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1	 Introduction

Laser scanning is an active remote sensing technique 
which is capable of direct range measurements between 
the laser scanner and the reflecting target (Heritage & 
Large 2009). The results are highly accurate 3D point 
clouds. Laser scanning, known as Light Detection and 
Ranging (LIDAR), can be used on airborne platforms, 
known as Airborne Laser Scanning (ALS), on mobile 
platforms, known as Mobile Laser Scanning (MLS), 
as well as on terrestrial platforms, known as Terrestrial 
Laser Scanning (TLS) (Vosselmann & Maas 2010). 3D 
point clouds are used for various applications, for ex-
ample for 3D modelling of buildings and cities, as-built 
documentation, cultural heritage documentation, foren-
sics or forest inventories.

Crops are generally affected by management, topogra-
phy, diseases, and weather (Kravchenko et al. 2005). 
The impact of topography can be derived by DGPS sur-
veys, corresponding geostatistical interpolation meth-
ods and terrain analysis (Kaspar et al. 2003). The de-
velopment of statistically correct yield stability maps is 
already possible with ALS data (McKinion et al. 2010).

For the detection of single plants and biomass calcula-
tion, ehlert et al. (2008, 2009) use low-cost triangula-
tion and time-of-flight scanners mounted on a tractor. 
Site-specific crop parameters, such as plant height, bio-
mass density and coverage for optimizing management 
are estimated. For different crops, the relation between 
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mean height and biomass density is calculated (R² > 
0.75). lumme et al. (2008) investigate plant height in 
differently fertilized plots with a phase-shift scanner 
mounted on a 3 m rack. They also apply a multi-tempo-
ral approach and find a strong correlation between plant 
height and grain yield and detected single ears. In the 
publication of hosoi & omasa (2009), a triangulation 
based scanner is used to estimate carbon stocks in single 
plants.

In contrast to these introduced approaches we applied a 
time-of-flight laser scanner to estimate crop parameters 
on a larger field level (Hoffmeister et al. 2011). The data 
is collected with the objective to establish crop surface 
models (CSM) and crop volume models (CVM). The 
detection of within-field variability is possible.

In this contribution, we present the surveys of a single 
field of sugar beet in 2008 and winter wheat in 2009 as 
well as a crop variety experiment with different vari-
eties of sugar beet and spring barley in 2010. Several 
approaches are used to derive plant parameters on field 
level.

2	 Methods

The TLS LMS-Z420i, manufactured by Riegl (Riegl 
LMS GmbH 2010), was applied for all observations. 
The time-of-flight range measurements have an accura-
cy of 1 cm and a range from 2 m to 1000 m. The record-
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ed resolution of all measurements was 0.8 cm at a dis-
tance of 10 m. A high-resolution digital camera, Nikon 
D200, was mounted on the head of the laser scanner for 
recording RGB-photos. These can be used to colourise 
point clouds and to texture corresponding surfaces.

The different positions of the laser scanner were meas-
ured by a highly accurate DGPS, the Topcon HiPer Pro 
(mansfeld 2004). The relative accuracy of this device 
is approx. 1 cm. To estimate the direction of the point 
cloud, several highly reflective targets were also meas-
ured by the DGPS. With regard to the larger ranges and 
to save time, a new reflective target was developed.

These large, highly reflective cylinders (diameter: 
7.6 cm, height: 10.5 cm), which are easy to detect by the 
laser scanner, were fixed on ranging-poles (Fig. 1). All 
scan positions can be estimated by a small number of 
DGPS measurements due to the multiple use of ranging-
poles.

2.1	 Survey	of	a	Single	Field	(2008	and	2009)

The single survey field is located at Selhausen (N 
50° 51’ 58’’, E 6° 26’ 50’’), about 40 km west of Co-
logne. It is one of the test plots of the project CRC-
TR32: ‘Patterns in Soil-Vegetation-Atmosphere Sys-
tems: Monitoring, Modelling, and Data Assimilation’ 
(CRC-TR32 2010). Within the CRC-TR32, the focus 
is set on three intensively investigated sub-basins of 
the Rur catchment area. The field is located in the sub-
basin representing arable land use. It is around 405 m 
by 105 m large and covers an area of about 4.3 ha. On 
three dates in 2008 and five dates in 2009, six to eight 
scan positions around the field were used to achieve a 
whole consistent point cloud of different growth stages. 
The laser scanner was fixed on a tripod, which lifts the 
sensor up to 1.8 m (Fig. 2). Corresponding tape-meas-
urements of the plants were conducted at every survey.

