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(54) Title: DEVICE AND METHOD FOR RECORDING A PLANT

= (54) Bezeichnung : VORRICHTUNG UND VERFAHREN ZUM ERFASSEN EINER PFLANZE
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10a... 2-D camera (optical color camera)
10b... 3-D camera (TOF color camera)
lla. .. 2-D image at high 2-D resolution
llb. .. 3-D image at low 2-D resolution (few points having 3-D

coordinates)
12.. . Fusion processor
13.. . 3-D presentation of results at higher 2-D resolution (many

points having 3-D coordinates)

(57) Abstract: The invention relates to a device for recording a plant, con
taining a two-dimensional camera (10a) for recording a two-dimensional 
image of a plant leaf at a high two-dimensional resolution and a three-di
mensional camera (10b) for recording a three-dimensional image of the 
plant leaf at a high three-dimensional resolution. The two-dimensional ca
mera is, for example, a common high-resolution color camera, and the 
three-dimensional camera is, for example, a TOF camera. A processor (12) 
for combining the two-dimensional image and the three-dimensional 
image produces a three-dimensional representation of results at a higher 
resolution than the three-dimensional image of the 3-D camera, which re
presentation can comprise, among other things, the edge of a leaf. The 
three-dimensional representation of results is used to characterize a plant 
leaf, for example, to calculate the area of the leaf or the orientation of the 
leaf, or to identify the leaf.

(57) Zusammenfassung: Eine Vorrichtung zum Erfassen einer Pflanze 
beinhaltet eine zweidimensionale Kamera (10a) zum Erfassen eines zwei- 
dimensionalen Bildes eines Pflanzenblattes mit einer hohen zweidimensio- 
nalen Auflosung und eine dreidimensionale Kamera (10b) zum Erfassen 
eines dreidimensionalen Bildes des Pflanzenblattes mit einer hohen dreidi- 
mensionalen Auflosung. Die zweidimensionale Kamera ist beispielsweise 
eine hochauflosende ubliche Farbkamera, und die dreidimensionale Kame
ra ist beispielsweise eine TOF-Kamera. Ein Prozessor (12) zum Fusionie- 
ren des zweidimensionalen Bildes und des dreidimensionalen Bildes er- 
zeugt eine dreidimensionale

[Fortsetzung auf der nachsten Seite]
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RU, TJ, TM), europaisches (AL, AT, BE, BG, CH, CY, 
CZ, DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, 
IT, LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, 
SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Veroffentlicht:

— mit internationalem Recherchenbericht (Artikel 21 Absatz 
3)

Ergebnisdarstellung mit hoherer Auflosung als das dreidimensionale Bild der 3-D-Kamera, die unter anderem die Berandung ei-
nes Blatts umfassen kann. Die dreidimensionale Ergebnisdarstellung dient zur Charakterisierung eines Pflanzenblattes, wie bei-
spielsweise zur Berechnung der Flache des Blattes, der Ausrichtung des Blattes oder zur Identifikation des Blattes.



Device and method for detecting a plant

Description

5 The present invention relates to plant detection, and in particular to optical detection of 
plants which are planted on a field or in a greenhouse.

Detection of plants is important in agricultural technology, in which context mention shall 
be made of so-called phenotyping of plants. A further example of detection is identification

10 of plants so as to enable, for example, automatic weeding, or removal of undesired plants, 
i.e. weeds.

Various methods are commonly used for three-dimensional detection of objects, such as 
stripe light methods or light section methods. Said methods offer high spatial three-

15 dimensional resolution. However, with regard to illumination, they are dependent on de
fined ambient conditions. A further disadvantage is that three-dimensional detection cannot 
be performed within a very short time.

With stripe light methods, various light patterns need to be projected onto the object suc-
20 cessively, whereas light section methods comprise detecting only one contour line at any 

given point in time. Thus, for three-dimensional detection, the object must be scanned.

For generating the defined light conditions on a field, one may set up a tent which keeps 
the ambient light from the area to be detected. Then a defined ambient condition may be

25 created within said light-proof tent so as to apply the light section method or the stripe light 
method. Once a specific area located within the tent is done with, the tent must be taken 
down and set up again at another location, whereupon the light section method or the stripe 
light method may be applied again at said other location.

30 This approach is time-consuming and therefore expensive. Also, it is not suitable for three
dimensional detection of relatively large areas, since this procedure is too slow. To achieve 
sufficient throughput, a very large number of light section teams would have to work in 
parallel, which requires a large number of tents, a large number of light section cameras 
and, therefore, a large demand for qualified skilled labor, all of which leads to an increase

35 in cost.

On the other hand, it is very important, in particular for developing plant seeds, to obtain, 
at regular intervals, such as every week to every other week, an objective assessment of the

2974967.1 (GHMetters) P86901 AU
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seedlings produced from one type of seeds without said seedlings being destroyed. It shall be noted 
that in this context, such fields may be used as test fields which have a minimum size so as to have 
reasonably realistic growth conditions. Therefore, if one intends to have large cultivation areas for 
one type of seeds, relatively large test areas will be required.

5 What is required in addition to test areas of significant sizes is precise data on the spatial alignment 
of plant leaves, on the size of the plant leaves, on the structure of the plant leaves, etc., in order to 
obtain accurate information about a specific type of seeds. To reliably obtain said information 
when the plants must not be tom out, three-dimensional detection is required, since with two- 
dimensional detection, only projections or silhouettes of leaves are detected, but their alignment

10 cannot be determined, and their true surface area also cannot be determined because one cannot 
deduce the surface area itself from a projection without having any knowledge of the alignment of 
the projected area.

Summary of the Invention

In accordance with a first aspect of the invention, there is provided a device for detecting a plant,
15 comprising: a means for providing at least one two-dimensional image of a plant leaf with a first 

two-dimensional resolution, and for providing at least one three-dimensional image of the plant 
leaf, the three-dimensional image comprising a two-dimensional representation of the plant leaf 
with a second two-dimensional resolution which is smaller than the first two-dimensional 
resolution, and wherein the three-dimensional image further comprises values indicating a third

20 dimension for points of the two-dimensional representation of the three-dimensional image of the 
plant leaf; and

a processor for merging the two-dimensional image and the three-dimensional image so as to 
obtain a three-dimensional result representation of at least a portion of the plant leaf, said result 
representation comprising three-dimensional information for a number of points which is larger

25 than the number of points of the portion of the three-dimensional image for which the information 
about the third dimension exists,

wherein the processor is configured to transform the three-dimensional image into a surface 
representation, the processor being implemented to employ foreknowledge about an expected 
geometry of the plant leaf in the transformation of the three-dimensional iroagie into the surface

30 representation, wherein a three-dimensional parametrical model is fed with points of the three- 
dimensional image, and wherein then, using the three-dimensional parametrical model, parameters 
are calculated to obtain an interpolation of points of the three-dimensional image lying on a 

searched area,

RECEIVED TIME 10. DEC. 18:38
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wherein the processor is configured to transform the two-dimensional image into a preliminary 
three-dimensional representation in which a third dimension is ambiguous and is restricted to 
points on a beam originating from a projection centre, and

wherein the processor is configured to determine a unique third dimension by calculating an 
5 intersection of the beam and the surface representation.

