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Abstract. Yield maps are one of the basic sources of information for practical application of precision
agriculture. Yield map creation requires instantaneous yield measurement with adequate quality, best during the
harvest. Most of currently used techniques give the information about the amount of material going through the
sensor only. Information about the distribution of the material inside of the sensor is not available. The article
deals with the segmented capacitive sensor (SCS). The SCS output should be the information about the amount
of the material passing through the sensor and also its distribution inside the sensor. The principle of the SCS
function is based on multiple measurements of electrical capacity of the air and material mixture. The aim of this
paper is to evaluate the possibility of using the Landweber iterative method of image reconstruction for the SCS.
Two variants of sensor arrangement were evaluated: with eight electrodes and eight output signals and/or eight
electrodes and 56 output signals. A relatively good function of the algorithm was found, however, lower ability
to determine the vertical position of the material was also found. For practical use of this type of sensor it is
necessary to modify the reconstruction algorithm with the aim of the possibility to include other factors of
material behaviour.
Keywords: electrical capacitive tomography, throughput, segmented capacitive sensor.

Introduction
Quality measurement systems for immediate crop yield determination are needed, i.e., for the
purpose of yield maps creation. These systems are relatively well sophisticated for the combinable
crops. However, this issue is still being addressed, for example, Reinke et al. [1]. On the other hand,
throughput measurement in the case of other crops is much less sophisticated. In the case of forage
harvesters, a possible cause may be inhomogeneous properties of forage, which are usually harvested.
Savoie et al. [2] tested several methods for throughput measurement of material in a forage harvester
(torque at the power take-off shaft, at the cutterhead, measuring of the impact energy and capacity
controlled oscillator).
Kumhála et al. [3] developed and tested a sensor for the forage throughput measurement in a
mowing-conditioning machine. They tested two methods for measuring the throughput of the material:
the impact energy measurement and torque of conditioners shaft.
Many methods have been developed for throughput measuring of row crops. For throughput
measurement of sugar beet the weighing of harvester working mechanisms are often used [4; 5] Also
momentum measure of beet can be used [6]. A sophisticated method was developed by
Konstantinovich et al. [7]. They used the wideband radar with which it was possible to determine the
number of beet, their location and approximately the yield.
For the measurement of potatoes instantaneous yield similar devices such as for sugar beet are
used. A brief overview of these possibilities was published by Algerbo and Ehlert [8]. They described
the technologies mainly based on weighing, momentum measuring, radiation methods, and optical
methods. An interesting method was tested by Hofstee and Molena [9]. They investigated the
instantaneous potato yield measurement based on the machine vision system. When applying this
method, impurities of the harvested material caused problems.
For the throughput measurement of agricultural crops it is also possible to use the capacitive
method. Kumhala et al. [10] tested the capacitive throughput sensor for potatoes and sugar beet
measurement. The capacitive throughput sensor consisted of two plates. The first was connected to the
measuring circuit and the other was grounded. The electrical capacity of the air/material mixture was
measured. The measurements showed good correlation between the quantity of the material and the
level of the electrical capacity. In the same article they also described the theory of the capacitive
method. Two methods of filling have been described. Layer filling is characteristic by using the whole
plate area for transport of the material through the sensor and the differences in the throughput are
realised by increasing the thickness of the analysed material. This regime of the sensor working is
typical for materials formed by small particles when the sensor is used for higher throughput values.
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Filling by simple particles; in this case the plate area for transport is covered partially and the
throughput differences are solved only by the degree of the plate covering that is expressed by the
length. This case describes regimes of lower throughputs and/or regimes working with particles which
dimensions are nearly comparable with the plates distance. In practical conditions both cases can be
combined. Nevertheless, if the average diameter of the measured material particle is relatively small in
comparison with the capacitor plate distance the resulting capacity tends to be described as a layer
filling depending on the material throughput and conversely, when the average particle dimension is
nearly comparable with the plate distance the resulting capacity tends to depend on the throughput as
filling by single particle.
Another possibility could be to measure the changes in the capacity from several positions. This
principle is used by electrical capacitance tomography (ECT). For example, Williams et al. [11] used
the ETC tracking particles on the conveyor. It may very well determine the distribution of particles
moving on the conveyor. However, ECT sensors are very complicated and expensive and, moreover,
much of the scanning area is unused, since its shape is circular. Slightly better would be the
arrangement used by Yang and Liu [12]. It was the ECT sensor consisting of twelve electrodes
arranged in a square. Dong and Gou [13] modeled the plane ECT sensor. This sensor would be
suitable for the material distributed in a relatively wide layer and could be a suitable alternative for the
monitoring of the material moving across the conveyor. Nevertheless, it should be still noted that these
sensors are very expensive and their potential for the use in harvesting machines is not too large.
Based on these findings, the idea was to develop a segmented capacitance sensor (SCS), which
should be a good compromise between a simple capacitive sensor [10] and ECT sensors. The SCS
consists of two main plates that are located one above the other. The lower plate is compact and
grounded. The upper plate is divided into segments. During measurement, the material passes between
the plates, and the electric capacitance between the segments is measured from the top plate and
bottom plate. The main advantage of the SCS is its simplicity. It is accomplished by the measuring of
changes in the capacitance in the same ranges (due to a constant distance between the measuring
segments and lower ground plates), and so too much smaller demands are addressed to the measuring
circuit.
In the ECT and the SCS a suitable reconstruction algorithm is very important. Yang et al. [14]
described a reconstruction method based on the Landweber’s iterative methods. In another article [15],
they conducted a comparison of several known reconstruction algorithms. It has been shown that the
method based on Landweber’s iteration is relatively accurate and efficient. In this article, Landweber’s
iterative method was applied to image reconstruction in the SCS. Two cases were compared:
measuring sensor with eight segments and eighth output signals and measuring sensor with eighth
segments and 56 output signals.
Materials and methods
For the purposes of assessing the quality of image reconstruction, a mathematical model that is
shown in Figure 1 was created. To determine the distribution of the electrical potential, the next
equation is commonly used:

