surface does not represent
the real surface. This deviation, afterwards
called measured penetration depth, may differ
from the physical penetration depth and is de-
scribed for different types of laser sensors and

using special reference artifacts, the precision
of the measuring system is σ = 20 µm (stand-
ard deviation) (dupuiS & Kuhlmann 2014).

The measuring system was originally
equipped with a commercial laser sensor
(scanCONTROL 2700-100, MICRO-EPSI-
LON MESSTECHNIK GmbH & Co. KG,
Ortenburg, Germany) providing a wavelength
of 658 nm (red). Latest developments in sen-
sor technology allow the use of an alternative
wavelength of 405 nm (blue) in a commercial
high-precision laser sensor. Thus, we decided
to extend the measuring system with an extra
laser line scanner (gapCONTROL 2911-100
BL). To overcome interferences between the
two sensors the measuring system was only
equipped with one sensor during the meas-
urement and the sensors were exchanged af-
terwards.
The two-dimensional field of view of both

sensors is limited to a window of 100 mm ×
100 mm at a spatial resolution of 5μm in dis-
tance and ~150 µm in the lateral position. The
theoretical accuracy for the distance measure-
ment provided by the manufacturer is 15 µm
for the red and 12 µm for the blue laser sensor.

In addition to the access to Euclidean coor-
dinates and the geometrical shape of plants’
surface, the data analysis is based on the in-
tensity that is provided by both laser scanners.
This additional information is determined as
the maximum amount of reflected laser light
collected in each column of the CCD-array.
The intensity is given as a relative value in %,
which describes the amount of photons in one
pixel element compared to the maximum pos-
sible amount of photons. Thus, using a fixed
exposure time, these intensity values can be
interpreted as reflectance values of the meas-
ured surface for every 3D point.

Fig. 1: The technical setup of the measuring
system in front (A) and side view (B), LTS = la-
ser triangulation sensor (dupuiS & kuhlmann
2014).
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on these considerations one can assume that if
the pattern of the black stripes is visible in the
residuals of the best-fit plane, the laser scanner
will be able to penetrate the epidermis and to
measure the underlying surface tissues.

Fig. 3 shows the point clouds of both laser
colours for the different numbers of epidermal
layers. The colour information represents the
residuals of the best-fit plane. In Fig. 3A, the
stripe pattern is clearly visible – comparable
to the theoretical pattern in Fig. 2E – with a
maximum positive deviation from the esti-
mated plane of ~0.5 mm (blue stripes). The re-
gions with red colour constitute points with a
maximum negative deviation from the plane,
i.e. the distance measured by the sensor is
larger, which in turn is attributable to a physi-
cal penetration of the laser light through the
epidermis and the microscope slide. Fig. 3A
illustrates the measurement of one epidermal
layer with the red laser sensor. Accordingly,
one epidermal layer measured with the red la-
ser scanner leads to a transmission of the la-
ser light. A similar but weaker effect is vis-
ible in case of two or three epidermal layers
(Fig. 3B, C).

The measurements performed with the
blue laser sensor show a different behaviour
(Fig. 3D–F). The black strips are only visible
in case of one epidermal layer with a deviation
of about 0.1 mm. Even parts of the regions be-
tween these strips provide a very small devia-
tion value. These smaller deviations can be re-
lated to a much smaller physical and measured
penetration depth. Furthermore, the results for
two and three epidermal layers do not show

different surfaces, e.g. terrestrial laser scan-
ners (gordon 2008) and laser triangulation
sensors (dupuiS & Kuhlmann 2014).

The epidermal strips were separated care-
fully using a razor blade and were attached
subsequently in a flat way on a microscope
slide made of glass (Fig. 2A–C). As we were
interested in the measured depth of penetra-
tion, three different test objects were created
having an increasing number of epidermal
strips of one to three layers.

From the measured point clouds, regions
representing the epidermal layer were select-
ed manually and a best-fit plane was estimat-
ed using a least-square approach (miKhail

& acKermann 1976). The underlying micro-
scope slides were prepared with black stripes
that represent an impenetrable pattern on the
glass surface. Based on this setup, measure-
ments without the epidermal stripes (Fig. 2D)
would result in a point distribution as illustrat-
ed in Fig. 2E. In this case, the estimated plane
would lie approximately in the middle of the
microscope slide and the residuals would rep-
resent the pattern of the black stripes.

Scanning the epidermal stripes attached on
top of the slides (Fig. 2F) could theoretical-
ly create two different results. The first one,
shown in Fig. 2G, will be achieved, if the epi-
dermis is impenetrable. In this case the point
cloud represents the real geometric surface, as
it is expected for blue laser sensor. The sec-
ond possible outcome, shown in Fig. 2H, will
be similar to the point cloud in Fig. 2E, but at-
tenuated, and will be achieved if the epider-
mis is transparent or semi-transparent. Based

Fig. 2: Experimental setup for the evaluation of the penetration depth. A to C show an RGB image
of the different numbers of epidermal layers (one to three). D and E represent the profile of the
microscope slide with the stripe pattern and the theoretic scanning result without an epidermal
layer, respectively. F to H show the case with one epidermal layer and two possible scanning re-
sults. The dashed line represents the best-fit plane.
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a significant impact on the measured penetra-
tion depth, the epidermal stripes were scanned
using different exposure times varying from
0.35 ms to 0.8 ms. As illustrated in Fig. 4A,
B, for the red laser sensor, the measured pen-

the control pattern anymore, suggesting that
the received signal is backscattered on top of
or inside the second epidermal layer.
To compare the results to the finding of pau-

luS et al. (2014c), where the exposure time had

Fig. 3: Evaluation of the penetration of the red and the blue laser scanner at a constant exposure
time. All point clouds were rotated to the x-y-plane and coloured using the deviation from the best-
fit plane. A to C illustrate the coloured point cloud for one, two and three epidermal layers meas-
ured with the red and D to F measured with the blue scanner, respectively.

Fig. 4: Deviations from the best-fit plane for one epidermal stripe using the red and the blue laser
sensors at different exposure times.
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using MATLAB® 2009b (The MathWorks
Inc., Natick, MA, USA). To overcome possi-
ble variations of the chlorophyll distribution
inside the filter paper, one intensity value for
each region representing the averaged inten-
sity for all points inside the region was deter-
mined for data analysis.

Fig. 5 shows an RGB image and the results
of the experiment. To compensate the differ-
ent physical power of both lasers (8 mW for
the blue laser vs. 10 mW for the red), we chose
different exposure times (0.75 ms for the red
and 1.25 ms for the blue laser) to obtain nearly
the same averaged intensity at the lowest chlo-
rophyll concentration.

Regarding the colour coded point clouds
in Fig. 5, as expected, both sensors interacted
with chlorophyll. With an increasing chloro-
phyll content from 5.8 up to 24.7 µg∙cm-2 (first
ten stripes: A-1 to A-7 and B-1 to B-4) both
laser colours provided a linear decreasing
trend (R2 > 0.95) with nearly the same slope
of -2.8%∙cm2∙µg-1 for the blue laser and of
-2.6%∙cm2∙µg-1 for the red one (Fig. 6).

In case of higher concentrations, a break
can be found in the linear function and both
sensors exposed a slightly different behaviour.

etration depth was slightly increased when
scanning with longer exposure times, which is
apparent from the larger deviations from the
best-fit plane. A similar but slightly weaker
effect was achieved for the blue laser sensor
(Fig. 4C, D).

To explain this effect the physical shape
of the backscattered laser line has to be tak-
en into account. Due to a constant luminous
power of the emitted laser, the physical pen-
etration depth should be constant depending
on the wavelength (Barolet 2008). However,
in case of semi-transparent materials, like the
epidermis, the signal originating inside the
surface structure is weakened. The exposure
time controls the amount of backscattered la-
ser light that is collected by the CCD-array
elements. In other words, the longer the ex-
posure time, the more light is collected. As a
consequence, when longer exposure times are
used, the weakened signal originating from
inside the surface structure is additionally
collected by the CCD-array and the centre of
gravity of the received laser line is displaced.
This displacement results in a longer distance
measurement (dupuiS & Kuhlmann 2014)
and, therefore, in a larger measured penetra-
tion depth.

3.2 Measuring Photoactive Plant
Tissues

In a second experiment the impact of the chlo-
rophyll located in the mesophyll layer on the
laser measurements was investigated. To sim-
ulate measurements of the mesophyll layer
without any impact of cuticle and epidermis,
pieces of filter paper were soaked with differ-
ent concentrations of leaf pigments extracted
from sword fern leaves (Nephrolepis exaltata
(L.) Schott). The pieces were arranged in order
visually by colour, measured with both laser
sensors and the actual chlorophyll (type a and
b) as well as carotenoid concentrations were
determined after extraction with 10 ml of 80%
acetone as described in porra et al. (1989).

The impact of the leaf pigments on the re-
ceived signal was determined by analysing the
intensity values obtained for each 3D point.
Therefore, the regions of the paper pieces
were extracted manually from the point cloud

Fig. 5: Investigation of the interaction of ex-
tracted chlorophyll (chlA + chlB) with the laser of
both laser scanners. The chlorophyll content
ranged from 5.8 µg·cm-2 up to 102 µg·cm-2.
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chlorophyll, which in turn results in a chloro-
phyll-independent intensity. This should result
in a lower measurement noise without a sys-
tematic displacement, i.e. the geometric accu-
racy is higher compared to the red one.

Nevertheless, analysing the intensity of the
red laser sensor should increase the interpret-
ability of the point cloud because variances in
the chlorophyll content should alter the meas-
ured intensity values.

5 Possible Applications

In this section the results obtained in section 3
are transferred to real plants and possible ap-
plications are presented, where the intensity of
the received signal can be used to characterize
the physiology of the plant.

5.1 Stages of Leaf Senescence

In the first application we present how the in-
tensity of the received signal is affected by
the different stages of leaf senescence. There-
fore, leaves of bottlebrush buckeye (Aesculus
parviflora Walter) containing areas with dif-
ferent stages of leaf senescence ranging from
healthy (green) to chlorotic (yellow) and ne-
crotic (brown) tissues (Fig. 7A) were scanned.
We expected the different stages to result in
different intensity values in case of a penetra-
tion of the laser line into the mesophyll layer.

Using the red laser sensor, chlorotic and
necrotic areas of the bottlebrush buckeye
leave caused different intensity values, due to
changes in chlorophyll concentration. Healthy
areas with higher chlorophyll content resulted
in lower intensity values, while chlorotic and
necrotic regions provided higher intensity val-
ues (Fig. 7B).

A different result was achieved when scan-
ning with the blue laser. Changes in chloro-
phyll content were not visible in the intensi-
ty distribution, what implies that the received
signal originated on top of the leaf surface and
the measured penetration depth was mini-
mized. This in turn leads to a higher geomet-
ric accuracy.

Compared to classical photogrammetric
approaches where the stages of leaf senes-

While the intensity of the red laser was still
decreasing with a much smaller slope, the in-
tensity of the blue sensor remained approxi-
mately constant (B-5 to B-7). This difference
could probably be linked to the different phys-
ical penetration depths of the two lasers. As
already shown in the previous experiment, the
physical penetration depth of the blue laser is
smaller compared to the red one. This leads to
the assumption that the blue laser interacted
with chlorophyll in the upper layers of the fil-
ter paper, while the red laser penetrated deep-
er into the filter paper. This resulted in an in-
teraction with more chlorophyll and therefore
to a stronger relative absorption.

