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The objective of this research was to develop a stem height measurement system for Miscanthus giganteus
(MxG), to be used as a component in a future Look Ahead Yield Monitor (LAYM). For this purpose, a SICK�

LMS 291 LIght Detection And Ranging (LIDAR) unit was evaluated in static and dynamic mode. To elim-
inate the error caused by inclination angles from undulations in the ground surface and installation, an
inclination correction algorithm was developed that improved the measurement accuracy in both static
and dynamic mode.

In static mode, the sensor was kept stationary and evaluated among various MxG stem densities. The
results showed an average error of 5.08% with a maximum error of 8% and a minimum error of 1.8%. The
static height measurement approach was also employed to measure the crop height in a 5 � 10 m field,
and, compared to manual measurements, an error of 4.2% was achieved.

In dynamic mode, the sensor was driven past a field edge to provide a three-dimensional structure of
the crop. An Ordinary Least Squares based surface fitting algorithm was applied to generate both the top
and ground surfaces of the covered area, resulting in an average crop height. The results showed that the
dynamic height measurement achieved an average error of 3.8% with a maximum error of 6.5% and a
minimum error of 1.5%.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Yield monitoring is a key component in the evaluation of
bioenergy crop performance. Field crops such as corn and soybean
are harvested for their seeds, and various technologies have been
developed to measure their yield in real time using (often indirect)
geo-referenced mass flow measurements. However, in the case of
bioenergy crops, the complete above ground plant is harvested,
and grain mass flow measurement principles do not readily
translate to energy crops. One of the crops that holds considerable
promise owing to its high yield and low input requirements, is
Miscanthus giganteus (MxG) (Jezowski, 2008; Lewandowski et al.,
2003; Heaton et al., 2004). Depending on climatic conditions, MxG
can achieve yields ranging from 15 to 25 Mg/ha (Clifton-Brown
et al., 2004; Zub and Brancourt-Hulmel, 2010). The harvest of
MxG takes place in wintertime, when the leaves have fallen off
and nutrients have been recycled to the root system. At this point,
the standing crop consists of groupings of tall, dry, stiff, quasi-
cylindrical stems with diameters in the range of approximately
5.5–12 mm, that are cut and transported into a baler or a feeding
mechanism akin to that found in forage harvesters. The shape and
size of the stem parts entering the machine is not conducive to (even
indirect) mass flow measurement, and therefore, an alternative
ll rights reserved.
termed the ‘‘Look-Ahead Yield Monitor’’ (LAYM) is proposed. This
mechanism could also be used to optimize the field capacity of
harvesters by adjusting the travel speed, allowing the machine to
operate at maximum throughput capacity. The principle of the
LAYM is founded on the assumption that the combined volume of
Miscanthus stems standing directly in front of the harvester can be
determined, and the instantaneous material input as well as the re-
lated localized yield inferred. A successful development of the LAYM
requires that, in addition to an off-line determination of the material
density, the following measurements take place in a predetermined
field coverage area being (1) the average diameter of the stems, (2)
an estimate of the number of stems, (3) a GPS coordinate to the
geo-reference measurements and (4) the average height of the crop.
Zub et al. (2011) showed that the crop height is indeed related to
biomass yield and, as an added benefit, Clifton-Brown and Lewan-
dowski (2002) showed that the plant height can be used to identify
the genotype. In this research, part 4 of the mentioned requirements
being the measurement of the average crop height is addressed
whereas components 1 and 2 will be reported on in future
publications.