2.2	 Survey	of	Different	Crop	Varieties	(2010)

In 2010, the method was applied in another study 
area. Test fields at Klein-Altendorf (N 50° 37’ 18’’, E 
6° 59’ 16’’), 20 km southwest of Bonn, were monitored. 
The survey was conducted within the project CROP.
SENSe.net (CROP.SENSe.net 2010), which is an inter-
disciplinary research network for sensor technology for 
crop breeding and management. Four different varieties 
of spring barley (two replications) and sugar beet (four 
replications) had been planted on similar plots each with 
a size of approx. 3 m by 20 m.

The laser scanner was mounted on a tractor with a hy-
draulic platform in a height of approx. 4 m (Fig. 3). Fur-
ther measurements, for example biomass sampling, hy-
perspectral measurements, and hyperspectral imaging 
were conducted by other research groups within CROP.
SENSe.net. Again, the plant height was measured with 
a tape at each survey in each plot.

Fig. 1:  Ranging-pole and developed reflector for the 
laser scanning measurements

Fig. 2:  TLS survey of sugar beet (left side) in 2008: 
Laser scanning device, digital camera and DGPS 
mounted on a tripod
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2.3	 Post-Processing

The registration of each scan po-
sition was facilitated by directly 
georeferencing every point cloud. 
The highly accurate DGPS meas-
urements of each position of the la-
ser scanner and one reflector for ori-
entation were used. Afterwards, the 
implemented ICP-algorithm (Mul-
ti-Station Adjustment, MSA) en-
hanced the registration (Besl & 
mckay 1992). The colourisation of 
the point clouds was possible by as-
signing RGB-values to each point, 
taken from the recorded pictures of 
the digital camera (Fig. 4, here only 
shown in grey scale).

After removing obstacles and sur-
rounding points, CSMs were gener-
ated by triangulation of each point 
cloud. For the processing of the 
CSMs and the corresponding com-
parisons, a mean raster of 20 cm 
pixel space was used. All CSM re-
sults were compared with each other 
and led to maps of height differenc-
es. For CVM calculation, these tri-
angulated surfaces were utilized to 
estimate volumes. The differences 
of these volumes are an estimation 
of the crop volumes. All estimations 
were calculated with Riegl’s soft-
ware RiSCAN PRO.

The collected data of 2010 was also 
pre-processed with RiSCAN PRO. 
However, the DEM (Digital Eleva-
tion Model), derived from the first 
measurements and CSMs for all 
further dates were calculated with 
ESRI’s ArcMap to achieve a higher 
resolution. Single plants were de-
tected by analysing intensity values 
of the laser scanner, which exist for 
each point. This method was con-
trolled by manually identifying sin-
gle plants in several subsets. These 
single plant points were connected 
to generate the rows of plants and 
then single plant positions were 
estimated every 20 cm along these 
rows. They were connected to the 

Fig. 3:  Laser scanner mounted on the platform (above), scanning barley test 
plots. The platform is mounted on a specifically extended tractor, with a 3 m 
axis (below).

Fig. 4:  Detailed pictures of the field in Selhausen: Sugar beet in different 
growth phases, taken from the same perspective

3D terrestrial laser scanning for field crop modelling
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already mentioned CSMs and led to points for each sin-
gle plant in a plot, with information of growth height 
from every survey date.

3	 Results

Major results of the presented procedure were maps of 
plant height at a high resolution. As shown in Figure 5, 
patterns of the topography a) as well as management 
patterns were detectable. Plant height is dependent on 
absolute height. For example, an area on the east side 
was ploughed after heavy rain and stagnant moisture. 
The lower west side was also affected by this problem.

For the area in Klein-Altendorf (2010), the same ap-
proach was used to generate maps of plant height dif-
ferences (Fig. 6). Here, again sugar beet is presented. 
The differences of the DEM derived from the survey of 
late May and the last survey of early August are shown. 
Higher plants of the sugar beet variety “Maurica” are 
clearly visible in every replication. Furthermore, in one 
of the two plots with the same cultivar, the extracted bi-
omass samples during the season are indicated by larger 
dark spots, for example in plots no. 115 and 116 in the 
north-west corner.