In accordance with a second aspect of the invention, there is provided a method for detecting a 
plant, comprising:

providing a two-dimensional image of a plant leaf with a first two-dimensional resolution, and 
providing a three-dimensional image of the plant leaf, the three-dimensional image comprising a 

10 two-dimensional representation of the plant leaf with a second two-dimensional resolution which is 
smaller than the first two-dimensional resolution, and wherein the three-dimensional image further 
comprises values indicating a third dimension for points of tire two-dimensional representation of 
the three-dimensional image of the plant leaf; and

merging the two-dimensional image and the three-dimensional image so as to obtain a three-
15 dimensional result representation of at least a portion of the plant leaf, said result representation 

comprising three-dimensional information for a number of points which is larger than the number 
of points of the portion of the three-dimensional image for which the information about the third 
dimension exists,

wherein the merging comprises transforming the three-dimensional image into a surface
20 representation, wherein foreknowledge about an expected geometry of the plant leaf in the 

transformation of the three-dimensional image into the surface representation is used, wherein a 
three-dimensional parametrical model is fed with points of the three-dimensional image, and 
wherein then, using the three-dimensional parametrical model, parameters are calculated to obtain 
an interpolation of points of the three-dimensional image lying on a searched area,

25 wherein the merging comprises transforming the two-dimensional image into a preliminary three- 
dimensional representation in which a third dimension is ambiguous and bounded to points on a 
beam originating from a projection centre, and

wherein the merging comprises determining a unique third dimension by calculating an 
intersection of the beam with the surface representation.

RECEIVED TIME 10. DEC. 18:38
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In accordance with a third aspect of the invention, there is provided a computer program for 
implementing the method in accordance with the second aspect of the invention.

Embodiments of the present invention are based on the finding that precise three-dimensional 
detection of a plant can be achieved fast, and, therefore, efficiently and, as far as possible, without

5 any additional expenditure, such as defined light conditions, for example, if highly sophisticated, 
high-resolution two-dimensional detection by means of, e.g., a digital camera is used, but that 
additionally, coarsely resolved three-dimensional images are generated which may be obtained in a 
fast and efficient manner because only a low resolution is required.

These three-dimensional images need only have a low resolution, which means that the number of
10 points, or dots, in the three-dimensional image, for which there is information about the third 

dimension, which may be, e.g., the distance of the point from the camera objective, is relatively 
small.

However, this coarsely resolved three-dimensional representation may be detected considerably 
faster than a finely resolved three-dimensional representation.

15 Preferably, coarse three-dimensional detection is employed without any defined ambient light 
conditions. TOF (time of flight) cameras are particularly suitable for this purpose since they are 
able to capture, or take, coarsely resolved three-dimensional pictures under normal ambient 
conditions and at high speed.

Various algorithms may be used for merging the two-dimensional data and the three-dimensional
20 data, such as algorithms which arc based on a three-dimensional coarse reconstruction and which 

refine the coarsely resolved three-dimensional reconstruction by using the highly resolved two
dimensional representation.

Other algorithms which are based on previous knowledge about the plants to be detected employ 
the highly resolved two-dimensional representation so as to extract a parameterized three-

25 dimensional representation, which corresponds to the two-dimensionally captured object, from a 
model database, in which case one or several parameters of the parameterized three-dimensional 
representation from the model database are calculated for the actually captured plant or plant leaf,

RECEIVED TIME 10. DEC. 18:38
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for example by means of numeric methods, using the coarsely resolved three-dimensional 
representation and possibly using the highly resolved two-dimensional representation.

Yet other algorithms are based on that an interpolation between three-dimensionally measured 
nodes is performed on the basis of a comparison of a projection of the three-dimensional 

5 interpolation with the two-dimensionally captured silhouette, or on the basis of an ambiguous 
three-dimensional reconstruction of the two-dimensionally captured silhouette so as to obtain, in 
one step or by means of an iterative method, the interpolation between the coarsely captured three
dimensional interfaces in order to obtain an improved three-dimensional representation.

Embodiments of the present invention are advantageous in that the requirements placed upon thrcc-
10 dimensional capturing are small, which enables utilizing fast detection concepts, and preferably, 

also detection concepts requiring no defined ambient conditions in order to perform three
dimensional detection.

On the other hand, two-dimensional highly resolved detection, which preferably is color detection, 
is highly advanced, up to the extent that extremely fast, extremely sharp and extremely highly

15 resolved low-noise images may already be captured using commercial digital cameras available at 

low cost.

Thus, embodiments of the present invention enable fast, but nevertheless sufficiently accurate 
capturing of plants, which may simply be achieved in that both detection cameras are mounted on a 
tractor, for example. The tractor travels across a field at a continuous speed, it being quite possible

20 for said speed, due to the fast functionality of the highly resolved two-dimensional camera and of 
the low-resolution three-dimensional camera, to be higher than 3 km/h. By means of a high 
repetition rate of the single frame detection, one may even achieve that each plant leaf or each 
plant can be seen on several single frames, so that an improved three-dimensional result 
representation of a plant leaf is achieved as compared to the case where only one single three-

25 dimensional representation and one single two-dimensional representation from one single 
perspective in each case exists for a plant leaf.

It shall be noted that preferably more than one two-dimensional camera or more than one three
dimensional camera may also be employed. In this manner, a quantity of images of the plant are 
obtained already at one position of the camera system, each image of the quantity representing a

30 plant from a different angle or from a different perspective. Therefore, the result is analogous to the 
result obtained when pictures of a plant are captured from several perspectives which result from 
the camera system having moved between each capturing operation. By analogy, systems which 
both comprise several cameras and move may also be employed.

RECEIVED TIME 10. DEC. 18:38
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A further advantage of fast detection is that the exposure times of the cameras are so short that 
even medium-range movements of the plants due to wind are uncritical. Even camera vibrations or 
alterations of the heights ofthe cameras with regard to the leaves are uncritical However, the two 
cameras are preferably attached to each other such that they will undergo the same vibrations 

5 and/or alterations in height and will capture them in a reasonably synchronized manner, even 
though movements such as vibrations take place at such a slow pace as compared to the exposure 
time that even non-synchronized exposure ofthe two cameras will lead, if anything, to a negligible 
error.