Height measurement techniques are a broad research topic in
forestry. Ulander et al. (1995), Dammert and Askne (1998) and
Shimada et al. (2001) applied Synthetic Aperture Radar (SAR) to
measure the height of trees using interferometric models.
However, these methods were environment dependent and the
instrumentation was relatively expensive. Alternatively, machine
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vision based methods were employed: Cai and Walker (2010) re-
ported on the development of a monocular machine vision-based
tree height measurement method that used a camera mounted
on an unmanned aerial vehicle to capture top view images of trees.
The depth information was reconstructed by dynamic program-
ming with an occlusion-modeling algorithm and the reported error
ranged from 1.1 to 1.8 m. In addition, research was conducted on
tree height estimation using commercially available LIght Detec-
tion And Ranging (LIDAR) systems. For instance, Magnussen et al.
(1999) and Nilsson (1996) measured tree heights using an airborne
LIDAR. Persson et al. (2002) described a tree height measurement
method based on an airborne LIDAR as well. Here, the height of
trees was measured by creating a digital terrain map and canopy
model, where the reported error was 0.63 m. Kwak et al. (2007)
also used an airborne LIDAR, where a morphological image analysis
method was applied to a digital canopy model to detect tree tops.
Subsequently, a watershed segmentation method was applied to
delineate individual trees, resulting in an error ranging from 1.13
to 1.32 m. Yamamoto et al. (2010) used a small footprint airborne
LIDAR to measure the mean tree height in a forest and achieved an
error of less than 1 m. To measure tree height, St-Onge et al. (2004,
2007) presented methods comprising a combination of a LIDAR
and a machine vision system. Finally, in vineyards, Llorens et al.
(2010) compared the use of ultrasonic sensors and LIDAR to char-
acterize crop canopies. They concluded that the LIDAR unit yielded
superior data compared to ultrasonic sensors, but that post-pro-
cessing of the data required the development of dedicated
algorithms.

The measurement of the average MxG crop height, in this re-
search defined as the average of the combined LIDAR visible
above-ground stem lengths, was also conducted using a LIDAR,
but compared to research in forestry, several complications exist.
For instance, MxG stems are much smaller and thinner than trees,
and therefore require more accuracy. In addition, since the field
sizes are much smaller than a forest scale, aerial vehicles are not
feasible in this setting. Therefore, a ground-based LIDAR was ap-
plied to measure the height of the MxG crop. The method is similar
to that used by Jaakkola et al. (2010), who applied a LIDAR to de-
velop a mapping system for tree measurement as well as the meth-
od used by Van der Zande et al. (2006), who reconstructed the tree
structure using a LIDAR as well.

The objective of this research was to develop a real-time, low-
cost, high-accuracy height measurement system as part of ‘‘Look-
Ahead Yield Monitor’’ (LAYM) for Miscanthus giganteus.
Fig. 1. Miscanthus giganteus field in Urbana, IL where experiments took place in the
spring of 2010.
2. Materials and methods

To measure the height of MxG stems, a SICK� LMS 291 LIDAR
was used. This unit consists of a 905 nm pulsed infrared laser that
is rotated by a plane mirror whilst using the time-of-flight princi-
ple to determine distances to objects as a function of the instanta-
neous mirror angle. The LIDAR can be configured for a 100� or 180�
view angle, up to 80 m operating range, and an angular resolution
of 0.25� (for 100� view only), 0.5� (for both 100� and 180� views)
and 1� (for both 100� and 180� views).

To obtain the highest probability that an entire MxG stem is
captured by the LIDAR, the unit was configured for a 180� viewing
angle, combined with an angular resolution of 0.5�. According to
the manufacturer’s performance specifications (SICK, 2006), the la-
ser spot diameter increases linearly with the scan distance, and,
since the laser beam is pulsed, so is the spacing among the spots
being emitted. The scan distances in this research ranged from
approximately 2 m, where the spot spacing was 2 cm and the spot
size 5 cm, to 5 m where the spot spacing was 5 cm, and the spot
size 8 cm. The fact that, for both scan distances, the spot size is
larger than the spot spacing implies that the scanner yields a qua-
si-continuous signal in the vertical direction. This is however not
essential in this case, since the objective was to find the tallest
points in the datasets that represent the overall height of the crop,
and potential gaps were ignored. An in-depth analysis of the tech-
nical intricacies of using a SICK LIDAR for measuring natural ob-
jects such as flowers, leaves, fruits, branches, and trunks is given
in Sanz-Cortiella et al. (2011).

Fig. 1 shows the experiment field located at the University of
Illinois SoyFACE location in Champaign county, IL (lat, lon:
40.042684, �88.237864). This plot was planted with MxG in
2002 using rhizomes, whereas the experiments took place during
the spring of 2010.

