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wheat straw, problems. In this study, two techniques of digital image processing, the
ploughless tillage, well-known method of image moments (rectangular model) and a sub-

stalk length determination,
image analysis,
flow lines-tracing

pixel skeletonization approach (flow lines-tracing), were applied com-
paratively for stalk length measurement. Upon applying the rectangular
model, the analyzed stalks were found to be longer than when the flow
lines-tracing algorithm was applied. This was attributed to the unbiased
decision criteria of the measuring method. A greater length of the stalk
is to be expected in the main stalk than when the length of a twisted or
branched stalk is measured from the edge length of a rectangular box
that encloses it.

Introduction

Wheat straw is a by-product of wheat harvests, used for different applications (e.g. as
bedding for animal husbandry) or ploughed back into the ground as fertilizer. After threshing,
the dry straw remaining on the field is finely shredded and spread across the working width
of the combine harvester. In particular, in the case of ploughless tillage (e.g., no-till or strip-
till farming), high demands are placed on the chaff’s chop quality or, more specifically, size
distribution. Fine-cut chaff can be more easily and extensively ploughed under and it decom-
poses more quickly. Thus the possibility of accidental sowing or infection with fungi and
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pests is reduced (VoBhenrich, 2000). However, the increase of shredding intensity increases
energy consumption and thus costs.

In the context of shredding optimization, effects of changes in the straw chopper’s con-
struction or in the chopping settings are currently being investigated with manual measure-
ment or by applying cascade sieve analysis. Such changes include the rotation speed of the
cutter block, different activation of chopper elements as counter knives or a friction base on
the chaff’s chop quality. But sieve fractionation is obviously inadequate, as the shape of straw
is not included in this technique, which results in poor reproducibility (Albrecht, 2003). Fur-
thermore, this procedure is quite time-consuming and labour-intensive, and the sample’s
moisture content impacts the result (Albrecht, 2003). Also, sieve analysis only provides un-
specific size information because length, width or thickness are not directly measured. In-
stead, particle dimensions are compared with the total sieve mesh size, which always results
in one-dimensional size information (except for spherical particles). Manual size measure-
ment is time-consuming and labour-intensive, and, additionally, is neither subjective, nor
reproducible.

The image analysis-based size measuring technique has the potential to solve these prob-
lems and resolve the information limitations as the characterization of the stalks’ size distri-
bution is (a) disengaged from physical sample division for mass related evaluation and (b)
directly based on each individual stalk length in the sample. Despite these advantages, image
analysis-based size measuring has not yet been established in wheat straw shredding optimi-
zation and the further development of the combined harvester.

The initial approaches to applying image analysis for the size characterization of ribbon-
or fibre-shaped agricultural products determined the stalk length distribution of grass silage
(Rechberger et al., 2012). Due to the different characteristics of blades of grass and wheat
stalks, these techniques cannot be applied for straw characterization without adaptation.

Within the joint project Priifstand zur Vereinzelung von Hdickselgiitern mit Bilderkennung
und Auswertesoftware auf C++ Basis” (Test bench for the separation of shredded particles
with image recognition and evaluation software based on C++), of the University of Applied
Sciences in Diisseldorf, Institute for Product Development and Innovation — FMDauto (Diis-
seldorf, Germany) and DLG Test Center Technology and Farm Inputs (Grof3-Umstadt, Ger-
many), a vacuum gripper and a short compressed air blast onto a conveyer belt were used for
the image acquisition of separate agricultural clippings from 2014 to 2016. Prior to measur-
ing, the applied analysis algorithm can virtually post-separate stalks that lay cross-wise.

Commercially available measuring devices like the Haver CPA 4 Conveyor (Haver &
Boecker OHG, Oelde, Germany) seem suitable in general. However, it lacks an appropriate
stalk separation and the analysis is limited to the included image evaluation techniques (not
specialised in fibre-shaped particles).

What all known approaches have in common is that their sample throughput is too low.