In accordance with embodiments of the invention, large fields may therefore be measured fast and 
10 at relatively low expenditure. Therefore, an embodiment ofthe present invention enables low-cost 

detection of plants, which in particular is also suitable for being performed at short time intervals, 
since neither the plant seedlings (i.e. the small and sensitive young plant shoots shortly after 
germination) or young plants are destroyed by this, nor particularly high cost or a large amount of
time are required for detecting even a field comprising a considerable area.

RECEIVED TIME 10. DEC. 18:38
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Prefcrred embodiments of the present invention will be explained below in detail with reference to 
the accompanying figures, wherein:

fig- 1 shows a block diagram of a preferred implementation of the device for detecting a
plant;

5 Fig. 2a

Fig. 2b

10 Fig. 3a

Fig. 3b

15 Fig. 4

shows a preferred implementation of the device in accordance with an 
embodiment of the invention with a vehicle such as a tractor, for example;

shows a block diagram representation of an device having a downstream 
evaluation processor for evaluating the three-dimensional result image created by 
the merging processor;

shows a flowchart representation of a preferred implementation of the merging 
processor and/or of the step of merging the two-dimensional representation and the 
three-dimensional representation;

shows an explanatory representation on the functionality of the merging processor 
and/or of the step of merging in accordance with a further embodiment;

shows an alternative implementation of the merging processor and/or of the 
merging step; and

Figs. 5a-5d show explanatoiy representations for illustrating an alternative implementation of 
the merging processor and/or of the merging step.

Fig. 1 shows a device for detecting a plant in a schematic block diagram representation. The device 
20 comprises a means 10 for providing at least one two-dimensional image of a plant leaf having a 

first two-dimensional resolution. The means 10 is further implemented to also provide at least one 
three-dimensional image of the plant leaf, the three-dimensional image having a two-dimensional 
representation of the plant leaf with a second two-dimensional resolution which is smaller than the 
first two-dimensional resolution, and information being present for points of the two-dimensional

25 representation, said information representing a third dimension of the three-dimensional image.

RECEIVED TIME 10. DEC. 18:38
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The means 10 preferably comprises a 2D camera 1.0a for detecting the two-dimensional image 
having a high two-dimensional resolution on a line 11a. The means 10 for providing preferably 
further comprises a 3D camera 10b for detecting the three-dimensional image of the plant leaf and 
for outputting said image on a line 1 lb.

5 The two-dimensional camera 10a preferably is an optical color camera, for example a 
commercially available digital camera, whereas the three-dimensional camera preferably is a TOF 
camera.

Such TOF cameras have become available by now. Said TOF cameras provide information on the 
height of the object of measurement within a short time, the light-travel time, which differs in

10 dependence on the distance from the camera, of an additional illumination means, typically in near 
infrared, being utilized for determining the distance. Such TOF cameras exhibit low pixel 
resolution and, above all, low distance resolution in the range of typically several millimeters to 
centimeters. Therefore, only a coarse image of the height of the object of measurement is generated 
in the line of vision of said TOF cameras.

15 The center for sensor systems (ZESS, Zentrum fllr Sensorsysteme) of the University of Siegen, 
Germany, has created a 2D/3D multi-camera which is based on monocular combination of a PMD 
sensor in accordance with the time of flight distance measurement principle and a conventional 
two-dimensional CMOS sensor. The distance sensor uses a modulated infrared coaxial light source 
which is integrated into the camera, The emitted light is reflected by the scene and is then detected

20 by the PMD matrix, the incident light being correlated with a reference signal, In addition, the 
intensity sensor operates with the visible spectrum (daylight). Simultaneous detection of both 
images is achieved by the monocular design of the camera with a beam splitter. The monocular 
design mechanically guarantees simple image alignment. A data sheet on this camera is available 
via www.cess.uni-siegen.de.

25 The device in accordance with an embodiment of the invention further comprises a processor 12 
for merging the two-dimensional image on line 1 la and the three-dimensional image 1 lb so as to 
obtain a three-dimensional result representation on an output line 13, which has a higher two- 
dimensional resolution than the three-dimensional image detected by the 3D camera 10b. This 
three-dimensional result representation of the plant leaf comprises three-dimensional information

30 for a number of points, said number being larger than the number of points of the three- 
dimensional image (of line I lb) for which the data of the third dimension has been detected by the 
camera 10b. Said data of the third dimension is, for example, data on the distance from a two- 
dimensional point in the 3D image to a lens of the 3D camera.

RECEIVED TIME 10. DEC. 18:38

http://www.cess.uni-siegen.de


--Ί--

The processor may be a general-purpose CPU of a personal computer, or a specifically 
adapted graphics processor which is adapted particularly for the image processing routines 
required. The processor comprises an ALU, a register and one or several data busses and

5 may further preferably be coupled to an external memory, to input and/or output devices 
and, e.g., to a communication network.

Instead of an optical color camera, such as a commercially available digital camera, for 
example, other cameras which provide high-resolution two-dimensional representation

10 may also be employed.

In addition, other three-dimensional cameras which require only a low resolution may also 
be employed instead of TOF cameras. Particularly preferred are three-dimensional cameras 
by means of which, as will be explained in Fig. 2a, continuous detection of plants may be

15 achieved without having any defined ambient conditions and without stopping and restart
ing a movement.

Fig. 2a shows a preferred implementation of the device for detecting a plant, which in ad
dition to the two cameras 10a, 10b comprises a vehicle 20, such as a common tractor. The

20 tractor 20 comprises a fastening means 21 having the two cameras 10a, 10b mounted 
thereon. The cameras are mounted, in particular, such that they are directed in the “line of 
vision” of a plant 22. It is only for reasons of representation that the cameras “look” at the 
plant 22 from various perspectives, but this is of no significance for the present invention. 
Preferably, the vehicle 20 moves in the direction of travel 23 at a constant speed, the cam-

25 eras 10a, 10b being configured.to detect series of single frames while the vehicle 20 is 
moving, which series of single frames are then fed into the merging processor (12 of Fig. 
1, not shown in Fig. 2a) so as to obtain a 3D result representation of the plant 22.

In an alternative implementation, it is preferred to perform triggered capturing operations
30 with constant intervals between the pictures captured, or to perform detection as to whether 

a plant of interest is within the capturing range, so as to then trigger capturing in response 
to a detection signal if a plant is located within the capturing range of the cameras.

When a series of single frames is detected, it is preferred to extract, from each single frame
35 of the series of both the two-dimensional representation and the three-dimensional repre

sentation, that area which refers to one and the same plant leaf. This area will be located in 
different places of the photograph from one picture to another, said places depending on 
the direction of motion of the vehicle 20 (Fig. 2a) if said direction of motion is not supe

2974967.1 (GHMatters) P69901.AU
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rimposed by a motion caused by the wind. This relationship may be used for extracting 

areas belonging to a leaf from different photographs.