The field experiments were conducted during calm sunny days,
with no discernible wind disturbing the measurements. From
Fig. 1, it is clear that the MxG crop consists of tall stiff stems, some
of which had leftover tassels, and that the base of the stems is lit-
tered with debris from the previous season. The soil surface, on
which the sensor arrangement was riding, was covered with grass
that was close to emergence. When measuring the stem height of
the plants manually for comparison, the distance was measured
from the point where the stem protruded above the debris/soil,
to the top of the tassels. This was the distance assumed visible to
the LIDAR system.

2.1. Static height measurement

For static height measurements, the LIDAR was mounted side-
ways on a frame at a height of 50 cm above the ground surface
to scan the MxG crop in a vertical direction. The mounting height
of the sensor was later verified in the measurement data. The data
consisted of sampling points in polar coordinates with the LIDAR as
the origin that were translated into Cartesian coordinates for
analysis.

The tangential resolution of the measurements is a function of
the LIDAR angular resolution setting (here 0.5�) as well as the mea-
surement angle. Fig. 2 shows a geometric model of the MxG height
measurement where the tangential resolution is obtained as a
function of the angular resolution, the elevation angle with respect
to the ground, and the measured distance from the LIDAR to an
MxG stem.

Eq. (1) shows the functional form of this relationship.



Fig. 2. Tangential resolution as a function of the angular resolution setting of the
LIDAR (0.5�) and the distance from the LIDAR to the Miscanthus stems.
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RT ¼ q cos a tanðaþ 0:5Þ � q sin a

¼ qðcos a tanðaþ 0:5Þ � sin aÞ ð1Þ

where RT is the tangential resolution in m, q is the measured dis-
tance from the LIDAR to an MxG stem in m, and a is the elevation
angle in degrees. An issue that arose during field experiments is that
owing to undulations in the soil surface, the LIDAR unit could not be
kept perfectly parallel to the soil surface. Since the measured height
of individual MxG stems is highly sensitive to deviations from the
ideal LIDAR pose, a correction algorithm was developed that ad-
justed the datasets such that ground-related data points became
horizontal, allowing the correct measurement of individual stem
heights. The inclination correction algorithm was developed with
low computational cost in mind, by keeping the algorithm simple
and concise. To illustrate the problem at hand, the left hand subplot
in Fig. 3 shows the ideal measurement condition, where the LIDAR
is mounted perfectly parallel to the soil surface. In this case, the
sum of the measured height H1 and the installation height of the de-
vice Hdev is equal to the true height H. However, if due to undula-
tions in the soil surface, the LIDAR is aligned along a downward
slope (Fig. 3, centre), H1 will become H2 which is larger than H1. This
will lead to a measured height H2 + Hdev which is larger than the
true height H. Similarly, if the LIDAR is aligned along an upward
slope (Fig. 3, right), this will lead to a measured height H3 + Hdev,
which is smaller than the true height.

The inclination correction algorithm started by splitting the
dataset into two halves where one half was assumed to contain
all ground related data points (see the red data points in Fig. 4).
Firstly, these ground-related data points were divided into sub-
groups containing 20 data points (representing a 10� rotation of
Fig. 3. The measured height of a Miscanthus stem is a function of the inclination angle of
are erroneous, leading to an incorrect measurement of the stem height. An algorithm w
the laser beam) each. For each subgroup, the difference between
the maximum and minimum ordinate was calculated, and if this
difference was smaller than a threshold (here 150 mm represent-
ing a measure of the undulations in the ground surface), the sub-
group was assumed to represent the ground surface. Secondly,
the mean values of all sampling points in the subgroups were cal-
culated, and if the difference between an ordinate in the subgroup
and the mean value of the subgroup was larger than 150 mm
threshold, this point was removed. Thirdly, the mean values of
the remaining ordinates were calculated iteratively until the differ-
ence between every ordinate in the subgroup and the mean of that
subgroup was smaller than the same threshold and the remaining
sampling points were assumed ground-related data points. The an-
gle between an Ordinary Least Squares fitted line through the
ground related points and the horizontal level was considered
the inclination angle. To correct the data points in the original
dataset (Fig. 4, left hand plot) they were rotated through the
inclination angle resulting in the ground related data points to be
horizontally oriented (Fig. 4, right hand plot).

