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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).



440 Photogrammetrie • Fernerkundung • Geoinformation 6/2015

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.



Jan Dupuis et al., The Impact of different Leaf Surface Tissues 443

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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