The pieces of information which belong to a leaf and are derived from different photo-
5 graphs are then combined with one another so as to obtain the three-dimensional represen

tation. Thus, with each pair of single frames, one may independently proceed in the same 
manner, as it were, so as to then combine the resulting three-dimensional representations, 
such as by averaging several values for the same coordinates or by stitching together re
sults which have been produced from different perspectives and provide information on

10 various areas of a leaf which were not visible in one perspective, but are visible in the other 
perspective.

Fig. 2b shows a preferred implementation of the present invention, wherein the two
dimensional result representation provided by the merging processor 12 is fed into an eval-

15 uation processor 26 so as to perform various evaluations, depending on the case of applica
tion.

An evaluation may consist in identifying a plant leaf as belonging to a specific plant. For 
example, this serves to bring about a differentiation between the useful plant to be ex-

20 amined, such as a sugar beet plant, and weeds which also grow on the field, so as to subse
quently, after identifying one plant as being weed, perform automatic weeding, a weeding 
device also being attached to the vehicle 20, for example in the form of an automatic grip
ping device. Identification of the plant leaf preferably is effected by means of comparing 
the three-dimensional result representation and a database comprising various shapes of

25 leaves, a determination being made as to whether or not the leaf shape, stored in the data
base, for which the best match with the leaf shape in the three-dimensional result image 
has been found is a weed.

An alternative evaluation obtained by means of the evaluation processor 26 consists in
30 calculating the surface area of the plant leaf. To this end, the area content of the three

dimensional leaf surface area is calculated from the three-dimensional result representa
tion, which is a three-dimensional result image, for example. This may be effected, e.g., by 
integrating the defined, or bordered, area. The area of a plant leaf indicates how well the 
plant has grown. Thus, the quality of a seedling may be inferred. In addition, by measuring

35 the size at specific time intervals, the progress of growth of the individual plants may also 
be determined.
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A further manner in which the evaluation processor 26 may perform the evaluation con
sists in determining the spatial alignment of the plant leaf. In this manner, it is possible to 
find out whether the leaf is aligned toward the sun or whether the leaf is rather withered 
and is not aligned in any specific way. In the latter case, this would indicate inadequate

5 ambient conditions for the plants, or inadequate seeds, whereas in the case of a dedicated 
spatial alignment, as one would expect of a healthy plant of the plant species in question, 
one may infer favorable ambient conditions and good seeds. The spatial alignment of the 
plant leaf may be determined using various criteria. On criterion consists in determining a 
normal vector to a leaf, or to a portion of the leaf, or even for each element (pixel or vox-

10 el), or in determining a normal vector, e.g., for all of the leaf portions in each case, so as to 
then determine, by averaging over said normal vectors pointing in different directions, a 
resulting normal vector whose direction is the leaf alignment.

Alternatively, one may also search for an alignment of specific distinctive structures, such
15 as a central leaf vein or a leaf apex such so as to specify the leaf alignment depending on 

how such a specific element of the leaf is aligned in space and/or toward the sun at a spe

cific point in time.

Generally it is preferred to extract, by means of the processor 12, information about an
20 inner structure of the plant leaf from the two-dimensional image, a three-dimensional result 

representation also being provided which contains the inner structure of the plant leaf.

A further evaluation that may be achieved by means of the evaluation processor 26 consists 
in determining the texture of the plant leaf. To this end, structures within the plant leaf-

25 which may be seen in the two-dimensional representation since the two-dimensional repre
sentation has a high resolution - are detected and taken into account or even inserted in the 
three-dimensional reconstruction so as to obtain a three-dimensional representation includ
ing texture. A determination of the texture of a plant or plant leaf also provides an indica
tion of the type of leaf, of the state of health of the leaf, and, therefore, also of the qualita-

30 tive condition of the underlying seeds.

In addition, the evaluation processor 26 is also able to perform an evaluation so as to de
termine, for example, the height of a plant leaf above the soil of a field. In this manner, it is 
not only growth of a leaf per se, but also the height of a plant that may be determined as a

35 further criterion for a qualitative condition of a type of seed. The height of a plant leaf, in 
turn, may be determined by means of various criteria, such as the height of the leaf apex 
above the soil of the field, or the height of the leaf stalk or node above the soil, etc.

2974967.1 (GHMatters) P88901AU



--10--

5

10

15

20

25

30

35

In preferred embodiments, what is measured in plants are the leaf surface area and the spa

tial alignment of the leaves. Said features may be detected directly on the field in almost 
any extraneous light conditions and even in unfavorable wind conditions. In the cultivation 

of plants, the leaf surface area and the constellation of the leaves are important for so- 
called phenotyping. Preferably, as accurate a 3D image of plants as possible is created so 
as to be able to unambiguously allocate it to a plant species by comparing it with a data
base. This identification of plants is required, for example, for automatic weeding on the 
field.

Manufacturers of seeds have so far tested the quality of the respective type of seeds by 
sowing said type of seeds on trial fields and by subjectively evaluating the coming-up of 
the plants or their growth on the part of a human expert. However, it is desirable to objec
tively ascertain the leaf surface area and the orientation of the leaves, and to thereby obtain 
more accurate indications of the quality of the seeds. Describing the shape of the plant is 
part of so-called phenotyping of plants. Preferably, the plant shape is determined not only 
in specific measuring chambers, but directly on the trial field, even if the leaves are in
tensely moved, e.g. by wind.

For phenotyping plants, the leaf surface area and the spatial alignment of the leaves are to 
be determined. Using a conventional high-resolution optical (2D) camera, the leaf surface 
area within the projection plane may be detected with very high precision, but to determine 
the actual leaf surface area, the spatial orientation of the leaves is also required. Preferably, 
this spatial orientation is detected using a TOF camera. Even though the distance of the 
leaf from the camera with regard to a pixel is determined very inaccurately within the mil
limeter or even centimeter range, a compensation area may be fitted into the 3D data points 
by using averaging operations and/or smoothing operations, as a result of which, overall, 
the spatial orientation of the leaf may be determined with a relatively high level of accura
cy. Currently, typical TOF cameras still have relatively few pixels (e.g. 160 x 120 pixels). 
The edge contour of the leaves therefore is to be detected using the high-resolution camera. 
Preferably, the local angle between the compensation area and the projection plane is cal
culated for each pixel. Thus, the actual leaf surface area may be calculated from the area 
determined by means of the conventional high-resolution camera.

Typically, leaves are no flat surfaces, but are curved in various directions. Therefore, plant 
models are preferably employed for specifying the optimum compensation area. Said plant 
models are to describe typical 3D leaf shapes of the plant species of interest as accurately 
as possible. The typical leaf shape is fitted into the 3D data determined by means of the 
TOF camera. All in all, despite the relatively low 3D resolution of the TOF camera, it will
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be possible, by combining it with a high-resolution (2D) camera, to determine the leaf sur
face area with an accuracy to within several percent, which is absolutely sufficient for phe- 
notyping. Since both the 2D capturing operation using the conventional camera and 3D 
data acquisition using the TOF camera may be effected within a very short time (e.g. 1

5 millisecond) in a planar and simultaneous manner, this method, which is largely indepen

dent on ambient light, may also be employed in the field, even if relatively strong wind is 
moving the leaves or if data acquisition is performed from a vehicle, e.g. a tractor.