The ultimate height of each individual MxG stem was deter-
mined after discarding all data points that were not related to
the crop or ground surface, which the LIDAR represents as having
a radial distance to the LIDAR of 8 m (blue points on the circular
segments in Fig. 4). After these points were removed, the maxi-
mum ordinate in the dataset was added to the installation height
of the sensor (50 cm), yielding the total height of the stem (see
the circled data point in Fig. 4, right hand plot).
2.2. Dynamic height measurement

In the dynamic height measurement mode, the LIDAR was
mounted sideways on a tractor at a height of 50 cm above the
ground surface. As in the static mode, the mounting height was
later verified in the datasets. During data collection, the tractor
was driven along the edge of the MxG field at a constant velocity
obtained from the speedometer of the tractor. The captured data
was separated into individual frames each containing 361 data
points, yielding a single measured stem height per frame by fol-
lowing the same procedure as in the static height measurement.
The tractor speed during experiments was limited to 0.41 m/s,
and since the LIDAR’s data acquisition rate at an angular resolution
of 0.5� was 38 frames per second, the resolution in the travel direc-
tion was 10.8 mm/frame. Since the spot diameter of the LIDAR at a
distance of 2 m is 5 cm, a single MxG stem would be scanned up to
four times. This four-fold redundancy does not imply that all stems
were scanned due to wind moving the stems, along with their
the LIDAR. When the unit is sloping downward or upward, the measurement angles
as developed that corrects measurements that are influenced by this problem.



Fig. 4. The inclination correction algorithm recognizes sampling points that are related to the ground surface and rotates all data points, such that the ground surface related
data points become horizontal. The left hand graph shows the original dataset where the ground surface at the bottom is not horizontal. The right hand graph shows the same
dataset after inclination correction, where the ground related points have become horizontal. Note that the radial axis unit is in mm.
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limited reflective properties. To meet the objective of this research,
a sufficiently large number of stem height measurements was
needed to obtain an overall crop height, which renders exact
height measurements of each individual stem unnecessary. The
locations of the highest point in the frame were represented in a
Cartesian [xyz] coordinate system, yielding a three-dimensional
map of all stem heights in the observed coverage area.

Fig. 5 shows the data collected during an experiment. The top
left graph shows the three-dimensional data points where trian-
gle-based cubic interpolation surfaces were fitted to the measured
stem heights (in red) and the ground surface (in green).
Fig. 5. Results of a dynamic height measurement experiment. Upper left: 3D view of the
lower surface is the ground related surface (green). The upper right, lower left and lower
respectively. Note that the units of all axes are in mm. (For interpretation of the referen
article.)
The top right graph is a lateral view that shows the circled stem
heights, but also some ground related data points inside the cover-
age area.

The bottom left graph is a frontal view of the dataset, where the
tractor drove from right to left. This graph shows that shorter
stems were present among taller ones ranging from 3.32 to
3.67 m. Although the data seems highly regular, this does not
imply that the MxG plants were planted in a tight pattern: The reg-
ularity is caused by the constant frame rate of 10.8 mm/frame
where each dataset within the 10.8 mm frame was accrued into
a single stem height. In addition to the three dimensional stem
measurement, the upper surface is the average height related surface (red), and the
right graphs show the side view, front view and the top view of the measurements
ces to colour in this figure legend, the reader is referred to the web version of this



Table 1
Static height measurement results with inclination correction for crop densities ranging from 42 to 85 stems/m2. Note that all errors are absolute values.

Crop density (stem/m2) Manually measured height (m) LIDAR measured height (m) Average tangential resolution (m) Error (m) (%) Standard deviation (m)

42 3.06 2.94 0.05 0.12 (4.0) 0.08
58 3.68 3.51 0.06 0.17 (4.6) 0.19
62 3.66 3.36 0.06 0.30 (8.0) 0.08
74 2.75 2.57 0.04 0.18 (7.0) 0.20
85 3.31 3.25 0.06 0.06 (1.8) 0.10

Table 2
Static height measurement results with and without inclination correction for crop densities ranging from 42 to 85 stems/m2. Note that all errors are absolute values.