The wood industry was confronted with the same challenges of size characterization in
the production of fibreboard that mechanical engineers are facing now in combined harvester
development. Manual and sieve-based size measuring techniques were inappropriate for di-
mensional fibre material characterization. Commercial image analysis-based techniques
could not be applied until image acquisition was available for the woolly matted material.
Even later, cross-laying fibres could not be properly measured during image acquisition. For
the wood industry, this restriction can be solved by applying a compressed air-based separa-
tion unit and virtual software-based post-separation of cross-laying fibres (Benthien et al.,
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2014). The imaged fibres are skeletonized at sub-pixel precision based on a flow lines-tracing
algorithm, which uses the ridges of the image function (Seppke et al., 2015). Presumably this
promising approach may be adaptable for the wheat stalk length characterization, as here
fibre- or more likely ribbon-shaped material has to be prepared for image acquisition and
measured along the length of the main stalk.

The aim of the present study is to support the development of a suitable measuring system
for the image analysis-based wheat straw chaff size distribution by comparatively applying
the well-known method of image moments (rectangular model) and the novel principle of
flow lines-tracing.

Materials and Methods

A sample of wheat straw was characterized by its size, based on the image analysis.
A transmitted light scanner (Epson Perfection V750 Pro, Epson America Inc., Long Beach,
California, USA) was used for image acquisition. The FibreAnalyser, as a part of the Fi-
breBench working environment (Hamburg University, Department of Informatics, Scene
analysis and Visualization, Hamburg, Germany, Version 1.7, Revision 1901), was applied
for image analysis. Images (16-bit grey scale) were captured with a resolution of 300 dpi and
image size of 254 mm x 203.2 mm, which yielded a pixel edge length of 84.7 um. Sample
preparation, including the separation of the stalks entangled with each other, was done man-
ually. For length measurement the two system’s options of pattern recognition, the flow line
tracing algorithm and the image moment method (rectangular model), were run respectively.
Applying the flow lines-tracing algorithm (described in detail by Seppke, et al., in 2015),
only the longest fibre found within each region of interest (ROI) was transferred to the raw
data table. Since fibres identified as overlapping were considered branches of the main stalk,
they were thus excluded from data evaluation. When using image moment method for length
measurement, the projection area of the stalks was also measured, by summing up the area
of grey scale pixels above the defined threshold value. The length and projection area meas-
urement was done on a 4-gram sample material (number of stalks = 729), split into 30 scans.

Graphical representation of the data was performed in accordance with DIN ISO 9276-
1:2004-09, demonstrating the histogram of the length-related distribution density (q(x)) and
the length-related cumulative distribution (Qi(x)). Length-related means that the measured
stalks were sorted in accordance to their length into length classes (baskets). The lengths of
the stalks in each length class were summed up and normalized to the sum total of the lengths
of all stalks. For a histogram plot, the shares of the cumulated lengths within each length
class were divided by each length class width. The area of the consecutive bars, thus, amounts
to 1 (or 100% if such amount was normalized initially).

In order to keep the results of length measurement numerically comparable, characteristic
values were created from the raw data set. The mean stalk length was calculated by dividing
the sum of all stalk length divided by its number. Next, the 10% quantile (D10 or x10), the
50% quantile (D50 or x50), and the 90% quantile (D90 or x90) of the length-related distri-
bution were calculated with the corresponding function of Microsoft Excel (Microsoft Cor-
poration, Redmond (Washington), USA). The D50 equates the median of the length-sorted
raw data set of stalk length and gives the length of the stalk so that 50% of the cumulated
stalk length is reached. Analogically, the same is true for D10 and D90.



J.T. Benthien, S. Heldner, B. Seppke, J. Horbelt

As a measure for the width of the distribution, the span (relative width) is calculated with
Equation 1.

Span = (D90-D10) / D50 1)

where:
D10 - 10% quantile
D50  —50% quantile
D90 - 90% quantile

A more compact graphical representation of the length-related length distribution than
offered by histogram and cumulative distribution is obtained with the box-whisker plot. For
this, the quantiles (D10, D50, and D90) were applied in addition to the minimum and maxi-
mum stalk length. There the minimum and maximum stalk lengths were displayed as
whisker, the D10 and D90 value as box width, and the median indicated by streak in the box.
No replicate measurements were taken so that no statement on the reproducibility can be
made.