Fig. 3a shows a preferred embodiment of an implementation of the merging processor 12
10 of Fig. 1. The highly resolved two-dimensional image is transformed to a camera- 

independent world coordinate representation as is depicted in step 30. The transformation 
specification for transforming the two-dimensional image to the camera-independent world 
coordinates may be determined by means of calibration, it being possible for said calibra
tion to take place prior to each measuring run or each measuring ride and/or following in-

15 stallation of the camera at the camera carrier 21 of the vehicle 20 of Fig. 2a, and to depend 
on a position of the camera in the world coordinate system which may be obtained during 
the measurements. In a step 31, which may take place prior to or following step 30, the 
two-dimensional image is evaluated in terms of color information, wherein, e.g., green 
areas are marked as a leaf, which areas will be further examined, whereas brown areas are

20 identified as a field, or are not identified as a leaf. Thus, all of the areas which are not of 
interest may already be eliminated from the two-dimensional representation, specifically - 
if what is to be identified is leaves - any areas which do not represent leaves. This differen
tiation is preferably made by means of the color information of a color photograph.

25 In a step 32, which may also take place prior to or following steps 30 and/or 31, the leaf 
silhouette of a plant leaf to be determined is determined on the basis of the two
dimensional image. The leaf silhouette is a contiguous, e.g. green, area which represents a 
two-dimensional projection that has been generated by the two-dimensional photo camera. 
In step 32, if said step is performed prior to step 31, both the field and possibly other leaves

30 are eliminated from the image, if, e.g., only one single or several independent leaf sil
houettes are determined. Elimination of other leaves than the leaf of interest is also per
formed, in other embodiments, by using three-dimensional information so as to distinguish 
between two leaves at different heights, which are superimposed in the two-dimensional 
projection.

35
In a step 33, a transformation to a three-dimensional space is performed, the third coordi
nate being variable due to the fact that the two-dimensional image is a two-dimensional 
photograph. Due to the lack of information on depth, the 3D position of a pixel cannot be
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unambiguously ascertained. Rather, any number of positions along the beam is possible 

from the optical center of the camera.

The potential third coordinates for each point of the two-dimensional image may thus be
5 represented as being located on a straight line defined by an object position in world coor

dinates and by a point of the silhouette. The distance of the silhouette from the optical cen
ter, which distance is to be used for defining the straight line, is determined by means of 
calibration. Said distance is specified for each camera and depends on the focal length set 
or, if it exists, on the zoom setting of the camera’s lens.

10
Thus, if step 33, which may be performed in any order with regard to steps 30 - 32, is per
formed prior to step 32, said straight line is determined for each point of the two
dimensional image, or, if step 33 is performed following the extracting step, as is prefera
bly depicted in Fig. 3a, said straight line is determined only for the points of the leaf sil-

15 houette. For the transformation in step 33, the three-dimensional position of the 2D camera 

during capturing is preferably required, it being possible to determine said position either 
by calculating it, or to determine it by means of a position sensor in the camera during 
measurement in addition to the image detection.

20 The low-resolution three-dimensional image present on a line 11 b is transformed, in a step 
34, to a camera-independent world coordinate representation when the camera position is 
known, said world coordinate representation being three-dimensional, but with a low reso
lution only. Subsequently, a step 35 comprises performing a three-dimensional coarse re
construction of the plant leaf, areas being created from the three-dimensional image. Said

25 areas represent coarse approximations to a plant surface area and may be created using 
various area retrieval algorithms, for example using a tessellation into polygon surfaces, or 
using a surface decision on the basis of pieces of information which, across pixels, are 
equal to or more similar to one another than a decision threshold, such as color information 
in the three-dimensional representation, if such color information is available. Alternative

30 area retrieval algorithms may also operate on the basis of intensity information, which dif
fers from pixel to pixel, an area being determined in that the intensity information differs, 
between adjacent pixels, by less than, e.g., a fixed or variable threshold.

In a step 36, the variable third coordinates obtained in step 33 are subsequently calculated
35 by using the areas determined in the coarse reconstruction 35, so as to obtain the three

dimensional image representation on the line 13.
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As a further preferred embodiment, Fig. 3b shows an illustration of a system comprising at 
least one time of flight (TOF) measuring unit 1 Oa and at least one high-resolution conven
tional camera 1 Ob. Both units look at a plant 22 from any positions desired. Preferably, a 
high-resolution color camera is employed as the conventional camera. This enables diffe-

5 rentiation between (green) leaves and (brown) soil of the field. In this manner, the leaf sur

face area may be accurately determined even if the leaves touch the ground.

Initially, the image data of the TOF measuring unit is transformed to spatial coordinates 
37. Since the TOF sensor may measure the distance from object points, it is possible to

10 unambiguously convert pixels to 3D world coordinates. The calculation specification is 
known from a previously performed calibration of the camera.

The 3D point cloud obtained is subsequently transformed to a surface representation 38. 
Depending on the application, various methods are feasible for this purpose:

15
• A tessellation (decomposition) of the surface into several local surface pieces is 

possible in that, e.g., adjacent 3D points are combined to form polygon surfaces.

• If any foreknowledge about the geometry of the object detected exists, said geome-
20 try may be parameterized as a free-form area (as a simple example, a plane may be

used), and the parameters may be adapted to the given measurement points. Finding 
the optimum parameters may be solved, for example, following definition of a 
measure of a distance of the free-form area from a measurement point using an op
timization algorithm.

25
• In addition, it is possible to compare complex geometric models with the measure

ment points. For example, there is a general morphological model for plant leaves 
which has been developed by the applicant and whose optimum parameterization 
may be automatically calculated for a given amount of 3D points.

30
When determining the areas at 38 in Fig. 3b and in step 35 in Fig. 3a, care has to be taken 
to ensure that the points of the three-dimensional representation be only coarsely resolved, 
and generally one cannot assume that a point is located on the very border of the area. 
Therefore, an area obtained by interpolating between 3D points will (almost) always be

35 smaller than or, by chance, at the most equal to the actual area within the 3D space. The 
area determined by interpolating 3D points is therefore enlarged in an embodiment, so that 
the actually sought-for area is “contained” within the enlarged area. This enlargement is 
effected, e.g., by extrapolating the area which has already been determined by, e.g., an em
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pirical measure, such as 10 % to 50 % or more. The area which will then be obtained will 
be so large that it will be intersected by each beam between the optical center and the sil

houette, as are drawn in at 39 in Fig. 3b. The intersection point of the beam with the extra
polated plane then indicates a border point of the sought-for area. As a result, one may

5 state that the extrapolated areas shown at 38 in Fig. 3b are cut into shape, as it were, name
ly by means of the two-dimensional information. In this sense, Fig. 3b represents an im
plementation of the invention wherein the two-dimensional representation/contour is 
extrapolated, and the extrapolated representation is improved using the 3D information, 
whereas the implementation of Figs. 5a to 5d takes the opposite path and converts an inter-

10 polated 3D representation to the 2D space and puts it into the right form there using the 2D 
data.