Crop density
(stem/m2)

Manually measured
height (m)

LIDAR measured height with
IC (m)

Error with IC
(m) (%)

LIDAR measured height w/
o IC (m)

Error w/o IC
(m) (%)

Improvement
(m) (%)

42 3.06 2.94 0.12 (4.0) 3.40 0.46 (15.6) 0.34 (11.6)
58 3.68 3.51 0.17 (4.6) 3.93 0.25 (6.8) 0.08 (2.2)
62 3.66 3.36 0.30 (8.0) 4.15 0.49 (13.4) 0.19 (5.4)
74 2.75 2.57 0.18 (6.9) 2.94 0.19 (7.0) 0.01 (0.1)
85 3.31 3.25 0.06 (1.8) 3.50 0.19 (5.7) 0.13 (3.9)

Fig. 6. Sampling locations in experimental field. The arrows annotate the direction
that the LIDAR faced during measurements.
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heights, the tangential resolution of the measurement was ob-
tained using Eq. (1).

Finally, the three dimensional nature of the data points allows
for the generation of a top view as shown in the bottom right plot
that shows the location of the stems in the coverage area, as well as
the ground surface in green between the standing stems. The top
view graph was also used to determine the coverage area.
Table 3
Dynamic height measurement results with inclination correction for velocities ranging fro

Velocity (m/s) Covered area (m2) Manually measured he

0.20 21.18 3.48
0.22 32.21 3.36
0.24 26.22 3.45
0.24 17.66 3.56
0.25 21.40 3.32
0.26 26.16 3.64
0.28 24.16 3.66
0.28 16.83 3.55
0.31 19.99 3.39
0.31 17.12 3.41
0.32 20.25 3.66
0.33 25.23 3.51
0.40 29.10 3.67
0.41 29.32 3.40
3. Results and discussion

The methods employed in this research were tested and evalu-
ated in a Miscanthus field (Fig. 1) in Urbana, IL, in the spring of
2010. The static and dynamic height measurement results will be
discussed in sequence.
3.1. Static height measurement results

To evaluate the static height measurement approach, the mea-
surements were conducted using MxG fields of varying crop density
ranging from 42 to 85 stems/m2 (counted manually). The measure-
ment was repeated five times for each density, and the average of
the measurements was taken as the measured height. Ten stems
were chosen randomly in each field, and the average of their manu-
ally measured heights was used as a reference to evaluate the
measurement results.

The results as shown in Table 1 indicate that the method per-
forms well for crop densities in a range from 42 to 85 stems/m2:
The error ranged from 1.8% (0.06 m) for a crop density of
85 stems/m2 to 8% (0.3 m) for a crop density of 62 stems/m2. The
standard deviation of each measurement shows that the difference
between each measurement and their mean value was smaller
than 0.2 m.

To verify the performance of the inclination correction algorithm,
the results with and without its use were compared (Table 2).
The inclination correction algorithm consistently improved the
m 0.2 to 0.41 m/s. Note that all errors are absolute values.

ight (m) LIDAR measured height (m) Error (m) (%)

3.61 0.13 (3.7)
3.41 0.05 (1.5)
3.27 0.18 (5.2)
3.68 0.12 (3.4)
3.19 0.13 (3.9)
3.54 0.10 (2.7)
3.52 0.14 (3.8)
3.43 0.12 (3.4)
3.48 0.09 (2.7)
3.25 0.16 (4.7)
3.53 0.13 (3.6)
3.37 0.14 (4.0)
3.51 0.16 (4.4)
3.18 0.22 (6.5)



Table 5
Effect of the number of measurement repetitions on the stem height measurement error. Note that all errors are absolute values.

Number of repetitions 1 2 3 4 5 6 7 8 9 10

Means (m) 3.53 3.50 3.49 3.48 3.49 3.48 3.46 3.48 3.48 3.47
Error (m) 0.08 0.05 0.04 0.003 0.04 0.03 0.01 0.03 0.03 0.02
(%) 2.3 1.5 1.2 0.9 1.2 0.9 0.3 0.9 0.9 0.6

Table 4
Dynamic height measurement results with and without inclination correction for velocities ranging from 0.2 to 0.41 m/s. Note that all errors are absolute values.