4 Discussion

Transferring the results of sections 3.1 and 3.2
to a real plant surface leads to the following
assumptions:

Scanning with the red laser wavelength
(658 nm) enables the sensor to penetrate the
leaf surface and to interact with deeper plant
tissues. This interaction leads to the partial
absorption of the emitted laser ray by the
chlorophyll located in the mesophyll layer and
therefore to lower intensity values. Thus, the
derived point cloud should provide a higher
measurement noise, caused by the low inten-
sity of the signal, and should be systematically
displaced, because the signal is backscattered
in the mesophyll layer.

Using the blue laser wavelength (405 nm)
should lead to different result. Due to the
smaller physical penetration depth the laser
should at best not be able to interact with the

Fig. 6: Decrease of the intensity with an in-
creasing chlorophyll content.
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sure time and analysed based on the resulting
intensity values. Because powdery mildew
modifies the leaf surface in terms of colour
and structure, it should thus change the re-
flective properties. Fig. 8 shows the pattern of
damage caused by powdery mildew in a mi-
croscope RGB image and semi-thin sections
of the leaf surface, prepared and observed

cence can be easily identified using the RGB
values, the laser measurements provide a di-
rect and highly accurate access to the 3D geo-
metry of the plant or a leaf. Photogramme-
tric approaches using Structure from Motion
(SfM) and Multi View Stereo (MVS) also en-
able the reconstruction of coloured 3D point
cloud from digital images (paproKi et al. 2012,
roSe et al. 2015). However, these approaches
provide lower point densities and also a lower
geometric accuracy.

Using laser scanning and the intensity of re-
flection enables an easy and accurate way to
get access to the 3D structure and the stage of
leaf senescence of single plant organs.

5.2 Detection of Plant Diseases

The detection of plant diseases is of high rele-
vance in plant research. The integration of the
detection by non-invasive sensors in an auto-
mated canopy measurement process or in a
high-throughput phenotyping approach would
support agricultural praxis and breeding pro-
cesses (mahlein et al. 2012a).

In this experiment, we illustrate how the in-
tensity values can support a detection of dis-
eased leaf areas. Therefore, norway maple
leaves (Acer plantanoides L.) diseased with
powdery mildew (Sawadaea tulasnei (Fuckel)
Homma 1937) were scanned at a fixed expo-

Fig. 7: The leaf of a bottlebrush buckeye (A) was scanned with both laser scanners. The resulting
point clouds were rotated to the x-y-plane and coloured according to the intensity values (red
laser: B, blue laser: C).

Fig. 8: Semi-thin sections of healthy (A) and
diseased (B) plant tissues of a maple leaf.
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vide much higher intensity values compared
to healthy regions. The quantification of the
relative disease severity using an empirically
chosen threshold value of x = 200 which cor-
responds to an intensity value of ~79%, result-
ed in a relative disease severity of 38%, com-
pared to 40% manually labelled by an expert.
The difference could be addressed to uncer-
tainties in the manual labelling process.

Due to the higher intensity values, diseased
regions provide a lower local measurement
noise. By combining these spatial features to-
gether with the intensity (as a spectral feature)
and by using a more complex machine learn-
ing approach such as support vector machines,
an automated and more precise classification
should be possible.

In contrast to the results presented in sec-
tion 5.1, both laser colours showed nearly the
same intensity distribution and the powdery
mildew diseased leaf areas were visible for
both scanners (Fig. 9B, C). This behaviour can
be addressed to the fact that powdery mildew
changes the structure of the leaf surface as
shown in Fig. 8B.

However, taking a closer look at the inten-
sity distributions of both scanners, some dif-
ferences can be detected regarding the main
and smaller leaf veins. In the intensity im-
age of the red laser sensor (Fig. 9B) the main
leaf vein and some smaller veins were imaged
with high intensity values (~90%) due to low-
er chlorophyll content. A different result was
obtained from the blue scanner. Small leaf
veins were not visible in the intensity image

with a photomicroscope according to mah-
lein et al. (2012b).

It can be observed from Fig. 8B that the my-
celium and the conidia of the fungus alter the
rather smooth surface structure in an irregu-
lar way. Thus, the emitted laser is backscat-
tered at the rough surface in several directions
which is similar to a diffuse reflection, e.g.
provided by commercial coating spray. For
this reason, we expected higher intensity val-
ues at the diseased regions and a lower inten-
sity at the healthy regions.
For the quantification of the disease sever-

ity the ratio of diseased and healthy leaf area
was calculated by a basic threshold. The point
cloud was projected into the x-y-plane and
every point was assigned to one pixel in or-
der to generate a 2D greyscale image. Due to
the flat attachment of the leaf to the x-y-plane
and the vertical alignment of the laser plane,
the uncertainties caused by the projection are
quite small. In the greyscale image the leaf
was manually extracted from the background
and the infected pixels were estimated using
a threshold value. The disease severity in %
was calculated from the estimated amount of
diseased pixels in relation to the total amount
of leaf pixels.

The results of the threshold approach were
compared to manually labelled data of RGB
images using the free image processing soft-
ware GIMP (GIMP 2.8.6, www.gimp.org).

The coloured point clouds illustrated in
Fig. 9B, C confirm the theoretical assumption.
Regions diseased by powdery mildew pro-

Fig. 9: Detection of the mildew infection of a maple leaf (RGB image: A). The point clouds of the
red (B) and the blue (C) laser scanner were rotated to x-y-plane and coloured using the intensity
values.
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dominantly in digital formats that have a very
strong reliance on technology to both store
and access data. If we look one century ahead
it is quite difficult to see how the preservation
of digital data will be assured and how the in-
formation we generate today will be accessed
(rönSdorf et al. 2013).

In addition, there is increasing demand for
older and superseded data to support histori-
cal and temporal analyses related to change
in Earth’s natural and human landscape
(liBrary of congreSS 2010), to know the im-

1 Introduction

Looking back a century, or even before, we
find a lot of geographic information created
at that time that is still accessible and usable
in the form of paper maps. Paper has proved
itself a good medium for long term preserva-
tion if it is looked after with appropriate care.
It is easy to handle and printed information
in graphical form is immediately accessible.
However, in today’s digital world, geographic
information is produced and distributed pre-

Summary: Most of the paper maps produced a cen-
tury ago are still very accessible in cartographic
libraries preserved by the producer. It is our present
obligation to guarantee the preservation of digital
geospatial data today and allow for digital carto-
graphic accessibility one century into the future. In
addition, there is an increasing demand for older
maps that goes beyond pure historical interest mo-
tivated by the study of dynamic problems such as
impacts of the climate change, human activities and
sustainability. The long-term preservation of large
volumes of geospatial data in a uniform way still
remains an unsolved question. A systematic solu-
tion has been demanded by National Mapping and
Archival Agencies in Europe and North America.
One year ago the ISO/TC 211 “Geographic infor-
mation / Geomatics” published a New Work Item
Proposal (NWIP) named ISO 19165 “Preservation
of digital data and metadata” accompanied by a
Working Draft document. The proposed standard is
built upon the principles laid down in the ISO 14721
“Open Archival Information Systems” and upon
the data model of the ISO 19115-1 “Metadata – Part
1: Fundamentals”. This article reports on the spe-
cialization of both standards for the purpose of ar-
chiving of geospatial data and asks for contribu-
tions to the ISO 19165 under development.

Zusammenfassung: Entwicklung einer ISONorm
für die Archivierung von Geodaten: ISO 19165. Pa-
pierkarten aus dem frühen 20. Jahrhundert sind
meist heute noch gut zu gebrauchen. Inwieweit man
digitale Geodaten von heute in 100 Jahren nutzen
kann, bleibt abzuwarten. Zudem ist ein gestiegener
Bedarf an historischen Karten zu beobachten. Die
Langzeitarchivierung von umfangreichen Geoda-
ten in einheitlicher Form bleibt vorerst eine unge-
löste Aufgabe. Eine systematische Lösung wurde
von nationalen Vermessungsbehörden und Archi-
ven in Europa und Nordamerika gefordert. Vor ei-
nem Jahr veröffentlichte daher das ISO/TC 211
„Geographic information / Geomatics“ ein New
Work Item Proposal (NWIP) unter dem Namen
ISO 19165 „Preservation of digital data and meta-
data“ verbunden mit einem bereits fertiggestellten
Working Draft Dokument. Die neue Norm baut auf
den in der ISO 17421 „Open Archival Information
System“ dargelegten Prinzipien und dem Daten-
modell der ISO 19115-1 „Metadata – Part 1: Funda-
mentals“ auf. Dieser Beitrag berichtet von der Spe-
zialisierung der beiden ISO-Normen für Zwecke
der Archivierung von Geodaten und ruft zur Betei-
ligung bei der weiteren Entwicklung der ISO 19165
auf.
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archival principles. Some of the data are never
final like cadastral data and thus in principle
could never be archived. Other data has le-
gal or ownership restrictions which keep their
validity and must be acknowledged by an ar-
chive. Topologically structured data features
are fully interlinked and thus cannot be sep-
arated into packages without modifying their
structure. Geospatial Information Systems de-
sign principles often force the data models to
be divided into thematic layers and each one
considering geospatial data, metadata, sym-
bolization, printing, etc. that are often stored
individually. In addition, geospatial data are
often linked with non-geospatial information
increasing the storage capacities even more.
Service-Oriented Architectures (SOA) pro-
duce maps on-the-fly sometimes related with
highly dynamic real time phenomena which
are gone shortly after the call, thus, hardly im-
possible to be preserved. Though some of the
cases may rarely require archival, in others
can open new forms of studying human evo-
lutions. For example, the CartoBD company is
storing all georeferenced twits believing that
they will allow for studies of human activities
in the future. These emerging cases illustrate
the differences and potentialities that archival
of digital geospatial data can provide. The au-
thors assume that a preservation case for eve-
ry example could be perceived. Finally, large
data volumes of the imagery domain tend to
exhaust the available long-term storage capac-
ities.

The ISO/TC 211 “Geographic information /
Geomatics” is ISO’s Technical Committee
that pools all standardization projects for geo-
graphic information. This is the reason why
the national mapping agencies of Europe, the
Open Geospatial Consortium and others have
asked ISO/TC 211 to take the action. Though
several other topics have been standardized
already, an ISO-standard that addresses the
specificities of the preservation of geospatial
information is still missing. Many works of
administrative units require ISO-standard as
a fundament while non-ISO-standard are not
accepted e.g. for calls for tenders, in particular
in the U.S..

The development of the ISO 19165 “Preser-
vation of geospatial data and metadata” has
started a year ago. In June 2015, the project

pact of human activities and eventually to ex-
tract lessons for a sustainable development
that does not go irreversibly beyond plane-
tary boundaries (Steffen et al. 2015). The ex-
ponential growth of studies done as a result
of the free availability of the complete Land-
sat series is another example of the monetary
value of well preserved Earth observation ar-
chives (Wulder et al. 2012). Consequently,
national mapping agencies and Earth obser-
vation data producers (including remote sens-
ing space agencies and in-situ campaigns) are
challenged to preserve the history of geospa-
tial data before new updates take place.