Thus, a border point is obtained for each point of the silhouette in the two-dimensional 
representation, so that a three-dimensional border results which is the three-dimensional

15 result representation which at least comprises the border. For each point of the two- 
dimensional contour, this border comprises three-dimensional information (intersection 
point of the beam with the straight line), the number of these border points being higher 
than the number of points of the three-dimensional photograph which define a border of 
the area which, accordingly, is more coarse (and usually too small). Thus, the three-

20 dimensional result representation includes, e.g., only the border of a leaf or another part of 
a plant, the border and the area, only the area or only part of a leaf or any other plant por
tion. However, the three-dimensional representation, which has been obtained by using the 
two-dimensional data, will always have a higher three-dimensional resolution of the bor
der, area, etc., than the corresponding portion (border, area, etc.) of the three-dimensional

25 photograph.

Both the lateral resolution and the depth resolution of the TOF camera are comparatively 
coarse. Therefore, the reconstructed 3D points are relatively imprecise, on the one hand, 
and the reconstructed area has a poor resolution, on the other hand. For example, the edge

30 contours have only been coarsely detected, and in the event that the surface is triangulated, 
said surface is very coarse-mashed. The coarse reconstruction may be refined, however, by 
merging it with the data of the (color) camera (13), since conventional cameras exhibit a 
comparatively higher resolution.

35 For performing the merging, it is also necessary to transform the pixels of the color camera 
to world coordinates. This conversion specification is known from a previous calibration of 
the color camera. Unlike the TOF camera, the color camera does not detect any depth val
ues, however. As a result, a pixel cannot be unambiguously transformed to the 3D space
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using one perspective. Instead, several projection points are possible which are located on 
a beam starting from the optical projection center (39). An unambiguous 3D position may 
be determined, however, from the intersection point of said straight line with the recon
structed surface of the TOF camera.

5
In this manner it is possible, for example, to extract the object silhouette with very high 

precision from the highly resolved (color) image, and to project them onto the recon
structed geometry. In this manner, the edge contour of the reconstructed geometry may be 
determined and cut into shape more accurately. By viewing the object from several differ-

10 ent positions, such cutting into shape of the object contour is possible all around. Since not 
only the edge contour, but also edges within the plant (for example resulting from the plant 
geometry or the surface texturing of the leaves) may be extracted from the (color) camera 
images, such a refinement of the reconstructed surface is possible not only along the sil
houette, but also within the area.

15
The reconstruction thus refined enables precise determination of the leaf surface area and 
the leaf position (spatial alignment of the leaves). Moreover, it is possible to use geometric 
features obtained from the reconstruction as well as color features for classification appli
cations, or to compare them with a model database, for example in order to determine the

20 state of health of the plant.

An alternative implementation of the merging processor 12 of Fig. 1 will be represented 
below with reference to Fig. 4, wherein foreknowledge about the plant leaf to be deter
mined is employed so as to determine the three-dimensional area.

25
Generally, previous knowledge about the image to be detected can be used at any point of 
obtaining and merging the two-dimension data.

First, the previous knowledge about a shape to be detected, such as a plant leaf can be used
30 as a parameterized model of the shape. If an incomplete image of a leaf is captured by a 

two-dimensional camera, since, e.g., part of a leaf is hidden, then the missing part of the 
leaf can be reconstructed by using the previous knowledge. This can be accomplished, for 
example, with a parameterized three-dimensional model, wherein one parameter can be the 
orientation and a further parameter the size of the leaf. Alternatively or additionally, fur-

35 ther parameters such as length, width, etc. can be used. The two-dimensional image of the 
leaf represents a projection of a three-dimensional leaf and this projection is completed by 
using the model. Therefore, by using the incomplete image, the parameters are estimated 
and the missing section(s) of the two-dimensional image are completed with the estimated
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parameters. Then, merging with the three-dimensional image as described above can take 
place, but now with a complete two-dimensional image.

Alternatively or additionally, the previous knowledge can also be used for improving the
5 interpolation of three-dimensional points for obtaining the initial data for extrapolation, 

which is then cut by a two-dimensional representation. Therefore, by using the three
dimensional points on the sought-for area, a three-dimensional parametric model is fed, 
which then calculates the parameters, such as length, width, size, position or location, etc., 
for example by the method of least error squares or similar methods. Therefrom, a better

10 interpolation of the three-dimensional points is obtained, since the model improves interpo
lation with the calculated parameters. Additionally or alternatively, the model can also be 
used for extrapolation. As illustrated, the interpolated area will almost always be to small, 
but never to large. Hence, the area determined from the three-dimensional points is en
larged. For this extrapolation the model can be used again, wherein the same model is used

15 with the same parameters as were calculated for the interpolation, or wherein, when a dif
ferent or no model was used for interpolation, specific parameters are calculated for the 
extrapolation.

The improved area obtained in that manner is then cut by applying the two-dimensional
20 representation which has also been generated by previous knowledge.

Hence, the previous knowledge of a parameterized model can be used for improving the 
transformation of the three-dimensional data into the surface representation (e.g. step 35 in 
Fig. 3a or 3b), or for improving the two-dimensional representation in steps 30, 31, 32 or

25 33) or for improving both measures, wherein in the latter case, preferably, the same model
and the same parameters are used, but different models and/or different parameters can be 
used as well.

The two-dimensional image 1 la is subject to an extraction algorithm in a step 40 so as to
30 extract a silhouette of a leaf from the two-dimensional image. The extraction algorithm

may be the same as the extraction algorithm in step 32 of Fig. 3a and may be based on de
fining a silhouette as a border of an area which includes pixels having similar colors.

In a step 41, the extracted silhouette is used for accessing a database comprising parametric
35 leaf models. In particular, for each leaf model there exist sample silhouettes stored in the

database, and for each candidate sample silhouette, a degree of correspondence between 
said sample silhouette and the extracted silhouette is calculated. This degree of correspon
dence is examined, in a step 42, for each candidate silhouette so as to then select that leaf

2974907.1 (GHMatters) PM901.AU

PM901.AU


--17--

model from the database whose sample silhouette best matches the silhouette extracted in 
step 40. Subsequently, the parameter or - if there are several parameters - the parameters 
of the parameterized leaf model selected in step 42 is/are calculated in a step 43, the three
dimensional points here being employed as nodes of the numeric, as it were, parameter

5 calculation.