div(εgradϕ ) = 0 ,

(1)

where ε – permittivity, F·m-1;
φ – electrical scalar potential, V.
The mathematical model of the SCS is shown in Figure 1. It consists of two copper plates. The
top plate was divided into eight segments. In the first option, the number of the output signals was
eight. Voltage was connected to one of the segments (φ = 1) and the electric capacity of the mixture of
air and material between the bottom plate and segment was measured. The lower plate was grounded
(φ = 0 V). Other segments were completely disconnected from the electrical potential. Since it is
known that the presence of a conductive material affects the electric potential distribution, these
properties must be taken into account. In this article, disconnected electrodes have been described as
an area with very high relative permittivity (εr = 106) [16].
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In the second option, one segment was connected with the source of voltage (φ = 1), while one of
the remaining seven, was connected with half of this voltage (φ = 0.5 V). In this way it was obtained
8 × 7, it means 56 signals.

Fig. 1. Mathematical model of the segmented capacitance sensor (SCS)
In both cases, equation 1 was solved by the finite element method using hp-adaptive algorithms
with the help of Agros2D software. The capacity was then calculated from the total energy of the
electric field. The following equation was used:

C=

2E
U2

(2)

where C – electrical capacity, F;
E – energy of electric field, J;
U – voltage between electrodes, V.
When solving the inverse problem, the next matrix equation is expected [14]:

C = S ⋅G

(3)

where C – m × 1 vector of capacitance changes;
G – n× 1 vector of permittivity distribution;
S – m× n matrix of sensitivity maps.
The matrix of sensitivity maps was determined on the base of the equations published by Xie et
al. [17]:

S i (k ) =

C i (k ) − C iair
C imaterial − C iair

(4)
,

where Si – sensitivity map for connection of electrodes i;
i – variant connection of electrodes (i = 1, 2, ..., 8 or 1, 2, ..., 56);
k – k-th pixel in sensitivity map (k = 1, 2, ..., 64 or 1, 2, ..., 256);
Ci(k) – electrical capacity for connection of electrodes i and k-th pixel;
Ciair – electrical capacity for empty sensor and connection of electrodes i;
Cimaterial– electrical capacity for full sensor and connection of electrodes i.
The dimensions of the sensing area of the sensor were 200 mm in height and 800 mm in width.
The scanning segments were 80 mm wide. The gap between the adjacent segments was 20 mm. The
plate thickness was 1 mm. Computing resolutions for the first option 4 × 16 and the second option 8 ×
32 were chosen.
For deriving the vector G from equation 3 it was necessary to obtain the matrix S-1. This was
problematic because the matrix S has a rectangular shape. When we name G̅ as the estimated
permittivity distribution, then it can be written:

G = ST ⋅C

(5)

According to Yang et al. [14] the Landweber’s iteration method for accurate determination of G̅
can be taken. The authors used the following formula:
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(

)