After some years of a short history of geo-
spatial digital production, we are now realis-
ing that long-term preservation of large digital
geospatial datasets in a uniform way is a still
unsolved question. Though the problem has
been known for a while it has been mitigated
by producer’s comprehensive storage policies
and, so far has been compensated by the fast
development of storage media towards cheap
and voluminous units. However, currently
the growth of data is faster than the growth
of storage media, particularly due to constant
inputs to remote sensing datasets.

Remote sensing agencies have realized this
issue and they already had applied data pres-
ervation policies and procedures to their data
archives. The European Space Agency (ESA)
Preserved Data Set Content (LTDP 2012) and
the NASA Earth Science Data Preservation
Content Specification (NESDPCS 2012) are
two examples of success stories in the remote
sensing community. A systematic solution has
been demanded also by National Mapping
and Archival Agencies in Europe and North
America. In 2003 the International Organiza-
tion for Standardization (ISO) published a first
preservation standard developed by a group of
agencies running imaging space-borne sen-
sors: the ISO 14721 “Open Archival Informa-
tion System” (OAIS). Though the document
was developed by space agencies, the specifi-
cation is generic enough and has been applied
to digital libraries around the world.

Solutions commonly applied in libraries to
preserve printed documents (including OAIS)
cannot be directly applied because geospatial
data possesses a number of peculiarities that
do not agree with or even contradict common
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data dictionary for preservation of metadata,
the PREMIS data model (premiS 2012). ra-
mapriyan & moSeS (2012) prepared the data
preservation content specification of NASA’s
Earth sciences division. The U.S.-states North
Carolina, Kentucky, Montana, Utah, started
together with the Library of Congress Geo-
MAPP in 2010. The GeoMAPP effort aimed
to address the preservation of “at risk” digital
geospatial content such as land parcels, zon-
ing, roads, and jurisdictional boundaries which
change regularly. Existing copies of these data
are often at risk of being overwritten when up-
dates or changes are made (geomapp 2010).
higginS (2008) presented a Curation Lifecycle
Model developed at the Digital Curation Cen-
tre of the University of Edinburgh, United
Kingdom. engel et al. (2013) of the land sur-
vey administration of Baden-Württemberg,
Germany, discuss the archival with a focus on
appropriate data formats. A methodology for
the preparation of documentation evaluation
and access proposals (PAAD) is prepared by
the Catalonian National Commission on Ac-
cess, Evaluation and Selection of Documents
(CNAATD 2015).

A broad discussion on aspects of the pres-
ervation of digital cartography can be found
in JoBSt & gartner (2011). moe & longhenry

(2013) discuss technical aspects of the preser-
vation of the USGS aerial film archive.

3 Working Draft ISO 19165

Since the year 2010 a group of the European
National Mapping and Cadastral Agencies re-
quested an ISO-standard for the preservation
of geospatial data. The National Standardiza-
tion Body of Germany (DIN) prepared a New
Work Item Proposal that was accompanied by
a Working Draft document. In the autumn of
2014 the members of the ISO/TC 211 “Geo-
graphic information / Geomatics” approved
the new project with no no-votes. This was
an indication of the strong demand for ISO-
standard, now numbered ISO 19165.

team discussed the first Working Draft which
is built upon the ISO 14721 and a proposal of
the Open Geospatial Consortium. This pro-
posal was prepared by the Catalan Carto-
graphic and Geologic Institute aiming at the
definition of a minimum set of metadata for
preservation by extending the existing ISO
19115-1 “Metadata – Part 1: Fundamentals”.

The intention of this article is disseminate
the work that the ISO/TC 211 is doing to cover
the need of a geospatial preservation standard
toward a future official ISO 19165.

2 Preliminary Works

The most detailed standard that addresses
preservation in a generic way is the ISO 14721
“Open Archival Information System”. This
ISO standard has been initiated by the NASA
and developed in cooperation with the ESA
and other space agencies (ISO 14721:2012).
A fundamental element of this ISO-standard
is the Information Package (IP) which con-
tains the data (content information) together
with their metadata (preservation description
information). This concept has been adopted
by the new ISO 19165. The definition of new
metadata elements will be restricted to those
not already defined in the ISO 19115-1.

The European National Mapping and Ca-
dastral Agencies published 16 principles for
the archival of geospatial data under the title
GI+100 (rönSdorf et al. 2013). Four important
principles sound:
• Archiving of digital Geographic Informa-

tion begins at the point of data creation,
rather than at the point of withdrawal from
active systems (1).

• Be selective and decide what to archive and
what to lose (3).

• Consider preservation timeframes of 1, 10,
100 years (4).

• Geographical data should be preserved in a
way that non geo-specialists can handle (8).
In a similar way the u.S. liBrary of con-

greSS (2010) demands appraisal and selection
of geospatial data because of the limited re-
sources that most organizations have for pres-
ervation.

An international group of library experts
published under the leadership of the U.S. a
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In addition, the ISO 14721 defines a number of
responsibilities of the organization that oper-
ates an OAIS archive. Those include a suffi-
cient control of the information needed to en-
sure long-term preservation, as well as copy-
right implications, intellectual property and
other legal restrictions.

Every archive needs a designated commu-
nity which is able to understand the archived
information without needing special resourc-
es, such as the ones available to the experts
who produced the information.

No matter how well an OAIS maintains its
current holdings, it will eventually need to mi-
grate much of its holding to different media.
Digital migration is defined to be the transfer
of digital information, while intending to pre-
serve it.

Three major motivators are seen to drive
digital migration of AIPs within an OAIS.
These are:
• Improved cost-effectiveness: The rapid

pace of hardware and software evolution
provides greatly increasing storage capac-
ities and transfer bandwidths at reducing
costs

• New consumer-service requirements
• Media decay

3.4 Preservation Principles of the ISO
19165

3.4.1 Prioritization

The exponential growth of the data volume
prevents a full archival of all data. Conse-
quently, only a selected subset can go for a
long-term archive. A temporal classification
may follow the proposed categories 1 year, 10
years, and 100 years.

3.4.2 Data formats

Today, all geospatial data are stored in com-
monly accepted specialized data formats.
Those formats have a specific structure and
include metadata. Some of the formats are
standardized by ISO and/or IEC (Internation-
al Electrotechnical Commission), others are
de-facto standards. In 2014, the format de-
scription document (FDD) database of the US
Congress Library contained 334 format de-

3.1 Scope

According to the scope-section this standard
sets the rules for the long-term preservation
of digital geospatial data. These data include
metadata and other ancillary data that are nec-
essary to fully understand and rebuild the ar-
chived digital environment.

Geospatial data are preserved as a geospa-
tial archival information package. This stan-
dard defines its details. A geospatial archival
information package will be fully self-explan-
atory and will allow a future reconstruction of
the dataset without external documentation.

3.2 Terms and Definitions

The first Working Draft contains 37 terms
and definitions that were mostly adopted from
the ISO 14721 “OAIS” and the ISO 19115-1
“Metadata – Part 1: Fundamentals”.

3.3 Summary of the ISO 14721

The Information Package (IP) is central to
the OAIS. The standard distinguishes further
between: the input, the Submission Informa-
tion Package (SIP); the storage, the Archival
Information Package (AIP); and the output,
the Dissemination Information Package (DIP)
(Fig. 1). It does not provide any implementa-
tion or format for the IP.

Fig. 1: Model of the Open Archival Information
Standard (OAIS). SIP = Submission Informa-
tion Package, AIP = Archival Information Pack-
age, DIP = Dissemination Information Package
(ISO 14721:2012).
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better for storage. In other cases, aggregated
products can be derived from raw data with no
or with little costs. Then, preserving the pro-
cessing algorithms with the raw data could be
the right choice.

3.4.6 Gold copy

The totality of all methods can never guaran-
tee a full recovery of the data after a very long
period of time. In order to increase reliability,
a separate copy version of the 100 year data
preservation should be established in an open
format, file based repositories, avoiding data-
bases, or other complex environments. Often,
this copy is called a gold copy.

3.4.7 Intellectual Property Rights

As mentioned in the introduction, the regard
of intellectual property rights imposed on the
data is crucial. Authoritative geospatial data
often possess legal restrictions that are written
in license agreements. Licences for geospatial
data usage need to include a special clause au-
thorizing future curators the rights for pre-
servation actions including archive, media mi-
gration and redistribution among future users
of the archived data.

3.4.8 Time

According to an archiving rule the incoming
data should have lost their relevance for the
governmental work. However, many geospa-
tial data are never obsolete or are continuously
updated such as cadastral data. These kinds of
geospatial datasets never become mature for
archiving. The ISO 19165 defines a number of
methods to overcome this problem.

3.4.9 Archiving package for geospatial
data registries

The standard should define, as one of its cen-
tral components, the elements of the AIP. This
package should be ready to be shared with
other organizations, including those outside
the geospatial community. Studies or other
forms of research are needed to find out the
user’s requirements.

scriptions, 34 of them are geospatially relat-
ed (liBrary of congreSS 2011). A more com-
prehensive list of formats can be found in the
GDAL/OGR read and conversion open source
libraries (GDAL 2015).

It is almost impossible to recommend a sub-
set of formats since each format is used in its
context. Instead, a geospatial dataset should
be archived together with a fully document-
ed data format specification. For practical rea-
sons the documentation of the data format can
be delegated to a format-registry.

3.4.3 Database

Many geospatial data are object-structured
and stored in databases (sometimes known as
geodatabases). In order to preserve this struc-
ture, the full database content should be trans-
ferred to the archive, which demands an ar-
chiving strategy that allows a persistent un-
derstanding of the technology for accessing
this dataset.

3.4.4 Properties of geospatial data

Geospatial data often have a large number of
attributes of which only a few are relevant for
a specific mapping product. For instance, a
1:100,000 map does not show most of the road
details, such as traffic lights. In the case of a
limited archival space, this observation leads
to another method of data reduction: assump-
tions about the future potential use of the data.
Based on this assumption, a decision is need-
ed which of the properties and which of their
details will be archived or dropped. As a re-
sult, not all properties of the geospatial data
are archived. Only those are maintained which
are required to create one of the assumed pro-
ducts.

3.4.5 Level of aggregation

Often the same geospatial data exists at seve-
ral servers with different levels of aggregation
and processing. This means that prior to ar-
chiving it needs to be specified which levels of
detail are required for archival. In some cases,
raw data could be too dependent on the sensor
technology or software licenses, and a further
elaborated product could be easier to use and
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3.5 Metadata built upon ISO 19115-1

A geospatial dataset is always linked to a set
of metadata. The metadata should be archived
in a way that allows an undoubtedly reference
between both data and metadata. Preservation
requires that more emphasis is put on metada-
ta. In the long term, when the producer of the
dataset is no longer available metadata could
become almost the only source of additional
information about the preserved dataset.

A number of metadata models have al-
ready been proposed for the preservation of
geospatial data such as the well-known pro-
totyped PREMIS metadata model. It defines
entities, among which are Intellectual entity
(intellectual property of the dataset), Digital
Objects (dataset), Agents (person or organi-
zation involved in the life of the dataset), and
Rights (permissions pertaining to the dataset)
(PREMIS 2012).