Therefore, the three-dimensional image 1 lb of the 3D camera is used in step 43. Step 43 
provides the parameter values for the leaf model selected in step 42, and the three
dimensional result representation is calculated, in a step 44, using the parameter values and

10 the underlying leaf model. If only one leaf surface area is required, no transformation to 
world coordinates needs to take place for the algorithm shown in Fig. 4. The transforma
tion to world coordinates, which may also be performed with the result representation, 
however, i.e. after the three-dimensional data and the two-dimensional data have been 
merged, is preferably employed when the leaf position is also to be calculated. For other

15 evaluations, e.g. the height of the leaf (distance of the leaf from the ground) etc., it is also 
preferred to determine the three-dimensional result representation in camera-independent 
world coordinates.

As was described with the two-dimensional camera in connection with Figs. 3a and 3b,
20 respectively, the embodiment shown in Fig. 4 preferably comprises either calculating the 

position of the three-dimensional camera during capturing of the coarsely resolved three
dimensional image in world coordinates, for example using the geometry of the capturing 
means of the vehicle 20 of Fig. 2a, or comprises determining the three-dimensional coordi
nate in world coordinates by means of a three-dimensional position sensor based, e.g., on

25 GPS or any other localizing method in three-dimensional space. In the embodiment shown 
in Fig. 4, only the spatial position of the three-dimensional camera is used, whereas the 
spatial position of the two-dimensional camera is preferably not required for the implemen
tation shown in Fig. 4.

30 Figs. 5a-5d show further implementations of the merging processor. For example, Fig. 5a 
shows a top view of an area 50 having a notch 51. The top view of the area would be ob
tained if the area were captured from the top using the two-dimensional camera. The 
coarsely resolved three-dimensional camera merely creates measurement points at nodes 
which are spaced apart by a relatively large distance and which are designated by 51, or

35 “TOF point”. If a coarse reconstruction of the area were performed wherein adjacent TOF 
points are connected, a line 53 which completely ignores the notch 51 would be obtained 
as an area boundary.
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If the area shown in Fig. 5a is depicted in a two-dimensional projection, the notch 51 can 
still be seen. The two-dimensional projection in Fig. 5b is obtained, for example, by a 
highly resolving two-dimensional camera. If the area in Fig. 5a were projected from the 
three-dimensional coarse reconstruction to a two-dimensional projection or silhouette, the 
boundary line 53, which is depicted as a dashed line and which ignores the comer 51, 
would be obtained yet again.

Fig. 5c shows the situation of Figs. 5a and 5b, respectively, wherein the dashed line 53, 
which represents a boundary line of an area from the coarse reconstruction, has been im
proved, however. In particular, the interpolation of the three-dimensional values between 
the nodes or TOF measurement values 52, for which three-dimensional data has been 
measured, is improved in that an improved interpolation of values 55 is selected. In this 
manner, one achieves that the improved interpolation values 55 better correspond to the 
true silhouette comprising the notch 51. When looking at the top view of the area compris
ing the improved coarse reconstruction in Fig. 5c, one will find that the three-dimensional 
interpolation has been improved due to the two-dimensional silhouette, which has been 
captured with a high resolution.

An algorithm which is preferably used for obtaining the improved interpolation values of 
Fig. 5c will be explained below with reference to Fig. 5d. First of all, a step 60 comprises 
performing a three-dimensional interpolation between the three-dimensional nodes which 
have been measured by the 3D camera, so as to obtain a boundary line of an area. The in
terpolation may be a straight-line connection of adjacent three-dimensional points or any 
other, more expensive interpolation specification, for example.

Subsequently, a step 61 comprises calculating a two-dimensional projection from the inter
polated three-dimensional points, as would correspond to the dashed line 53 in Fig. 5b. In a 
step 62, the two-dimensional projection is then compared to the extracted two-dimensional 
silhouette. If it is determined, in a step 63, that a termination criterion is not met, a step 64 
will comprise performing a change in the interpolated three-dimensional points, specifical
ly in such a manner that the improved interpolation values better correspond to the true 
values of the silhouette. Following this, steps 60, 61, 62 and 63 are performed once again 
until a termination criterion is met which either consists in that a maximum number of ite
rations have been performed, or which consists in that a deviation between the interpolated 
points and the true points of the silhouette in step 62 is smaller than a predetermined thre
shold value.
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In an alternative embodiment, a conversion of tire two-dimensional silhouette to the three- 
dimensional space takes place instead of the conversion of the three-dimensional reconstruction 
to a two-dimensional projection.

This is followed by a comparison in the three-dimensional domain, which in step 62 takes place 
5 in the two-dimensional domain.

The inventive concept is also particularly well suited for application in a greenhouse. Unlike 
systems wherein plants are moved within a greenhouse, e.g. to a measurement station via rails, 
which causes stress to the plants, it is preferred that the device in accordance with an 
embodiment of the invention be moved to the plant, without the plant being moved. This is

10 effected, for example, by means of a rail construction or cable railway construction in a space of 
the greenhouse which is mounted above the plants or at the ceiling of the greenhouse. Thus, it is 
possible to make optimum use of the expensive greenhouse space, since no plant positioning 
space is wasted by rails or the like.

Depending on the circumstances, the method in accordance with embodiments of the invention
15 may be implemented in hardware or in software. Implementation may be on a digital storage 

medium, in particular a disk or CD with electronically readable control signals which may 
interact with a programmable computer system such that the respective method is performed. 
Generally, an embodiment of the invention thus also consists in a computer program product 
with a program code, stored on a machine-readable carrier, for performing the method, when

20 the computer program product runs on a computer. In other words, embodiments of the 
invention may thus be realized as a computer program having a program code for performing 
the method, when the computer program runs on a computer.

In the claims which follow and in the preceding description of the invention, except where the 
context requires otherwise due to express language or necessary implication, the word

25 “comprise” or variations such as “comprises” or “comprising” is used in an inclusive sense, i.e. 
to specify the presence of the stated features but not to preclude the presence or addition of 
further features in various embodiments of the invention.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A device for detecting a plant, comprising:

a means for providing at least one two-dimensional image of a plant leaf with a first two- 
dimensional resolution, and for providing at least one three-dimensional image of the

5 plant leaf, the three-dimensional image comprising a two-dimensional representation of
the plant leaf with a second two-dimensional resolution which is smaller than the first 
two-dimensional resolution, and wherein the three-dimensional image further comprises 
values indicating a third dimension for points of the two-dimensional representation of 
the three-dimensional image of the plant leaf; and

10 a processor for merging the two-dimensional image and the three-dimensional image so
as to obtain a three-dimensional result representation of at least a portion of the plant leaf 
said result representation comprising three-dimensional information for a number of 
points which is larger than the number of points of the portion of the three-dimensional 
image for which the information about the third dimension exists,

15 wherein the processor is configured to transform the three-dimensional image into a
surface representation, the processor being implemented to employ foreknowledge about 
an expected geometry of the plant leaf in the transformation of the three-dimensional 
image into the surface representation, wherein a three-dimensional parametrical model is 
fed with points of the three-dimensional image, and wherein then, using the three-

20 dimensional parametrical model, parameters are calculated to obtain an interpolation of
points of the three-dimensional image lying on a searched area,

wherein the processor is configured to transform the two-dimensional image into a 
preliminary three-dimensional representation in which a third dimension is ambiguous 
and is restricted to points on a beam originating from a projection centre, and

25 wherein the processor is configured to determine a unique third dimension by calculating
an intersection of the beam and the surface representation.