Velocity
(m/s)

Manually measured
height (m)

LIDAR measured height with
IC (m)

Error with IC (m)
(%)

LIDAR measured height w/o
IC (m)

Error w/o IC (m)
(%)

Improvement (m)
(%)

0.20 3.48 3.61 0.13 (3.7) 3.60 0.12 (3.4) 0.25 (7.2)
0.22 3.36 3.41 0.05 (1.5) 3.21 0.15 (4.4) 0.10 (3.0)
0.24 3.45 3.27 0.18 (5.2) 3.12 0.33 (9.6) 0.15 (4.3)
0.24 3.56 3.68 0.12 (3.4) 3.75 0.19 (5.3) 0.31 (8.7)
0.25 3.32 3.19 0.13 (3.9) 3.18 0.14 (4.2) 0.01 (0.3)
0.26 3.64 3.54 0.10 (2.7) 3.53 0.11 (3.0) 0.01 (0.3)
0.28 3.66 3.52 0.14 (3.8) 3.24 0.42 (11.5) 0.28 (7.7)
0.28 3.55 3.43 0.12 (3.4) 3.66 0.11 (3.1) 0.23 (6.5)
0.31 3.39 3.48 0.09 (2.7) 3.24 0.15 (4.4) 0.06 (1.8)
0.31 3.41 3.25 0.16 (4.7) 3.17 0.24 (7.0) 0.08 (2.3)
0.32 3.66 3.53 0.13 (3.6) 3.48 0.18 (4.9) 0.05 (1.4)
0.33 3.51 3.37 0.14 (4.0) 3.30 0.21 (6.0) 0.07 (2.0)
0.40 3.67 3.51 0.16 (4.4) 3.15 0.52 (14) 0.36 (9.8)
0.41 3.40 3.18 0.22 (6.5) 3.08 0.32 (9.4) 0.10 (3.0)
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accuracy across crop densities ranging from 0.01 m (0.1% improve-
ment) at 74 stems/m2 to 0.34 m (11.6% improvement) at 42 stems/
m2. These results correlated well to the unevenness of the soil sur-
face which showed a higher level of undulations in the case of
42 stems/m2 compared to the case of 74 stems/m2.

To further evaluate the performance of the static height mea-
surement method, it was applied to measure the average height
of a 10 � 5 m MxG field (Fig. 1). Seven locations in the field were
chosen randomly as shown in Fig. 6 where the arrows indicate
the direction which the LIDAR was facing.

140 randomly selected stems were manually measured as a ref-
erence. The result showed that the average height of the field mea-
sured using the LIDAR was 3.35 m, while the average of the
manually measured stems was 3.49 m. The error between the mea-
sured value and the reference was 0.14 m (4.2%).
Fig. 7. Individual MxG stem mass in g, versus the stem height measured with the
LIDAR unit in m. A linear model without intercept was fitted to the data leading to a
coefficient of determination of 0.86. The rather high variability is in part caused by
the absence of a stem diameter term in the model.
3.2. Dynamic height measurement results

The dynamic height measurement method was tested using
varying travel velocities. Five stems per square meter were ran-
domly selected and manually measured as references. As shown
in Table 3, for velocities ranging from 0.2 to 0.41 m/s, the dynamic
height measurement approach resulted in an error between 1.5%
(0.05 m at 0.22 m/s) and 6.5% (0.22 m at 0.41 m/s).

The dynamic height measurement followed the same procedure
per frame as the static height measurement where the inclination
correction approach improved the results in similar fashion. The
estimations with and without inclination correction are compared
in Table 4. The results showed that the inclination correction ap-
proach improved the dynamic height measurement in a range from
0.3% (0.01 m at 0.25 m/s) to 9.8% (0.36 m at 0.4 m/s).

The dynamic height measurement method was repeated in a
single MxG field 10 times at the same velocity. The means of
measurements are listed in Table 5. As a reference, 100 MxG stems
were randomly selected from the covered area and manually
measured. As expected, the measurement error reduced gradually
from 2.3% (0.08 m error) to 0.6% (0.02 m error) with an increased
number of measurements.
3.3. Yield estimation

The ultimate goal of the LAYM is to predict the yield in kg/m2 of
the MxG crop before it enters a harvester. The height measurement
is only one component of the LAYM, where the others are the aver-
age stem diameter in m, the coverage area in m2, an estimate of the
number of stems in the coverage area, as well the material density
in kg/m3. For the LAYM to be useful, a positive correlation between
the individual stem mass in kg and the individual stem height
needs to exist, even without taking the stem diameter into account.
Fig. 7 shows this correlation where the stem heights were deter-
mined using the LIDAR, then harvested and weighed. Fig. 7 shows
a positive linear correlation through a linear fit curve with a coef-
ficient of determination of 0.86. Note that the variability is quite
high, which is mainly caused by the absence of a stem diameter
measurement in the model.