Intensity values were used to derive positions of single 
plants and the results are checked by manual detection of 
single plants in several subsets. The rows of plants were 
established based on the extracted points. For modelling 
approaches and to achieve more accurate results, single 
plant points were automatically set. Afterwards, the re-
sults of the derived crop surface model were associated 
to the points as an attribute (Fig. 6: detailed map).

4	 Discussion	and	Outlook

4.1	 Single	Field	2008	and	2009

The survey of the presented single field in Selhausen 
(chapter 2.1) with the laser scanner and according 
equipment is possible in one day. The method of using 
just two DGPS measurements and the MSA procedure 
is very feasible and fast. During the acquisition, a lot 
of noise disrupted the measurements, which had to be 
trimmed. However, for the setup on the tripod, with a 
maximum height of 1.8 m, the results are very useable. 
An optimized scanning process and post-processing 
lead to highly accurate results within a short period. 
The problem of resampling data to a lower resolution of 
20 cm to avoid computing failures will be solved with 
ESRI’s ArcMap in the future.

Fig. 5:  Maps of the single sugar beet field in 2008: a) The DEM and b)-d) according height differences in meter 
between several dates, showing management patterns and areas of minor crop height
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The resulting maps represent crop height differences 
very well. Detected patterns were also visible in the 
field and are supported by the tape-measurements. For 
this data set, the detection and modelling of single plant 
points was established, as well as a higher resolution of 
the CSM. Based on these maps, a rate of died plants and 
yield loss can be calculated.

Crop growth is highly dependent on micro-topography. 
The results will be compared with an ALS survey of late 
July 2008 (hoffmeister et al. 2010). Intensity values of 
this survey show the same patterns as detected in the 
presented maps of crop height growth.

4.2	 Crop	Varieties	2010

The established survey method of the single field in 2008 
and 2009 in Selhausen (chapter 2.1) was reused for pat-
tern and change detection of different crop varieties in 
2010 in Klein-Altendorf (chapter 2.2). To enhance this 
method, a platform on a tractor, with an average height 
of approx. 4 m, was used to achieve more detailed data. 

The data is again georeferenced and pre-processed in 
RiSCAN PRO. Moreover, most calculations are con-
ducted with ESRI’s ArcGIS to achieve a higher resolu-
tion and a more sophisticated interpolation method.

Additionally, single plant point detection is possible, 
which can be connected to the generated CSMs. More 
investigations have to be conducted on intensity values 
and the need for recalibration (Höfle & Pfeifer 2007, 
Wagner et al. 2008). The first results presented here 
show the great potential of the adjusted method. More 
results are expected, when all further measurements, for 
instance hyperspectral data, will be available.
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STA1

ZR 3

ZR 6

101- Pauletta1

101- Pauletta1

102- Berenika1

102- Berenika1

103- Maurica1

103- Maurica1

104- Cesira1

104- Cesira1

108- Pauletta2

108- Pauletta2

107- Berenika2

107- Berenika2

106- Maurica2

106- Maurica2

105- Cesira2

105- Cesira2

109- Maurica3

109- Maurica3

110- Pauletta3

110- Pauletta3

111- Cesira3

111- Cesira3

112- Berenika3

112- Berenika3

116- Maurica4

116- Maurica4

115- Pauletta4

115- Pauletta4

114- Cesira4

114- Cesira4

113- Berenika4

113- Berenika4

110- Pauletta3

110- Pauletta3

111- Cesira3

109- Maurica3

Scan Positions

Areas
CSM

High : 0.65

Low : 0

DGM

230m

224m

Plant Points
(height in meters)

0.00 - 0.10

0.10 - 0.25

0.25 - 0.35

0.35 - 0.50

0.50 - 0.60

±

10 m

D. Hoffmeister, 2010

2 m

CSM of different sugar beet crop types

Detailed view with single plant points Detailed picture

Detailed picture

3D terrestrial laser scanning for field crop modelling



22 | D. Hoffmeister et al.

Workshop on Remote Sensing Methods for Change Detection and Process Modelling, 18.-19.11.2010, Cologne

Re	ferences
Besl, p.J. and mckay, N.D. (1992): A method for reg-

istration of 3-D shapes. IEEE Transactions on Pat-
tern Analysis and Machine Intelligence, 14(2), pp. 
239-256.

CRC-TR32 (2010): Transregional Collaborative Re-
search Centre 32: Patterns in Soil-Vegetation-At-
mosphere-Systems. http://www.tr32.uni-koeln.de. 
2010-08-25.