The packaging format should be built upon
existing standards. During the first project
team meeting an example was presented: the
Open Packaging Convention defined by Mi-
crosoft. This packaging format is standard-
ized as ISO 29500-2 and ECMA-376 and it has
a reference implementation in the geospatial
world (MMZX format) introduced in the Mi-
raMon GIS.
The ISO 19165 will define specialized ver-

sions of the IPs named Geo-SIP, Geo-AIP, and
Geo-DIP. Their special properties include,
lossless compression, cartographic series sup-
port (a manageable regional size, e.g. series of
tiles of 10 km x 10 km), and a container for
information regarding geometry (vector and
raster), attributes, topology, metadata, quick-
looks and recommendation on how to symbol-
ize the data.

Fig. 2: Top-level classes of the metadata model for preservation (reddish) and the related classes
of the ISO 19115-1 (white).
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including the eventual decision of discontinu-
ing the preservation of the resource. Acquisi
tion element deals with how, when and with
what legal constraints the dataset was given
to a preservation body, e.g. including specific
licenses agreements and restrictions to pack-
age redistribution. Relations to other resourc
es reuses the MD_AssociatedResources and
includes a PREMIS (PREMIS 2012) relation
taxonomy, e.g. the dependency that a geolog-
ical dataset has to a reference topographical
map. Preservation package information lists
all the parts (files and documents) that togeth-
er form the AIP, e.g. enumerating all files cov-
ering the data values, additional data tables,
the metadata, the product specifications, the
format specifications, the symbols used in the
visualization, and a quicklook in PDF format.

The acronym “GP” is a proposed shortcut
that identifies the preservation standard with-
in the ISO/TC 211 family of standards.

4 Next Steps of the Development
Process

According to the ISO regulations, the expert’s
contributions shall be provided on the Work-
ing Draft level. This will last at least for the
next one year. The following Committee Draft
level initiates comments from the Technical
Committee 211 “Geographic information /
Geomatics”. The later stages such as Draft In-
ternational Standard are reserved for the ISO
central secretariat to polish the standard on
the editorial level.

The authors, who also chair the project team
of the ISO 19165, ask for contributions which
refine the proposed model and which eventu-
ally allows for the definition of more detailed
procedures for a stable and save preservation
of geospatial data.
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14. Internationales 3D-Forum
Lindau, 5. – 6. Mai 2015

Das 14. Internationale 3D-Forum Lindau fand
am 5. und 6. Mai 2015 im Kongresszentrum
Inselhalle Lindau statt und erreichte mit 220
Teilnehmern aus 8 Ländern einen neuen
Höchststand. An der tagungsbegleitenden
Ausstellung nahmen 25 Firmen aus 5 Ländern
teil, vornehmlich aus den Anwendungsberei-
chen 3D-Visualisierung, GIS, Mobile Map-
ping, LIDAR und Photogrammetrie.

Die Veranstalter Dipl.-Ing. clauS Bihl

(Stadt Lindau) und Dr.-Ing. achim hellmeier

(Ingenieurbüro Real.IT, Aalen) hatten unter
den Schwerpunktthemen Vom 2DGIS zum
3DWebGIS, 3DStadtmodelle in Architektur
und Stadtplanung, Internetvisualisierung und
3DApps und Augmented Reality in der Geo
information wieder ein sehr aktuelles Pro-
gramm erstellt mit Referenten aus Wirtschaft,
Wissenschaft und Verwaltung. Erstmals wur-
de auch in zwei Beiträgen näher auf Building
Information Modeling (BIM) eingegangen.

Neben den bisherigen Partnern der Veran-
staltung, der Gesellschaft für Geodäsie, Geo-
information und Landmanagement (DVW),
der Deutsche Gesellschaft für Photogram-
metrie, Fernerkundung und Geoinformation

(DGPF), dem Virtual Dimension Center
(VDC) Stuttgart/Fellbach kam in diesem Jahr
ein neuer Partner, nämlich der DDGI (Deut-
scher Dachverband für Geoinformation e.V.),
hinzu. Hauptsponsor der Veranstaltung war
die Firma Esri Deutschland GmbH.

Wie in den Vorjahren wurde die Veranstal-
tung in einen Vortragsteil am ersten Tag und
in Vertiefungsthemen und Workshops am
zweiten Tag aufgeteilt.

gerhard ecKer, Oberbürgermeister der
Stadt Lindau, eröffnete das 14. Internationale
3D-Forum Lindau. Er hob in seiner Begrü-
ßungsrede hervor, dass die Stadt Lindau mit-
ten in der Planungsphase des Großprojektes
„Neues Kongresszentrum Inselhalle“ steckt
und dass dabei das 3D-Stadtmodell von
Lindau vor allem für die Bürgerbeteiligung
eine wichtige Rolle spiele. Die abschließende
Planung wurde dabei in das 3D-Stadtmodell
fotorealistisch integriert.

Nach der Eröffnung durch den Oberbürger-
meister überbrachte udo Stichling, Präsident
des DDGI ein kurzes Grußwort des DDGI als
neuen Partner des 3D-Forums. Anschließend
übernahm achim hellmeier die Moderation
der Veranstaltung in bekannt temperament-
vollem Stil. Der erste Vortragende, gerd

BuzieK, Vizepräsident des DDGI, ging in sei-
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Abb. 1: Veranstaltungsort Inselhalle Lindau.
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Um den Tagungsteilnehmern ein gezieltes
Zugehen auf die ausstellenden Firmen zu er-
leichtern, stellten die Veranstalter vor der Mit-
tagspause die beteiligten Firmen in Kurzpor-
träts vor.

Das Nachmittagsprogramm eröffnete Jür-
gen döllner vom Hasso-Plattner-Institut in
Potsdam. Unter der Überschrift Internet und
App als effektive Medien für 3DStadtinfor
mation zeigte döllner sehr anschaulich an
verschiedenen Beispielen die Möglichkeiten,
Grenzen und Entwicklungstrends dieser
Technologien auf. Danach berichtete henri

eiSenBeiSS von der Stadt Winterthur (Schweiz)
über UAVs im kommunalen Bereich – Anwen
dungen und Erfahrungen. Hervorzuheben
sind hier unter anderem technische und auf-
wandsmäßige Vergleiche von UAVs mit ande-
ren Messmethoden.
Der finnische Architekt anSSi SaViSalo von

FCG (Finish Consulting Group) stellte in sei-
nem Beitrag die Moderne Stadtplanung in 3D
– Aktuelle Lage in Finnland vor. Neben den
städteplanerischen Aspekten waren auch die
Ausführungen von SaViSalo zum Thema
Schnittstellen und BIM sehr aufschlussreich.
Er sieht als zukünftige nationale Geobasis in
Finnland die Kombination von klassischen
Geobasisdaten, 3D-Stadtmodellen und BIM-
Daten. Im letzten Vortrag des ersten Veran-
staltungstages referierte dann martin WeS-
SelS vom Institut für Seenforschung der
LUBW (Landesanstalt für Umwelt, Messun-

nem Vortrag 3DWebGIS im Spannungsfeld
von Smart Cities und Social Media auf die ge-
sellschaftlichen und technologischen Treiber
neuer GIS-Entwicklungen ein und zeigte eine
Reihe interessanter Beispiele dazu. Im nächs-
ten Beitrag zeigte marc orBan von der Stadt
Luxemburg an sehr instruktiven Beispielen,
wie das 3D-Stadtmodell in Luxemburg ge-
nutzt wird. orBan gab auch einen Einblick in
die organisatorische Struktur der Stadtver-
waltung und wie darin das Thema 3D einge-
bunden ist.

Den zweiten Vortragsblock eröffnete maX

lang vom Amt für Ländliche Entwicklung
Schwaben. In seiner Präsentation Virtuelle
Modelle für Bürgerbeteiligungen im Rahmen
von Dorfsanierungen kam deutlich heraus,
wie wichtig moderne Werkzeuge im Pla-
nungsprozess vor allem auch im Hinblick auf
die Akzeptanz von Planungen durch die Bür-
ger sind. Der letzte Vortrag im Vormittagspro-
gramm kam vom Planungsbüro HWP Pla-
nungsgesellschaft mbH Stuttgart. dereJe

alemu stellte unter dem Titel 3DStadtmodel
le aus Sicht des Architekten und Stadtplaners
Projekte vor, in denen Teile aus 3D-Stadtmo-
dellen im Planungsprozess genutzt werden.
Für die zahlreichen Teilnehmer aus der
„Geobranche“ war es sehr interessant, wie der
Architekt und Stadtplaner 3D-Geobasisdaten
beurteilt. alemu machte auch deutlich, dass
3D-Stadtmodelle im Hinblick auf BIM an Be-
deutung gewinnen werden.

Abb. 2: Firmenpräsentationen in Foyer der Inselhalle.
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Domain Extension) im Vordergrund. Neben
den technischen Neuerungen und Informatio-
nen wurde in diesem Workshop sehr angeregt
und konstruktiv diskutiert. Firmenworkshops
wurden von Esri, Lothhamer & Zirn Consul-
ting, M.O.S.S. Computer Graphik Systeme,
VirtualCitySystems und UVM Systems abge-
halten. Die Firmenworkshops fanden durch-
weg starkes Interesse und waren gut besucht.

Die Workshops bildeten damit auch den
Abschluss der Veranstaltung, die gegen 17
Uhr zu Ende ging. Zusammenfassend lässt
sich festhalten, dass das 14. Internationale 3D-
Forum Lindau nicht nur wegen der hohen Teil-
nehmer- und Ausstellerzahl als voller Erfolg
gewertet werden kann, sondern vor allem
auch wegen der interessanten Vorträge und
Firmenpräsentationen. Den beiden Veranstal-
tern, clauS Bihl und achim hellmeier ist es
erneut gelungen, einen spannenden Mix aus
praxisorientierten und innovativen Beiträgen
zu gestalten. Die stark gewachsene Teilneh-
merzahl und die ebenso deutlich zugenomme-
ne Beteiligung an der Firmenausstellung ha-
ben gezeigt, dass das Thema der 3D-Model-
lierung im Geobereich längst den Status eines
speziellen Forschungsbereichs verlassen hat,
wirtschaftlich sehr interessant geworden ist
und auch in der Verwaltungspraxis Einzug
hält.

Das nächste Internationale 3D-Forum
Lindau findet am 10. und 11. Mai 2016 statt
(www.3d-forum.li).

peter ladStätter, Erding

Jahrestagung AK Fernerkundung
„Daten – Informationen – Entschei-
dungen“ 24. – 25.9.2015, Bonn

Unter dem Motto „Daten – Informationen –
Entscheidungen“ fand vom 24. bis zum 25.
September 2015 die 4. gemeinsame Jahresta-
gung des AK Fernerkundung der Deutschen
Gesellschaft für Geographie (DGfG) e.V. und
des AK Auswertung von Fernerkundungsda-
ten der Deutschen Gesellschaft für Photo-
grammetrie, Fernerkundung und Geoinfor-
mation (DGPF) e.V. im Geozentrum der Rhei-
nischen Friedrich-Wilhelms-Universität Bonn
statt. Organisiert wurde die Tagung von

gen und Naturschutz Baden-Württemberg)
über Das Projekt Tiefenschärfe – Der Boden
see präzise in 3D. Dieser Vortrag war ein
schöner Abschluss, da er neben anspruchsvol-
len messtechnischen Verfahren und Lösungen
auch äußerst interessante Fakten über das
254 m tiefe Schwäbische Meer zu Tage
brachte.