76 L. Zhang, T.E. Grift / Computers and Electronics in Agriculture 85 (2012) 70–76
4. Conclusions

As part of a future Look Ahead Yield Monitor (LAYM), a SICK�

LMS 291 LIght Detection And Ranging (LIDAR) unit was applied
to determine the stem heights of a harvest-ready crop of
Miscanthus giganteus (MxG). The method was evaluated first in sta-
tionary mode, among a variety of crop densities, and subsequently
in dynamic mode where the sensor was mounted on a tractor and
driven past the edge of an MxG field at a constant velocity. Dy-
namic mode experiments were conducted at speeds ranging from
0.2 to 0.41 m/s. At the maximum velocity of 0.41 m/s and a LIDAR
scan frequency of 38 Hz, the resolution in the travel direction was
10.8 mm per data frame, where each data frame was accrued into
one measured stem height. Each data frame, consisting of 361 sam-
pling points, was corrected for LIDAR pose variations caused by
undulations in the soil surface, using an inclination correction
algorithm.

Both static and dynamic height measurement approaches
proved practicable to measure the height of MxG stems in the field.
In static mode, an accuracy ranging from 92% (0.3 m error) at a
crop density of 62 stems/m2 to 98.2% (0.06 m error) at a crop den-
sity of 85 stems/m2 was achieved. Subsequently, the method was
used to measure the average height of a 5 � 10 m field, compared
with randomly chosen, manually measured stems. This resulted in
an accuracy of 95.8% (0.14 m error).

The dynamic height measurement method was tested with tra-
vel velocities ranging from 0.2 to 0.41 m/s, with an accuracy rang-
ing from 93.5% (0.22 m error) at a velocity of 0.41 m/s to 98.5%
(0.05 m error) at a velocity of 0.22 m/s.

The inclination correction algorithm increased the accuracy in
both static and dynamic modes: The accuracy of static height mea-
surements was improved by 0.01 m (0.1%) at a density of 74 stems/
m2 to 0.34 m (11.6%) at a density of 42 stems/m2. In dynamic
mode, the accuracies were improved by 0.3% (0.01 m) at 0.25 and
0.26 m/s to 9.8% (0.31 m) at a velocity of 0.24 m/s.

The limited tangential resolution of the measurements contrib-
uted to the uncertainty in the measurements, but in addition,
although the measurements were taken during calm days, even
low speed winds move the tassels which may have contributed
to the limitation of the LIDAR to capture the tassel lengths accu-
rately and consistently.

Another limitation of the dynamic measurement is the relative
low speed of travel, since the travel speed is inversely proportional
to the data density per unit of traveled length. A straightforward
improvement could be achieved by using dual LIDAR units, an
arrangement which is anticipated by the manufacturer by allowing
mirror synchronization. Apart from its adverse effect on the data
quality, the travel speed of 0.41 m/s is low compared to the speed
of commercial harvesters that may reach up to 2 m/s. If the sensor
would be operated at this higher speed, even fewer stem heights
would be detected, and the accuracy would decrease linearly with
speed as was shown in this research. However, although in this re-
search the accuracy of individual stem measurement was explored,
the eventual goal is to have the system be part of a LAYM, which
averages the stem height across a coverage area, and since the sys-
tem is unbiased, relatively few measurements are needed to give a
useful estimate of the average stem height and yield. A statistical
analysis of the data density versus the yield estimate accuracy
may be justified in the future.
A linear correlation was found between the stem mass and the
measured stem heights, with a coefficient of determination of
0.86. The variability was rather high, which was mainly caused
by the absence of a stem diameter measurement in the model,
but even these limited data show promise in the development of
the LAYM.
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