As examples, a narrow stalk, in which only one tracing line is detected (Stalk number 20);
a broad stalk, in which several tracing lines were detected (Stalk number 7), and a branched
stalk, in which the main stem should be distinguished from the branches (Stalk number 42),
were represented.

Results and discussion

Measurements taken using the rectangular model supplied a mean stalk length of
31.1 mm (+ 20.2 mm), and the flow lines-tracing algorithm resulted in a length of 27.7 mm
(£ 16.3 mm). This means that the stalk length determined based on flow lines-tracing was
found to be 3.3% shorter on average than when the rectangular model was applied. The max-
imal undervaluation of the stalk length determined based on flow lines-tracing, in comparison
with the rectangular model, amounts to 94% (Stalk number 15, 29.5 mm (rectangular model),
1.7 mm (flow lines-tracing)) the maximal overvaluation (the greater stalk length in the flow
lines-tracing model than in the rectangular model) amounts to 262% (Stalk number 37,
24.4 mm (rectangular model), 88.3 mm (flow lines-tracing)). Minimal and maximal stalk
lengths as well as the distribution span are given in Table 1.

Theoretically, flow lines-tracing has to yield larger length values than the rectangular
model as it includes the true length-inclusive end-to-end stalk curvatures. In contrast, the
rectangular model is only able to cover the direct distance between one end to the other. While no
differences were found between the stalk lengths during statistical analysis, significant differences
between the individual measurement values, both under- and overvaluations, indicate that at least
one of the models is not suitable for the size determination of wheat stalks.

The numeric results (D10, D50, D90) of the rectangular model stalk length measurements
and the flow lines-tracing stalk length measurements (Table 1) are illustrated in the graphical
representation of the stalk length distribution in Figure 1. The figure shows higher amounts
of short stalks in the case of fibre tracing and a higher amount of long stalks in the case of
the rectangular model.
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Figure 1. Stalk length distribution

Table 1.
Stalk length at the characteristic values of the length-based cumulative distribution in respect
to option of pattern recognition

. Rectangular model Flow lines-tracing
Characteristic value
Length (mm) Area (mm?) Length (mm)

Minimum 14 0.5 14

D10 115 10.0 10.7

D50 26.3 37.8 245

D90 55.8 125.4 48.3
Maximum 154.0 461.6 115.0

Mean value 311 58.8 27.7

Span 1.68 - 1.53

Comparing the mean stalk length with the 50% quantile (median), rectangular model and
flow lines-tracing each, the presence of skewed distributions (mean # median) has to be as-
sumed. This can be seen by looking at the result visualization in Figure 2 (Box-Whisker-
Plots). A skewed distribution must also to be assumed for the projection area (sum of the
pixel area with a grey scale above defined threshold value), as the stalk’s mean projection
area (58.8 mm? + 64.7 mm?) is different from the 50% quantile (37.8 mm?). In addition, and
for that reason alone, the average-exceeding standard deviation of the stalk’s mean projection
area point to a skewed distribution.

It is surprising and hardly explicable that the mean values from flow lines-tracing and
rectangular model do not differ from each other, while considerable differences were present
between the individual stalk lengths. However, these differences can be well worked out by
means of the three exemplary stalks in Figure 3. In this figure, the grey scale images of the
stalks were merged in the same order of magnitude and further overlaid with the stalk-en-
closing rectangle. By providing the start and end-points at the same time, the flow line of the
longest tracings path was indicated. The results from length measurement of the three exem-
plary stalks are presented in Table 2.
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Figure 2. Box-whisker plot of the length-related stalk length distribution with the minimal
and maximal value as a whisker edge, D10 and D90 as box edge, and D50 as mark in the
box’ centre

Figure 3. Exemplary stalks (7, 20, 42), overlaid with the stalk-enclosing rectangle and the
start and end points of the flow lines indicated
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Table 2.
Results from length measurement of three exemplary selected stalks
Stalk number Rectangular model Flow lines-tracing
Length (mm) Start point End point Length (mm)
7 57.7 7-12 7-57 48.0
20 30.8 20-35 20-75 311
42 63.5 42-44 42-204 37.8