CROP.SENSe.net (2010): Networking sensor technol-
ogy R&D for crop breeding and management. http://
www.cropsense.uni-bonn.de. 2010-08-25.

Ehlert, D.; Adamek, R. and Horn, H.-J. (2009): Laser 
rangefinder-based measuring of crop biomass under 
field conditions. Precision Agriculture, 10(5), pp. 
395-408.

Ehlert, D.; Horn, H.-J. and Adamek, R. (2008): Meas-
uring crop biomass density by laser triangulation. 
Computer and Eletronics in Agriculture, 61, pp. 
117-125.

Heritage, G.L. and Large, A.R.G. (2009): Laser scan-
ning for the Environmental Sciences. Chichester.

Hoffmeister, D.; Bolten, A.; Curdt, C.; Waldhoff, 
G. and Bareth, G. (2010): High-resolution Crop 
Surface Models (CSM) and Crop Volume Models 
(CVM) on field level by terrestrial laserscanning. 
In: guo, h. and Wang, c. (eds.): Proceedings of the 
Sixth International Symposium on Digital Earth: 
Models, Algorithms, and Virtual Reality. September 
2009, Beijing, China, 6 p.

hoffmeister, d.; Bendig, J. and Waldhoff, G. (2011): 
Evaluating airborne laser scanning data for genera-
tion of digital elevation models and land cover map-
ping. In: lenz-Wiedemann, v. and Bareth, g. (eds.): 
Proceedings of the Workshop on Remote Sensing 
Methods for Change Detection and Process Model-
ling. November 2010, Cologne, Germany, 9 p.

Höfle, B. and Pfeifer, N. (2007): Correction of laser 
scanning intensity data: Data and model-driven ap-
proaches. ISPRS Journal of Photogrammetry and 
Remote Sensing, 62(6), pp. 415-433.

Hosoi, F. and Omasa, K. (2009): Estimating vertical 
plant area density profile and growth parameters of a 
wheat canopy at different growth stages using three-
dimensional portable lidar imaging. ISPRS Journal 
of Photogrammetry and Remote Sensing, 64(2), pp. 
151-158.

Kaspar, T.C.; Colvin, T.S.; Jaynes, D.B.; Karlen, D.L.; 
James, D.E. and Meek, D.W. (2003): Relationship 
Between Six Years of Corn Yields and Terrain At-
tributes. Precision Agriculture, 4, pp. 87-101.

Kravchenko, A.N.; RoBertson, G.P.; Thelen, K.D. and 
HarWood, R.R. (2005): Management, topographi-
cal, and weather effects on spatial variability of crop 

grain yields. Agronomy Journal, 97, pp. 514-523.
Lumme, J.; KarJalainen, M.; Kaartinen, H.; Kukko, A.; 

Hyyppä, J.; Hyyppä, H.; Jaakola, A. and Kleemola, 
J. (2008): Terrestrial Laser Scanning of agricultural 
crops. In: chen, J. (ed.): Proceedings of the XXI. IS-
PRS Congress: Silk Road for Information from Im-
agery. July 2008, Beijing, China, pp. 563-566.

Mansfeld, W. (2004): Satellitenortung und Navigation. 
Wiesbaden, Germany.

McKinion, J.M.; Willers, J.L. and Jenkins, J.N. (2010): 
Spatial analyses to evaluate multi-crop yield stabil-
ity for a field. Computers and Electronics in Agricul-
ture, 70(1), pp. 187-198.

Riegl LMS GmbH (2010): Datasheet LMS-Z420i. 
http://riegl.com/uploads/tx_pxpriegldownloads/10_
DataSheet_Z420i_03-05-2010.pdf. 2010-08-25.

Vosselmann, G. and Maas, H.-G. (2010): Airborne and 
terrestrial laser scanning. Dunbeath.

Wagner, W.; Hollaus, M.; Briese, C. and Ducic, V. 
(2008): 3D vegetation mapping using small-foot-
print full-waveform airborne laser scanners. Interna-
tional Journal of Remote Sensing, 29(5), pp. 1433-
1452.

Contact	information
Dirk Hoffmeister

University of Cologne
Institute of Geography

Albertus-Magnus-Platz
D-50923 Cologne

Germany
dirk.hoffmeister@uni-koeln.de

+49 (0)221 470 6620