Mit einem geselligen Beisammensein auf
der Insel Lindau im historischen Gasthaus
Sünfzen klang der erste Veranstaltungstag
aus. Dieser Abend ist traditionell fester Be-
standteil des 3D-Forums Lindau und führte
bei guter Stimmung wieder einmal zu einem
angeregten Gedankenaustausch zwischen den
Teilnehmern.

Der zweite Veranstaltungstag begann mit
drei Vertiefungsthemen am Vormittag. Am
Nachmittag folgten dann mehrere Workshops.
Das erste Vertiefungsthema Augmented Rea
lity in der 3DGeoinformation wurde von
VolKer coorS von der Hochschule für Tech-
nik Stuttgart präsentiert. Mit den Unterpunk-
ten Technische Grundlagen, Anwendungen/
Beispiele und dem neuen OGC-Standard der
ARML (Augmented Reality Markup Lan-
guage) erhielten die Teilnehmer einen sehr
guten Überblick zu Augmented Reality. Im
zweiten Vertiefungsthema referierte thomaS

KerSten von der HafenCity Universität Ham-
burg über Die Punktwolke als wesentliche
Grundlage für 3DGebäudemodelle. Er zeigte
sehr anschaulich den Workflow von der Da-
tenerfassung über die Modellierung hin zur
Visualisierung auf und hinterlegte das Ganze
mit sehr eindrucksvollen Beispielen. Der letz-
te Vortrag dieses Blocks trug die Überschrift
3D-Druck weiter im Aufwind. Er wurde von
Karl-heinz häfele vom Institut für Ange-
wandte Informatik des KIT Karlsruhe gehal-
ten. Neben den Grundlagen, dem Modellauf-
bau und den verschiedenen Verfahren gab
häfele an Hand von Beispielen wichtige eige-
ne Erfahrung beim 3D-Druck weiter.

Nach Abschluss des eigentlichen Vortrags-
programms folgten dann am Nachmittag die
Workshops. Neben fünf Firmenworkshops
fand zum fünften Mal der CityGML Work-
shop mit Experten aus der SIG3D und der
Standard Working Group des OGC statt. Hier
standen die stadtweite Energiebedarfsab-
schätzung und die Energy ADE (Application
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tung der Erdbeobachtung für das Krisenma-
nagement hervorhob.

Im Rahmen der beiden angegliederten
Workshops wurden aktuelle Themenfelder
der Fernerkundung mit modernster Software
praktisch bearbeitet. Das Ziel, vor allem junge
Wissenschaftler und Wissenschaftlerinnen zu
Vorträgen zu motivieren und ein Forum zur
Präsentation und Diskussion ihrer Studien
und zum Austausch zu bieten, konnte aus
Sicht der Organisatoren erreicht werden.

Während der abschließenden Diskussion
wurden Anregungen für das zukünftige For-
mat der Veranstaltung eingeholt. Insbesonde-
re die Vielfältigkeit und der Raum für Gesprä-
che wurden als positiv hervorgehoben. Die
Veranstalter, das Geographische Institut der
Universität Bonn (AG Fernerkundung) und
dem Zentrum für Fernerkundung der Land-
oberfläche (ZFL), bedanken sich bei allen
Teilnehmer/Innen für die hochwertigen Bei-
träge und den regen Austausch sowie bei den
Sponsoren DLR, Harris/Exelisvis und Geo-
systems für die Unterstützung.

Das vollständige Programm kann unter
https://akfe.geographie.ruhr-uni-bochum.de/
images/20150922_AK_Programm_v09.pdf
eingesehen werden.

gunter menz, Bonn

franK thonfeld, olena duBoVyK und gun-
ter menz, der Arbeitsgruppe Fernerkundung,
Geographisches Institut der Universität Bonn
sowie Zentrum für Fernerkundung der Land-
oberfläche der Universität Bonn.

Etwa 40 Teilnehmende aus Deutschland
und Österreich sowie ca. 20 Mitarbeiter und
Mitarbeiterinnen sowie Studierende der Uni-
versität Bonn nahmen an der zweitägigen Ver-
anstaltung teil. Das breit gefächerte Pro-
gramm aus Keynote- und Fachvorträgen, in-
teraktiven „hands-on workshops“ und einer
Postersession wurde äußerst positiv aufge-
nommen. Die drei Keynote-Vorträge behan-
delten aktuelle Themenfelder der angewand-
ten Fernerkundung und den Status laufender
und zukünftiger europäischer Erdbeobach-
tungsmissionen. VaneSSa KeucK vom Deut-
schen Zentrum für Luft- und Raumfahrt
(DLR) stellte das Copernicus-Programm vor
und erläuterte, wie die Wissenschaft darin
eingebunden ist. SaBine chaBrillat vom Geo-
forschungszentrum Potsdam (GFZ) referierte
über den aktuellen Stand der EnMap-Mission,
einer deutschen Hyperspektralsatellitenmis-
sion, deren Daten ab 2018 erhältlich sein sol-
len. Vielbeachtet war auch die Keynote von
Joachim poSt (UN-SPIDER), der die Bedeu-
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Invitations will be forwarded via the subscrip-
tion lists of DGPF and DGK.

Karlsruher Institut für Technologie

Habilitation von Dr.-Ing. Boris Jutzi

Herr Dr.-Ing. BoriS Jutzi habilitierte am
22.7.2015 an der Fakultät für Bauingenieur-,
Geo- und Umweltwissenschaften des Karlsru-
her Instituts für Technologie (KIT) mit der
Arbeit Methoden für neue aktive optische
Sensoren zur automatischen Szenencharakte
risierung in der Photogrammetrie und Fern
erkundung.

1. Referent: Prof. Dr.-Ing. habil. Stefan hinz,
KIT,
2. Referent: Prof. Dr.-Ing. habil. richard

Bamler, TU München und DLR
3. Referent. Prof. Dr.-Ing. habil. hanS-gerd

maaS, TU Dresden.

In Photogrammetrie und Fernerkundung fin-
den seit einigen Jahren neue, teils prototy-
pisch experimentelle, teils aber auch schon
operationelle Sensorsysteme Eingang. Deren
Entwicklungszweck ist nicht mehr einzig die
Schaffung einer 2D- oder 3D-Datengrundlage
für die Vermessung, Extraktion oder Charak-
terisierung natürlicher oder anthropogener
Objekte. Vielmehr begründen sich die Ent-
wicklungslinien und Spezifikationen häufig
mit den Erfordernissen anderer Märkte. Typi-
sches Beispiel hierfür ist die neue Generation
an Spielekonsolen, deren 3D-Messdaten und
beispielweise auch die nachfolgende Posener-
kennung auf bekannten photogrammetrischen
Prinzipien beruhen, deren entwicklungstech-
nische Vorgaben jedoch mehr dem Ziel einer
weltweiten Positionierung in einem „wohn-
zimmertauglichen“ Massenmarkt und nicht
einer Verwendung im Kontext von photo-
grammetrischen oder fernerkundlichen Auf-
gabenstellungen folgen. Im Umkehrschluss
motivieren derartige kostengünstige Sensoren
jedoch eine vertiefte wissenschaftliche Aus-

First Joint PhD Colloquium on
Geoinformatics of DGK and DGPF

From February 16 to 17, 2015, the first joint
PhD colloquium of the DGPF working group
on geoinformatics and the DGK section for
geoinformatics was held at the University of
Osnabrück. The colloquium aimed at strength-
ening algorithmic and methodological compe-
tencies, stipulating exchange between PhD
candidates, and enhancing presentation and
discussion skills. The program was thus set up
to include presentations by PhD candidates,
intensive discussions, which were chaired by
the young scientists, as well as focused discus-
sions in small working groups. An overview
of bibliometrics was given by ralf Bill, Uni-
versity of Rostock. The PhD colloquium was
followed by a tutorial on mathematical pro-
gramming, which was held by Jan-henriK

haunert, University of Osnabrück. larS Ber-
nard, University of Dresden, completed the
organization team.

As the result of an abstract-based review
process, seven PhD students had been invited
to give an in-depth (full) presentation of their
work. Those PhD students presented their
work in three sessions, which were dedicated
to automated cartography, augmented reality,
and algorithmic foundations of geoinformat-
ics and photogrammetry. Participants without
a full presentation had the opportunity to in-
troduce themselves with a short talk.

Considering the very positive feedback
from the participants, the colloquium, in the
chosen format, was a full success. The
Bohnenkamphaus in the botanical garden of
the University of Osnabrück turned out to be
the ideal location for the event, not least be-
cause it allowed for a relaxing walk to the his-
torical centre of Osnabrück, where the first
day of the colloquium ended with conversa-
tions over pizzas and drinks.

The geoinformatics groups of DGK and
DGPF aim to establish the PhD colloquium as
an annual event. For 2016, the colloquium is
planned to be held at the University of Bonn.

Hochschulnachrichten
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len und Evaluierungen untermauert. Kapitel 4
erläutert die Abbildung der eingebrachten Pu-
blikationen auf die Struktur der Arbeit. Der
zweite Teil der Habilitationsschrift umfasst 22
Schlüsselpublikationen und etwa ebenso viele
weiterführende Publikationen, die das wis-
senschaftliche Rückgrat der Arbeit darstellen.

Dissertation von Simon Schuffert

Herr Dipl.-Ing. Simon Schuffert wurde am
13.7.2015 an der Fakultät für Bauingenieur-,
Geo- und Umweltwissenschaften des Karlsru-
her Instituts für Technologie (KIT) mit der
Arbeit Punktkorrespondenzen in Bildpaaren
aus projektiven und radiometrischen Invari
anzen zum Dr.-Ing. promoviert.

1. Referent: Prof. Dr.-Ing. habil. Stefan

hinz, KIT,
2. Referent: apl. Prof. Dr. techn. franz rot-

tenSteiner, Universität Hannover.

Kurzfassung:
Eine fundamentale Voraussetzung für sehr
viele Anwendungen in der Photogrammetrie
und in der Computer Vision ist es, identische
Punkte eines abgebildeten Objektes in zwei
sich überlappenden Bildern zu finden. Diese
Fähigkeit der automatischen Zuordnung glei-
cher Objekte ist zwar für ähnliche Ansichten
von Objekten gelöst, jedoch nicht für starke
Abweichungen von verfahrensinhärenten An-
nahmen.
Zum Auffinden von Punktkorrespondenzen

ist das Identifizieren homologer Objektpunkte
in unterschiedlichen Bildern notwendig. Die
Zuordnungen von Pixeln im ersten Bild zu ih-
ren Entsprechungen im zweiten Bild, gesche-
hen über gleiche Merkmale. Dafür werden
bisher meistens lokale Merkmale in beiden
Bildern beschrieben, die dann miteinander
verglichen werden. Aktuelle Featuredeskrip-
toren wie Harris, Harris-Affine, SIFT, SURF,
FAST, MSER, ORB, BRISK oder ASIFT be-
schreiben punktbezogene oder blobbezogene
Merkmale, die für einen automatischen Algo-
rithmus gut zuzuordnen sind. Diese Merk-
malsdeskriptoren beschreiben die kleinräumi-
ge Textur um ein Pixel und erlauben eine ro-
buste Zuordnung bei geringen Änderungen
des Blickwinkels gegenüber dem Objekt,

einandersetzung und die Entwicklung neuer
Modelle und Methoden für die Auswertung
der Daten. Die hierdurch gewonnenen Er-
kenntnisse eröffnen weitere Horizonte, um
einerseits bisherige Kernaufgaben in Photo-
grammetrie und Fernerkundung deutlich
günstiger und flexibler zu bearbeiten. Ande-
rerseits werden dadurch auch völlig neue An-
wendungsfelder erschlossen, die mit der klas-
sischen Sensorik nicht in Reichweite wären.