For most of the imaged stalks more than just one flow line was found. This can be ex-
plained by the much larger width of wheat stalks in comparison to that of wood fibres (factor
of 10%) for which the algorithm was initially designed. Variations in stalk’s grey scale were
interpreted as overlapping fibres so that they could be post-separated to single fibres with one
flow line on each using computer software. Thus, in few cases only the start and end-point
of the flow line will match the fibre’s tail and reveal the true stalk length. However, the
rectangular model will rarely reveal the true stalk length (as seen in the case of Stalk number
7). More often the curvature of the stalk will let the rectangular model undervalue the stalk’s
length. An extreme overvaluation of the flow line tracing takes place if a curvaceous path is
erroneously recognised in a wide stalk.

Conclusions

In the comparative image analysis-based determination of the stalk length, the rectangular
model and the flow lines-tracing algorithm were both found to be inadequate for the meas-
urement of wheat straw size distribution. While the flow lines-tracing algorithm is optimized
for the analysis of wood fibres and thus software can separate the wide wheat stalks into
several single fibres, the rectangular model is obviously unable to determine the true length
of the curved stalks. Although the rectangular model is appealing, due to its simplicity and
transparency, it will always undervalue the curved stalks. The approach of flow line tracing
is promising in general, but has to be adapted for wide stalks with a huge amount of grey
scale variations in the stalk’s width. A potential advantage of the flow line tracing may be
the possibility to recognise and count the branches of the main stalk. The acquisition of the
stalk’s projection area may in perspective help to calculate the shape factors, e.g. the curling
index.

A promising alternative to flow line tracing may be the method of skeletonization. In this
approach, the imaged stalk is reduced to its inner skeleton-line. However, this method is un-
able to post-separate the overlapping stalks so that an intensive mechanical separation prior
to image acquisition is required.

The results of this study demonstrate on the one hand that image analysis-based size char-
acterization is a promising technique to measure the size distribution based on the properties
of single elements (here: the stalks). On the other hand, it shows, however, that not only the
hardware for image acquisition has to be adapted for the individual material characterized,
but rather the analysing software as well. For certain materials specialised algorithms cannot
be used without any adaptations, despite the promising principals.
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POROWNANIE DWOCH TECHNIK ROZPOZNAWANIA
W CHARAKTERYSTYCE OBRAZOWEJ DLUGOSCI LODYG
PSZENICY

Streszczenie. Jakos¢ plew, a doktadniej rozktad dtugosci todyg po rozdrobnieniu stomy podczas zbioru
pszenicy za pomoca kombajnu zbozowego, ma istotne znaczenie dla uprawy bezorkowej. Stosowane
obecnie metody charakterystyki (r¢czny pomiar dtugosci lub kaskadowa analiza sitowa) sa czaso-
chlonne i pracochtonne. Charakterystyka wielko$ci w oparciu o analiz¢ obrazu moze potencjalnie roz-
wigza¢ ten problem. W pracy poréwnawczej do pomiaru dtugosci todyg zastosowano dwie techniki
cyfrowego przetwarzania obrazu, znang metod¢ momentoéw (model prostokatny) oraz szkieletyzacjg na
poziomie subpikseli (flow lines-tracing). Po zastosowaniu modelu prostokatnego zaobserwowano, ze
odwzorowane todygi sa dluzsze niz przy zastosowaniu algorytmu flow lines-tracing. Przypisano to nie-
dostosowaniu kryteriow metody do tego zadania pomiarowego. Biorac pod uwage todyge gtéwna, na-
lezy spodziewac si¢ wickszej dlugosci niz w przypadku, gdy pomiar dtugosci skreconej lub rozgaltezio-
nej todygi wynika z dlugo$ci krawedzi prostokatnych ram, ktore ja otaczaja.

Stowa kluczowe: stoma pszenna, uprawa bezorkowa, okre§lanie dtugosci fodygi, analiza obrazowa,
flow lines-tracing
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