Gk +1 = Gk + α ⋅ S T C − S ⋅ Gk ,

(6)

where α – gain factor.
The initial G̅ 0 vector is chosen as zero. For more enhancements it is possible to modify the
equation 6:

[

(

)]

Gk +1 = f Gk + α ⋅ S T C − S ⋅ Gk ,

(7)

where f – a nonlinear function, which regulates the elements:

x<0
0 ≤ x ≤1
x >1

 0,

f ( x ) =  f ( x ),
 1,


(8)

For α it is possible to apply the following criterion:

α ⋅ ST ⋅ S

2

<2

(9)

In this paper, α was chosen to be in the first option α = 900 and in the second option α = 490. Both
values meet the convergence criteria of the equation 9.
For purposes of evaluating the applicability of the reconstruction algorithm, three variants of the
tested material distribution were used: a) triangle, b) continuous layer of material, and c) two
rectangular objects in the middle of the sensor. The iteration was described by equation 7 and it was
programmed in the Scilab 5.3 computer software. 500 iterations were chosen.
Results and discussion
The results of this solution can be seen in Figure 2. The first column shows the test distribution of
permittivity, the second column (option 1) shows a variant with eight output signals and a resolution
of 4 × 16, and the third column (option 2) shows a variant with 56 output signals and a resolution of
8 × 32.

Fig. 2. Images reconstructed from simulated data
The first test permittivity distribution in the shape of a triangle can be reconstructed relatively
well. Good pictures can be seen in both options 1 and 2. In order to compare the two variants the
relative error and the correlation coefficient were calculated. The following formulas were used for
calculation:

RE =

gˆ − g
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(11)

2
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i

i =1

where RE – relative image error;
ĝ – vector of reconstructed permittivity distribution;
g – vector of true permittivity distribution;
ĝ̅ – mean values of ĝ ;
g̅ – mean values of g.
For option 1 it was counted: RE = 44.3 % and CC = 0.803. For option 2 it was counted:
RE = 45.9 % and CC = 0.793. It is evident from both, the image and from the calculated values, that
the results are almost identical for both variants. Even according to the calculated parameters, it seems
that better results are provided by the first option.
The second example test shows the permittivity distribution for two rectangular objects in the
middle of the sensor. It is immediately apparent from Figure 2 that the results of the reconstruction
were not satisfied. As a result using option 1, the two rectangles were reduced to four pixels from the
top of the sensor only. In option 2, although the picture seems subjectively more similar to the
original, big differences still exist. The third test example (continuous layer) also shows a low quality
result. As in the first and the second option there has been some scattered distribution of permittivity
for the greater part of the scanned area. In both cases it was decided that the differences are so high
that it makes no sense to count the relative error and the correlation coefficients of the image.
An interesting finding may be similar errors in option 1 with the distribution of permittivity
testing b and c. Two major errors can be observed in both cases. The distribution of material is shown
at the top of the sensor (not at the bottom where it should be) and its area is reduced relatively
considerably. These two errors are linked together, of course; as it is evident from the mathematical
model shown in Figure 1, the electric potential gradient near the electrodes is higher than in other
places, it means that the sensitivity in these places is much higher. So, logically the same response
produces a smaller amount of material.
In Option 2 it can be observed that a larger number of output signals bring slightly better results.
In both cases it is possible to estimate that the true position of the material is rather at the bottom of
the sensor than in the top. The question remains whether by seven time greater number of
measurements a reasonable efficiency is achieved. Dubious can also be a sufficient independence of
each measurement, regardless of the fact that this measurement may be technically complicated.
Conclusions
Three simulations with three different test permittivity distributions were performed for the
purposes of evaluating the applicability of the reconstruction algorithm based on the Landweber’s
iterative methods for the SCS sensor. Based on the simulations, it can be stated that relatively good
results were achieved during the test with triangle distribution of permittivity. Nevertheless, certain
errors were also found. Particularly evident was the error in material vertical detection. There is an
effort from the algorithm to place the material into the top of the sensor. In option 2, this error rate is
reduced; however, it is clear that the improvement does not increase in accordance with increased
number of the measurements. It is likely that the measurements are not sufficiently independent.
Based on these findings, it is possible to derive that the reconstruction algorithm based on the
Landweber’s iterative method is not suitable for the SCS. Likely, the main reason will be in low
numbers of possible independent measurements. For the function of the SCS it is therefore necessary
to look for other possibilities of evaluation of the measured capacitance changes and add other factors
and assumptions of material behavior to the mathematical model. The effects of the Earth’s gravity
can be a useful example.
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