Besonders interessant in diesem Zusam-
menhang sind die so genannten „aktiven Sen-
soren“, deren Datenerfassung auf einem vom
Sensor ausgesandten Messsignal beruht. Im
Gegensatz zu herkömmlichen Kameras sind
diese Sensoren nicht von einer externen Be-
leuchtungsquelle abhängig und erfordern für
eine 3D-Rekonstruktion der aufgezeichneten
Oberflächen in der Regel auch keine Textur.
Limitierungen – je nach Sensor unterschied-
lich stark ausgeprägt – herrschen jedoch in
Aspekten wie beispielsweise geometrischer
und radiometrischer Genauigkeit, Reichweite
und Einsatz im Außenraum bzw. bei Sonnen-
licht.

An diesen Punkten setzt die Habilitations-
arbeit an. Mit Anschluss an die in Photogram-
metrie und Fernerkundung seit gut 15 Jahren
etablierte Technik des (Präzisions-) Laser-
scannings konzeptioniert und entwickelt die
Habilitationsarbeit fortgeschrittene Auswer-
teverfahren für Messdaten der neuen aktiven
Sensoren, deren Gesamtkonzeption von der
Modellierung und Detektion des rohen Mess-
signals bis hin zur Charakterisierung ganzer
Szenen reicht. Die tiefgreifende Untersuchung
und Modellierung der Sensor- und Datenei-
genschaften des jeweiligen Sensors sind dabei
integraler Bestandteil der Arbeit.

Die kumulativ gestaltete Habilitations-
schrift gliedert sich in zwei Teile. Der erste
Teil umfasst vier Kapitel, wobei die ersten
drei Kapitel auf ca. 50 Seiten eine Zusammen-
fassung über die Konzeption, die grundlegen-
den Methoden sowie die Erkenntnisse und
Anschlussmöglichkeiten der Arbeit geben. In
diesen Kapiteln wird aufbauend auf einer Ta-
xonomie der aktiven Sensorik ein Gesamtkon-
zept zur automatischen Szenencharakterisie-
rung vorgestellt und anhand verschiedener
aktiver Sensoren mit den entsprechenden neu-
artigen Methoden sowie Anwendungsbeispie-
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schaften abgegeben wird. Diese Kombination
führt zu völlig neuen Möglichkeiten der Kor-
respondenzsuche. Ein weiterer Vorteil dieses
Lösungsansatzes ist, dass dieser auch auf Bil-
der anwendbar ist, die mit einfacheren Trans-
formationen abgebildet wurden, da die projek-
tiv invarianten Eigenschaften auch Invarianz
gegenüber einfacheren Transformationen in-
kludieren wie beispielsweise eine Ähnlich-
keitstransformation oder eine affine Abbil-
dung. Eine Lösung des Zuordnungsproblems
für projektive Abbildungen löst daher auch
das Zuordnungsproblem bei untergeordneten
Transformationen.

Die Ergebnisse der Arbeit und die durchge-
führten Experimente zeigen, dass, unter der
Voraussetzung, dass eine Szene partiell aus
Ebenen zusammengesetzt ist, mittels kombi-
nierter projektiv invarianter Merkmale auch
unter solchen Bedingungen Punktzuordnun-
gen für eine photogrammetrische Weiterver-
arbeitung gefunden werden können, wo bishe-
rige Verfahren keine zuverlässigen Ergebnisse
mehr liefern, so z.B. bei Blickwinkeländerun-
gen weit über 45 Grad. Des Weiteren zeigt die
Arbeit, dass die bei projektivinvarianten Ver-
fahren häufig kritisierten hohen Rechenzeiten
durch eine geschickte sequentielle und teils
iterative Kombination der projektiv invarian-
ten Merkmale bei der Korrespondenzsuche
stark eingeschränkt werden können.

Die Dissertation ist im Verzeichnis der Bib-
liothek des Karlsruher Instituts für Technolo-
gie online verfügbar.

HafenCity Universität Hamburg

Dissertation von Christoph Kinkeldey

Herr Dipl.-Ing. chriStoph KinKeldey wurde
am 19.1.2015 im Fachbereich Geomatik an der
HafenCity Universität Hamburg mit der Ar-
beit Incorporating unvertainty information
into exploratory land cover change analysis: a
geovisual analytics approach zum Dr.-Ing.
promoviert.

1. Referent: Prof. Dr. Jochen SchieWe, Hafen-
City Universität Hamburg,
2. Referent: Prof. Dr. alan maceachren,
Pennsylvania State University, USA,

wenn die Aufnahmezeitpunkte sehr nah bei-
einander liegen und auch wenn für beide Bil-
der der gleiche Sensortyp benutzt wurde. Bei
stark unterschiedlichen Blickpunkten auf ein
dreidimensionales Objekt können diese Fea-
turedeskriptoren hingegen keine korrekten
Ergebnisse liefern. Deutliche Änderungen in
der Radiometrie des Bildes aufgrund unter-
schiedlicher Beleuchtungen oder auch verän-
derte Schattenverläufe aufgrund unterschied-
licher Tageszeitpunkte verhindern erfolgrei-
che Punktzuordnungen. Auch der Ansatz des
Bag of visual words, der eine allgemeinere
Bildbeschreibung liefert, ist aufgrund der ver-
wendeten Algorithmen lediglich invariant ge-
genüber affinen Transformationen.

Der zentrale Ansatz der vorliegenden Ar-
beit zur Lösung dieser Herausforderungen ist
folgender: Beide Bilder enthalten zweidimen-
sionale Abbildungen von identischen dreidi-
mensionalen Objekten, die mit einer Zentral-
projektion auf die Bildebene abgebildet wur-
den. Beiden Bildern gemeinsam ist somit,
dass Ebenen eines Objektes mit einer projekti-
ven Transformation abgebildet wurden. Zum
Auffinden von identischen Punkten werden
gleiche Eigenschaften in beiden Bildern ge-
sucht, die sich durch eine projektive Transfor-
mation nicht verändern und somit projektiv
invariant sind. Beide Bilder werden daher nur
mit Hilfe von Eigenschaften beschrieben, die
projektiv invariant sind. Anschließend werden
diese Bildbeschreibungen miteinander vergli-
chen und die damit verbundenen identischen
Punkte einander zugeordnet. Diese projektiv
invarianten Eigenschaften sind im Einzelnen:
Das Doppelverhältnis von vier Punkten auf
einer projektiven Geraden, die zwei Invarian-
ten I1 und I2 von fünf Punkten auf einer projek-
tiven Ebene, die Konnektivität von Punkten,
die Inzidenzen von Punkten sowie die Beibe-
haltung gerader Linien. Um unabhängig von
der Variabilität der Radiometrie zu sein, wer-
den die Punktzuordnungen ausschließlich an-
hand von Gradientenamplituden beschrieben.

Die Verwendung einzelner projektiv invari-
anter Eigenschaften zum Bestätigen identi-
scher Bildpunkte ist grundsätzlich nicht neu.
Die Neuheit und das wesentliche Alleinstel-
lungsmerkmal der Arbeit bestehen darin, dass
die Beschreibung eines Bildes mittels mehre-
rer kombinierter projektiv invarianter Eigen-
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Visualisierung von Unsicherheiten diente als
Basis für die Auswahl einer geeigneten Visua-
lisierungsmethode. Ergebnisse der Studien
wurden zusammengefasst, „Lessons Learn-
ed“ formuliert, sowie Empfehlungen für zu-
künftige Studien gegeben. Ein neuartiges Mo-
dell für die Kategorisierung von Visualisie-
rungsmethoden („Uncertainty Viusalization
Cube, UVis3“) wurde als Basis für eine syste-
matischere Auswahl und Evaluation von Me-
thoden zur Unsicherheitsvisualisierung in der
Zukunft vorgeschlagen. Als Machbarkeits-
nachweis sowie als Grundlage für eine Exper-
tenstudie, mit welcher die Praktikabilität des
hier entwickelten Konzepts überprüft wurde,
konnte ein Software-Prototyp für die Ände-
rungsanalyse mit Unsicherheiten („ICchange“)
entwickelt werden. Dessen Entwicklung um-
fasste auch eine Verbal Protocol Analysis
(VPA)-Studie, um die Gebrauchstauglichkeit
des Prototyps zu überprüfen.

In einer anschließenden Studie mit drei
Gruppen von Experten, die Landbedeckungs-
analysen in der Praxis durchführen, wurde die
Praktikabilität des entwickelten Konzepts
überprüft. In semi-strukturierten Gruppenin-
terviews wurde der Software-Prototyp einge-
setzt, um verschiedene den Experten bereits
vertraute Änderungsszenarien zu demonstrie-
ren, angereichert mit Informationen über Un-
sicherheiten in den Ergebnissen. Generell sa-
hen die Teilnehmer das Konzept für die Unter-
stützung von Änderungsanalysen als nützlich
an, und eine Vielzahl potenzieller Anwendun-
gen wurde diskutiert. Barrieren für den Ein-
satz in der Praxis wurden ebenfalls angespro-
chen, wie beispielweise die fehlende Unter-
stützung durch gängige GIS-Software sowie
Vorbehalte, Unsicherheitsinformationen an
die Nutzer der Daten zu weiterzugeben. Die
Meinungen der Experten zum „ICChange“-
Software-Prototyp und zur „Noise Annota-
tion Lines“-Methode waren vorwiegend posi-
tiv. Aus den Ergebnissen der Studie und aus
Erfahrungen während der Entwicklung des
Prototyps wurden Empfehlungen für die Um-
setzung des Konzepts in die Praxis gegeben
sowie zukünftige Forschungsfragen formu-
liert.

3. Referent: Prof. Dr. aleXander Klippel,
Pennsylvania State University, USA.

Kurzfassung:
In den vergangenen Jahrzehnten wurde inten-
siv Forschung betrieben, um Unsicherheiten
in Geodaten zu beschreiben, zu quantifizieren
und nutzbar zu machen. Praktisch einsetzbare
Modelle und Methoden für diesen Zweck sind
jedoch selten, und die Effekte durch Kommu-
nikation von Informationen zu Unsicherheiten
bei räumlichen Analysen sind noch nicht aus-
reichend erforscht. Die Dissertation widmet
sich diesen Herausforderungen und konzen-
triert sich dabei auf Veränderungsanalysen
von Landbedeckung auf Basis von Fernerkun-
dungsdaten, bei denen Unsicherheiten eine
wichtige Rolle spielen.