2. The device according to claim 1, wherein the processor is implemented, in the generation 
of the surface representation, to increase an area generated from the three-dimensional 
image by extrapolation so that a searched three-dimensional area is contained in the area

30 increased by extrapolation, and
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wherein intersections of the beams indicate boundary points of the searched three- 
dimensional area, so that the area increased by extrapolation is trimmed using the 
intersections to obtain the searched three-dimensional area.

3. The device according to claim 2, wherein for generating the area from the three-
5 dimensional image an interpolation of points of the three-dimensional image is executed.

4. The device according to any one of claims 1 to 3, wherein the means for providing 
comprises at least one 2D camera for detecting the two-dimensional image which may be 
implemented as an optical color camera, or

wherein the means for providing comprises at least one 3D camera for detecting the 
10 three-dimensional image, the values indicating the third dimension of the three-

dimensional image comprising distance values between points of the three-dimensional
image and the three-dimensional camera, which may be implemented as a TOF camera.

5. The device according to any one of claims 1 to 4, further comprising:

a vehicle implemented to travel on a field or in a greenhouse, a 2D camera and a 3D 
15 camera being mounted on the vehicle.

6. The device according to any one of the preceding claims,

wherein a 2D camera and a 3D camera are implemented to detect a series of single 
frames of the plant leaf in each case, a detection time for a single frame being shorter 
than 50 ms.

20 7. The device according to any one of the preceding claims, wherein the processor is
implemented

to calculate a three-dimensional coarse reconstruction of the plant leaf using the three- 
dimensional image,

to extract a two-dimensional silhouette of the plant leaf from the two-dimensional image, 
25 and

to refine the three-dimensional coarse reconstruction using the two-dimensional 
silhouette.

8. The device according to claim 7, wherein the processor is implemented to refine the 
three-dimensional coarse reconstruction such that a two-dimensional silhouette of the

Win 1_1 (GHMnllora) pmotZ'J
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refined coarse reconstruction better matches the extracted silhouette than a two- 
dimensional silhouette of the three-dimensional coarse reconstruction, or

that: a three-dimensional reconstruction of the extracted silhouette better matches the 
refined three-dimensional reconstruction than it matches the three-dimensional coarse 

5 reconstruction prior to the refinement.

9. The device according to any one of the preceding claims,

wherein a 2D camera and a 3D camera are implemented to generate, for the plant leaf, at 
least two single frames from different capturing directions in each case, and

wherein the processor is implemented to use the at least two single frames of the two 
10 cameras for creating the three-dimensional result representation.

10. The device according to any one of the preceding claims, wherein the processor is 
implemented to calculate, from the three-dimensional result representation, an area of the 
plant leaf or a position o f the plant leaf within the three-dimensional space.

11. The device according to any one of the preceding claims, further comprising a calibrator
15 implemented to provide, for a 2D camera and a 3D camera, one calculation specification

in each case with which coordinates of the two-dimensional image of the 2D camera and 
coordinates of the three-dimensional image of the 3D camera may be converted to a 
uniform world coordinate system,

the processor being implemented to convert the two-dimensional image and the three- 
20 dimensional image to two-dimensional world coordinates and three-dimensional world

coordinates, respectively.

12. The device according to any one of the preceding claims,

wherein the processor is implemented to employ foreknowledge about an expected 
geometry of the plant leaf in a generation or transformation of the two-dimensional image

25 into the preliminary three-dimensional representation.

13. The device according to any one of the preceding claims, wherein the processor is 
implemented to extract an outline of the plant leaf from the two-dimensional 

representation,

to extract a parameterized area from a database by using the outline, having 
30 foreknowledge on an expected geometry of the plant leaf, and
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to calculate, using the three-dimensional representation, one or several parameters for the 
parameterized area so as to obtain the result representation.

14. The device according to any one of the preceding claims,

wherein the processor is implemented to extract an outline or a silhouette of the plant leaf 
5 from the two-dimensional image by using color information of the two-dimensional

image.

15. The device according to any one of the preceding claims,

wherein the processor is implemented to extract, from the two-dimensional image, 
information about an inner structure of the plant leaf, and

10 to provide'a three-dimensional result representation in which the inner structure of the
plant leaf is included.

16. The device according to any one of the preceding claims, 

wherein a portion of the plant leaf is a border of the plant leaf.

17. A method for detecting a plant, comprising:

15 providing a two-dimensional image of a plant leaf with a first two-dimensional
resolution, and providing a three-dimensional image of the plant leaf, the three- 
dimensional image comprising a two-dimensional representation of the plant leaf with a 
second two-dimensional resolution which is smaller than the first two-dimensional 
resolution, and wherein the three-dimensional image further comprises values indicating

20 a third dimension for points of the two-dimensional representation of the three-
dimensional image of the plant leaf; and

merging the two-dimensional image and the three-dimensional image so as to obtain a 
three-dimensional result representation of at least a portion of the plant leaf, said result 
representation comprising three-dimensional information for a number of points which is

25 larger than the number of points of the portion of the three-dimensional image for which
the information about the third dimension exists,

wherein the merging comprises transforming the three-dimensional image into a surface 
representation, wherein foreknowledge about an expected geometry of the plant leaf in 
the transformation of the three-dimensional image into the surface representation is used,

30 wherein a three-dimensional parametrical model is fed with points of the three-
dimensional image, and wherein then, using the three-dimensional parametrical model,
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parameters are calculated to obtain an interpolation of points of the three-dimensional 
image lying on a searched area,

wherein the merging comprises transforming the two-dimensional image into a 
preliminary three-dimensional representation in which a third dimension is ambiguous

5 and bounded to points on a beam originating from a projection centre, and

wherein the merging comprises determining a unique third dimension by calculating an 
intersection of the beam with the surface representation.

18. A computer program comprising a program code for executing a method for detecting a 
plant according to claim 17, when the computer program is executed on a computer.

10 19. A device for detecting a plant substantially as hereinbefore described with reference to
any one of the accompanying drawings,

20. A method for detecting a plant substantially as hereinbefore described with reference to 
any one of the accompanying drawings.
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