Das in der Dissertation beschriebene Vor-
haben zielt darauf ab, ein Konzept nach dem
„Geovisual Analytics“ (GVA)-Ansatz zu ent-
wickeln, um Unsicherheiten bei Verände-
rungsanalysen zu berücksichtigen. Dieser An-
satz ermöglicht Arbeitsabläufe, die automati-
sche Algorithmen mit interaktiven visuellen
Schnittstellen vereinen, um die Stärken von
maschineller Berechnung mit denen der
menschlichen Interpretation zu verbinden.
Die zentrale Frage dieser Arbeit war, ob Nut-
zer bei Verwendung eines GVA-Tools von
Unsicherheitsinformationen profitieren. Die
Kernfrage ist, ob diese beim Aufstellen von
Hypothesen und beim Erlangen von Erkennt-
nissen während Veränderungsanalysen hel-
fen.

Es wurde ein Konzept für die Einbeziehung
von Unsicherheiten in Veränderungsanalysen
der Landbedeckung entwickelt. Dabei bestan-
den die wichtigsten Schritte in der Definition
eines Unsicherheitsmaßes für Landbede-
ckungsveränderungen, der Auswahl, Imple-
mentierung und Evaluierung einer Technik
zur Darstellung von Unsicherheiten in Verän-
derungskarten („Noise Annotation Lines“),
sowie der Erstellung einer Kategorisierung
von Tasks in explorativen Veränderungsanaly-
sen. Eine Fallstudie mit realen Veränderungs-
daten zur Landbedeckung demonstrierte die
Anwendbarkeit des Konzepts. Eine systemati-
sche Übersichtsarbeit von Nutzerstudien zur
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Unabhängig vom Anwendungsbereich stellt
die semantische Interpretation von Punktwol-
ken einen wesentlichen Schritt für deren Aus-
wertung dar. In Anbetracht der großen Daten-
mengen und der ungewohnten und inhomoge-
nen 3D-Verteilung der Scanpunkte ist eine
manuelle Klassifizierung von Punktwolken zu
vertretbaren Kosten jedoch kaum mehr mög-
lich. Vielmehr wird eine möglichst vollständig
automatisierte Punktwolkenanalyse und -ver-
arbeitung angestrebt. Im Rahmen dieser Ba-
chelor-Arbeit wurde deshalb ein Klassifikati-
onsalgorithmus für die automatische Attribu-
tierung von 3D-Punktwolken statischer, ter-
restrischer Laserscans erarbeitet, wobei der
Fokus auf die Differenzierung zwischen
Baumkrone, Baumstamm und Boden gelegt
wurde.

Methodik
Als Klassifizierungsansatz wird zum einen
Naïve Bayes als klassisches generatives Ver-
fahren und zum anderen Random Forests als
modernes diskriminatives Verfahren getestet.
Für beide Ansätze erfolgt die Klassifizierung
auf Grundlage von Merkmalen, welche die
räumliche Verteilung und Ausrichtung der
Punkte innerhalb der Nachbarschaft eines Li-
DAR Punktes charakterisieren bzw. die räum-
liche Beziehung zwischen einem Punkt und

Mit dem Karl-Kraus-Nachwuchsförderpreis
sollen herausragende Diplom-, Bachelor- und
Master-Arbeiten gewürdigt werden. Der Preis
wird seit 2007 gemeinsam von der DGPF, der
SGPF (Schweiz) und der OVG (Österreich)
verliehen und erinnert an Karl Kraus, den be-
kannten Hochschullehrer und Lehrbuchautor
der TU Wien, der 2006 verstarb.

1. Preis: Corinne StuCker, Zürich,
Schweiz

Klassifizierung von Vegetation in einer
Laserscan-Punktwolke

Motivation und Zielsetzung
Terrestrisches Laserscanning gewinnt im Be-
reich der Holz- und Forstwirtschaft zuneh-
mend an Bedeutung. Im Gegensatz zu her-
kömmlichen Waldinventurverfahren, die
durch einen hohen Arbeits- und Zeitaufwand
gekennzeichnet sind und nur stichprobenartig
Informationen liefern, erlaubt terrestrisches
Laserscanning eine zeitnahe und präzise Er-
fassung von Waldbeständen. Aus Laserscan-
Punktwolken können forstinventur-relevante
Geometrieparameter bestimmt und die eigent-
lichen Zielgrössen wie Holzvorrat oder Bio-
masse abgeleitet werden.

Preisträger des Karl-Kraus-Nachwuchsförderpreises

Abb. 1: Klassifizierungsergebnis mit Naïve Bayes (links oben) bzw. Random Forests (links
unten) durch Anwendung der Multiskalenstrategie (blau: Boden, braun: Baumstamm, grün:
Baumkrone), aus der Konfusionsmatrix abgeleitete Genauigkeitsmaße der Klassifizierung in
Abhängigkeit von der Klassifizierungsmethode und der Nachbarschaftsdefinition (rechts).
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Blomley, r., Weinmann, m., leitloff, J. & Jutzi,
B., 2014: Shape distribution features for point
cloud analysis – a geometric histogram approach
on multiple scales. – ISPRS Annals of the Photo-
grammetry, Remote Sensing and Spatial Infor-
mation Sciences II-3: 9–16.

chehata, n., guo, l. & mallet, c., 2009: Airbor-
ne lidar feature selection for urban classification
using random forests. – International Archives
of the Photogrammetry, Remote Sensing and
Spatial Information Sciences 39 (3/W8): 207–
212.

Weinmann, m., Jutzi, B. & mallet, c., 2014: Se-
mantic 3D scene interpretation: A framework
combining optimal neighborhood size selection
with relevant features. – ISPRS Annals of the
Photogrammetry, Remote Sensing and Spatial
Information Sciences II-3: 181–188.

2. Preis: Sabine HorvatH, Wien,
Österreich

Integration of Relative and Global
Orientation Methods using a Moving
ToF Camera

Introduction
In order to reconstruct an object recorded
from multiple views, the camera pose has to
be known for each image. The quality of the
model certainly depends on the quality of the
camera orientation. For that reason this contri-
bution deals with the estimation and enhance-
ment of the trajectory formed by a moving
Time-of-Flight (ToF) camera.

Method
The camera poses are estimated by means of
the global orientation method – the bundle ad-
justment – on the one hand and by the relative
orientation method, which bases on the range
and optical flow in the image of ghuffar et al.
(2013), on the other hand. The bundle adjust-
ment based on image observations of control
points produces unbiased, but noisy estimates
(Fig. 1, blue graph – Img). In contrast, the
summed up relative orientations show a
smooth trajectory with a large accumulated
error (Fig. 1, green graph – ROF). These con-
trary method properties led to the formulation
of the hypothesis that the integration of the
two methods results in a smooth unbiased es-
timate of the true trajectory.

seinen benachbarten Punkten erfassen. Die
insgesamt 14 implementierten Merkmale be-
ruhen vorwiegend auf chehata et al. (2009)
und lassen sich in nachfolgende drei Typen
unterteilen: Merkmale basierend auf der Höhe
von LiDAR-Punkten, Merkmale basierend auf
den Eigenwerten der lokalen Punktnachbar-
schaft sowie Merkmale basierend auf der best-
angepassten Ebene der lokalen Punktnachbar-
schaft. In Anlehnung an Brodu & lague

(2012) wird die Merkmalsextraktion sowohl
für die kugelförmige als auch für die zylindri-
sche Punktnachbarschaft auf mehreren Maß-
stabsstufen vorgenommen, um der Problema-
tik der variablen Punktwolkendichte gerecht
zu werden (Multiskalenstrategie: Kugel- und
Zylinderradius r von 30 cm, 50 cm bzw. 1 m
sowie halbe Zylinderhöhe h von 50 cm bzw.
1 m).

Ergebnisse
Die adaptierten Merkmale wurden ursprüng-
lich für die Klassifizierung von Punktwolken
aus Airborne Daten entwickelt. Die Evaluie-
rung zeigt, dass diese Merkmale auch für die
Klassifizierung von terrestrischen Punktwol-
ken zweckmässig sind und sich im Speziellen
eignen, um Vegetation in Punktwolken zu dif-
ferenzieren (Abb. 1, links).
Die Qualität der Klassifizierung ist maß-

geblich von der Art und Dimension der zu-
grundeliegenden Punktnachbarschaft abhän-
gig (Abb. 1, rechts). Die höchsten Genauig-
keitsmaße werden sowohl bei der Klassifizie-
rung mit Naïve Bayes als auch mit Random
Forests durch Anwendung der Multiskalen-
strategie erzielt. Verbesserungspotenzial des
Klassifikationsalgorithmus ist einerseits
durch die automatische Bestimmung von opti-
malen Nachbarschaftsgrößen (Weinmann et
al. 2014) oder durch die Einführung von nach-
barschaftsgrößen-unabhängigen Merkmalen
(Blomley et al. 2014) gegeben.

Referenzen
Brodu, n. & lague, d., 2012: 3D terrestrial lidar
data classification of complex natural scenes
using a multi-scale dimensionality criterion: Ap-
plications in geomorphology. – ISPRS Journal of
Photogrammetry and Remote Sensing 68: 121–
134.
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culated variance components of the relative
orientations show, that these were estimated
too optimistic by a factor of approximately 30.
The reasons are the artificially high redundan-
cy of the relative orientation adjustment sys-
tem and not considered correlations in ampli-
tude and range between neighbouring pixels.

Secondly, the adjustment model is extended
by the range observations to the control points.
The estimated trajectory is represented by the
violet graph (Img+ROF+R) in Fig. 1. Due to
not considered systematic range errors, the
observations got deformed and the camera tra-
jectory is moved towards the object recorded.
Systematic range errors have been modelled
with respect to the ranges, the amplitudes, the
integration time and the position in the image
according to Karel & niedermayr (2010).

However, systematic range errors due to in-
ternal scattering and multipath effects in ob-
ject space have not been considered at all.

References
ghuffar, S., reSSl, c. & pfeifer, n., 2013: Relative

Orientation of videos from range imaging came-
ras. – SPIE 8791, Videometrics, Range Imaging,
and Applications XII, and Automated Visual In-
spection, 879114.

horVath, S., 2014: Integration of relative and global
orientation methods using a moving ToF came-
ra. – Diploma Thesis (unpublished), TU Wien,
Department of Geodesy and Geoinformation,
Österreich.

Karel, W. & niedermayr, S., 2010: Photogramme-
trie + Laserscanning = range imaging. – VGI 98
(2):1–8.

The bundle adjustment is an easily adapt-
able method, which simultaneously estimates
all unknown parameters. Thus, the relative
orientations are included in this established
adjustment of indirect observations. Due to
the already estimated covariance matrices of
the relative orientations, the simple approach
of integrating the relative orientation results
has been applied. In horVath (2014) the func-
tional relation between the relative orientation
results and the unknowns of the bundle adjust-
ment is presented.

Another enhancement is realized by intro-
ducing the range measurements to the control
points, performed by the ToF camera. The ap-
propriate integration of these observations –
image (Img), relative orientation based on the
range and optical flow (ROF) and range (R) –
with different precisions is computed in the
course of variance component estimation.
The approach is verified on data, captured

in the existing measuring field in the labora-
tory of the Department of Geodesy and Geo-
information. The ToF camera has been mount-
ed on a rail-movable platform and moved lin-
early approximately 60 cm in horizontal di-
rection.

First, the image observations of the bundle
adjustment and the relative orientations are
the only two observation groups considered.
The computed trajectory, shown in Fig. 1
(Img+ROF), confirms the formulated hypoth-
esis – the estimation much better corresponds
to the true movement of the ToF camera. Fur-
thermore, the integration improved the preci-
sion of the trajectory by a factor of 3. The cal-

Fig. 1: Estimated camera trajectory in the global coordinate system, left: the object recorded
is placed in Y = 0, right: The horizontal recording direction (Z-axis) in the temporal sequence
(Frames) is shown.
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umfasst verschiedene reproduzierbare Unter-
suchungen im 3D-Objekt- sowie im 2D-Bild-
raum. Für die Aufbereitung der Daten und die
Vergleiche der DIM-Algorithmen wurde eine
Vielzahl von Applikationen entwickelt.
Die konzipierten Untersuchungen lassen sich
wie folgt strukturieren:
Untersuchungen im 2D-Bildraum
• Vollständigkeit von Tiefenkarten
• Differenzen von Tiefenkarten und Refe-

renz-Tiefenwerten
Untersuchungen im 3D-Objektraum
• Dichte der Punktwolken
• Profile in den Punktwolken
• Streuung der Punktwolken
• Differenzen von Strecken in den Punktwol-

ken
• Differenzen von absoluten 3D-Punkt-Koor-

dinaten
Allgemeine Untersuchungen
• Prozessierungszeiten
• Limitierungen der Algorithmen

Validierung der Systematik
Die Untersuchungssystematik wurde mittels
folgender Softwareprodukte validiert. Sie ba-
sieren größtenteils auf dem von hirSchmüller

(2008) entwickelten Semi-Global Matching
Algorithmus oder auf Abwandlungen davon.
• Agisoft PhotoScan
• Leica Xpro SGM

3. Preis: Marianne Deuber, Muttenz,
Schweiz

Dense Image Matching mit
Schrägluftbildern der Leica RCD30
Oblique Penta

Einleitung
Bisher wurden Dense Image Matching (DIM-)
Algorithmen überwiegend auf Nahbereichs-
aufnahmen, Nadir-Luftbilder oder im Bereich
Mobile Mapping auf horizontale Bilder ange-
wandt. Systematische Vergleiche von DIM-
Algorithmen unter Verwendung von Schräg-
luftbildern fehlten bis anhin. In diesem Bei-
trag wird eine neu entwickelte Untersuchungs-
systematik für den Vergleich von DIM-Algo-
rithmen vorgestellt, welche mit ausgewählten
Softwareprodukten validiert wurde.

Grundlagedaten und
Untersuchungssystematik
Als Grundlagedaten für die Entwicklung und
die Validierung der Untersuchungssystematik
dienten orientierte Luftbilder der Stadt Zü-
rich, aufgenommen mit der Leica RCD30 Ob-
lique Penta. Als Referenzdaten wurden
ADS100 Daten, Punktwolken einer Mobile
Mapping Kampagne und Punktwolken von
terrestrischem Laserscanning verwendet.

Die Untersuchungssystematik ist neben Na-
dir- auch für Schrägluftbilder geeignet und

Abb. 1: Vergleich von Tiefenwerten.
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Imagery. – ISPRS - International Archives of the
Photogrammetry, Remote Sensing and Spatial
Information Sciences, Copernicus Publications
XL-3: 45–52, Zürich, Schweiz.

deuBer, m., 2014: Oblique Photogrammetry –
Dense Image Matching mit Schrägluftbildern. –
Master Thesis, Fachhochschule Nordwest-
schweiz, Muttenz, Schweiz.

hirSchmüller, h., 2008: Stereo Processing by Se-
miglobal Matching and Mutual Information. –
IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence 30 (2): 328–341.

Adressen der Preisträger und Betreuer:

corinne StucKer, ETH Zürich, Tel.: +41-44-
633-30-63, e-mail: stuckerc@student.ethz.ch,
Betreuer: Jan dirK Wegner, Zürich, Schweiz.

SaBine horVath, TU Wien, Department of
Geodesy and Geoinformation, A-1040 Wien,
Tel.: +43-1-58801-12837, e-mail: sabine.
horvath@geo.tuwien.ac.at, Betreuer: norBert

pfeifer, Wien, Österreich.

marianne deuBer, Fachhochschule Nord-
westschweiz, Tel.: +41-44-206-1133, e-mail:
marianne_deuber@hotmail.com, Betreuer: Ste-
phan neBiKer, Muttenz, Schweiz

• OpenCV StereoSGBM
• SURE

Nachfolgend ist ein Auszug aus den Ergeb-
nissen aufgeführt. Die vollständigen und de-
taillierten Resultate sind in deuBer (2014)
präsentiert.

In der Abb. 1 sind die Differenzen von ge-
nerierten Tiefenkarten zu Referenztiefenwer-
ten als Differenzbilder und Fehlerdiagramme
aufgeführt. Die RMS-Werte betragen zwi-
schen 0.3 m und 0.5 m und die Mittelwerte
zwischen -0.30 m bis 0.28 m.

Fazit, Referenzen und Ausblick
Die Untersuchungssystematik ermöglicht es,
Dense Image Matching Algorithmen objektiv
zu beurteilen. Sie ist für Nadir- wie auch für
Schrägluftbilder geeignet und unabhängig von
bestimmten Kamerasystemen und Soft-
wareprodukten. Sie kann als Grundlage für
Benchmarks im Bereich Matching mit Ob-
lique-Luftbildern verwendet werden. So ent-
hält beispielsweise der ISPRS/EuroSDR-
Benchmark (caVegn et al. 2014) verschiedene
Ansätze aus diesen Untersuchungen.

caVegn, S., haala, n., neBiKer, S., rothermel, m.
& tutzauer, p., 2014. Benchmarking High Den-
sity Image Matching for Oblique Airborne
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Brasilianischer Verdienstorden für
Prof. Christian Heipke

Prof. chriStian heipKe, Leibniz Universität
Hannover, wurde am 06.05.2015 in Rio de
Janeiro vom Präsidenten der Brasilianischen
Gesellschaft für Kartographie, Geodäsie,
Photogrammetrie und Fernerkundung, paolo

ceSar t. trino, für seine Beiträge zur interna-
tionalen Zusammenarbeit, insbesondere mit
Brasilien, mit dem Verdienstorden (Comenda-
dor) für Kartographie ausgezeichnet.

Mitteilung der ISPRS

chriStian heipke, Generalsekretär der ISPRS
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Grundprinzipien der Arbeit mit FME Desktop
und stellt eine Ergänzung bzw. eine Alternati-
ve zum englischsprachigen Handbuch und den
englischen Online-Tutorials dar. Das informa-
tive Nachschlagewerk enthält zahlreiche Pra-
xisbeispiele, nützliche Tipps und Tricks und
liefert Anregungen für weitere Einsatzfelder.
Zum Herausgeber: con terra mit Sitz in
Münster steht für zukunftsweisende Geo-IT-
Lösungen und innovative Produkte. Als Un-
ternehmen der Esri Deutschland Group setzt
con terra auf das System ArcGIS und ergänzt
es bei Bedarf zielgerichtet um weitere Pro-
dukte und Technologien. Fachlich liegt der
Fokus in den Märkten Versicherungen, Natur-
Umwelt-Ressourcen, Telekommunikation, E-
Government und Immobilien sowie bei den
Themen Geodateninfrastrukturen und der
Modellierung und Transformation von Geo-
daten.

Witte, B. & Sparla, p. (Hrsg.) 2015: Vermes
sungskunde und Grundlagen der Statistik für
das Bauwesen. Wichmann-Verlag, 338 Seiten.
ISBN 978-3-87907-552-2.
Das Standardwerk für Studierende und Prak-
tiker der Fachrichtungen Vermessungs- und
Bauingenieurwesen, Architektur, Geographie
und Geowissenschaften zeichnet sich durch
eine klare Gliederung und eine übersichtliche
und leicht verständliche Darstellung aus.
Zahlreiche Abbildungen lockern den umfang-
reichen Stoff auf, und die praktischen Beispie-
le ermöglichen die eigenständige Umsetzung
der Lehrinhalte.

con terra (Hrsg.) 2015: FME Desktop – Das
deutsche Handbuch für Einsteiger und An
wender. Wichmann-Verlag, 338 Seiten. ISBN
978-3-87907-591-1.
Das FME Desktop Handbuch erläutert
deutschsprachigen FME Einsteigern die

Neuerscheinungen
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26. Juni – 1. Juli: CVPR 2016 – Internatio-
nal Conference on Computer Vision and
Pattern Recognition 2016 in Las Vegas,
USA. pamitc.org/cvpr16

10. – 15. Juli: IGARSS 2016 – International
Geoscience and Remote Sensing Symposi-
um 2015 in Peking, China. igarss2016.org

12. – 19. Juli: ISPRS Congress 2016 in Prag,
Tschechien. www.isprs2016-prague.com

14. – 16. September: GEOBIA 2016 in En-
schede, Niederlande. geobia2016.com

25. – 28. September: ICIP 2016 – Internatio-
nal Conference on Image Processing 2016 in
Phoenix, USA. ieeeicip2016.org

10. – 16. Oktober: ECCV 2016 – European
Conference on Computer Vision 2016 in
Amsterdam, Niederlande. eccv2016.org

11. – 13. Oktober: Intergeo 2016 in Ham-
burg, Niederlande. intergeo.de

8. – 11. November: ICPR 2016 – Internatio-
nal Conference on Pattern Recognition
2016 in Cancun, Mexiko. icpr2016.org

Weitere Konferenzen und Workshops finden
sich beispielsweise unter:
isprs.org/calendar/Default.aspx
conferences.visionbib.com

2015

3. – 4. Dezember: 3D-NordOst 2015 in Ber-
lin. 3d-NordOst.de

7. – 13. Dezember: ICCV 2015 – Internatio-
nal Conference for Computer Vision 2015 in
Santiago, Chile. pamitc.org/iccv15/

9. – 11. Dezember: MMT 2015: 9th Internati-
onal Symposium on Mobile Mapping Tech-
nology in Sydney, Australien. mmt2015.org

2016

3. – 4. Februar: Oldenburger 3D Tage in Ol-
denburg. jade-hs.de/fachbereiche/bauwesen-
und-geoinformation/geoinformation/
oldenburger-3d-tage

10. – 12. Februar: EuroCOW 2016 in Lau-
sanne, Schweiz. eurocow2016.org

20. – 22. April: Interexpo Geo-Siberia 2016
in Novosibirsk, Russland. http://expo-geo.ru/
event/4-Interekspo_GEO-SIBIR

9. – 13. Mai: Living Planet Symposium 2016
in Prag, Tschechien. http://lps16.esa.int

6. – 9. Juni: EUSAR 2016 – 11th European
Conference on Synthetic Aperture Radar in
Hamburg. eusar.de
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