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Abstract: To increase the accuracy and real-time performance of on-line assessment of maize planting, a CAN bus based maize 
monitoring system for precision planting was designed and tested both in laboratory and field.  The system was mainly 
comprised of: (a) seeding rate sensors based on opposite-type infrared photoelectric cell for counting the dropping seeds; (b) a 
decimeter GPS receiver for acquiring planter position and operation speed; (c) a vehicle monitoring terminal based on ARM 
Cotex-m4 core chip to acquire and process the whole-system data; (d) a touchscreen monitor to display the planter performance 
for the operator; and (e) a buzzer alarm to sound a warning when skip and double seeding happened.  Taking the applicability, 
dependability and feasibility of the monitoring system into consideration, the opposite-type infrared photoelectric sensors were 
selected and their deployment strategies in the 6-port seed tube were analyzed.  To decrease the average response time, a 
distributed information communication structure was adopted.  In this information communication mode, collectors were 
designed for each individual sensor and communicated with sensors through two-wire CAN bus.  A sensor together with the 
designed collector is called a sensor node, and each of them worked individually and took the responsibility for acquiring, 
processing, and transiting the on-going information.  Laboratory test results showed that the random error distribution was 
approximately normal, and by liner analysis, the system observed value and the true value had as a liner relationship with 
coefficient of determination R2=0.9991.  Series of field tests showed that the seeding rate maximum relative error of the 6-port 
seed tube was 2.92%, and the maximum root mean square error (RMSE) was about 1.64%.  The monitoring system, including 
sensor nodes, vehicle monitoring terminal and a touch-screen monitor, was proved to be dependable and stable with more than 
14 d of continuous experiments in field. 
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1  Introduction  

The management of inputs to crop production in agricultural 
field, especially the seeds, has been conducted by humans 
according to previous practices[1-3].  The advent of the integrated 
circuit technology and the associated development of embedded 
controls and sensing technologies permit maize planting to be made 
with greater specificity, precision, and accuracy.  In other words, 
precision planting (PP) has been applied in agriculture for some 
years and is strongly advocated in China[4,5].  The results of PP are 
better seed spacing, better depth control and better root systems 
through adopting fresh technologies.  PP improves the field 
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management from several perspectives.  For example, it can help 
to minimize waste of seeds by eliminating the need for thinning in 
certain field operations, leading to more efficient, economical and 
talented agriculture[6-13].  There are many criteria required for 
placing seeds in PP, including seeding rate, seed spacing, seed 
meters and methodologies, positions within the furrow, planting 
depth, etc[14-18]. 

The planter is a main farm implement for PP.  Plant spacing 
uniformity and emergence rate are the most common characteristics 
used by producers to evaluate planter performance which has a 
huge impact on yield[19-21].  There are generally two ways to 
improve a planter’s performance, one is to optimize the design of 
the planter, especially the mechanical structure of seed meters, 
another one is to real-time monitor the process of planting to 
diagnose planting problems (e.g., lost or double seed, seed tube 
stock, missing seeds, etc.).  For the purposes of continuously 
monitoring the planting process, detecting problems at an early 
stage, and adjusting the operation parameters in real-time, the 
second way was a better choice[22-25]. 

Some researches on the seed detection for precision planting 
were conducted in recent years.  Ji et al.[26] adopted reflection-type 
photoelectric cell to develop a monitoring system for working 
performance of no-tillage corn precision seeder.  They also 
designed a self-cleaning device against dust.  The system could 
count seeds with accuracy of 98.1% in simulated dusty condition.  
Zhou et al.[27] studied the method of using a parallel-plate capacitor 
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to detect corn seeds, and by laboratory test, the accuracy of seed 
counting was 94.6%.  He et al.[28] designed a testing instrument 
for maize precision seed meter’s performance detection with 
photoelectric seed sensor.  The instrument could detect and 
calculate the qualified rate, missing rate, reseeding rate, variability 
of seed-space for seed meter.  By comparative bench tests, the 
maximum error of counting was less than 2%.  Chen et al.[29] used 
a high-speed camera to capture the picture of seeding process, and 
obtained seed number by image analysis.  Tests under JPS-12 
bench indicated that the seeding qualified index was less than 1% 
and coefficient of variation was less than 3%. 

On analysis of the above mentioned researches, it was found 
that photoelectric cell and visual sensor are the two main types of 
sensors, which are sensitive to the shapes of the kernels dropping 
though the seed meters in bench-top laboratory tests.  The visual 
sensor, however, was not the optimal choice for practical 
application because it was easily interfered by natural light, dust, 
dirty or pollen.  Whereas, the photoelectric cell, mainly involving 
reflection-type and opposite-type, senses the mass of the kernels by 
a beam of light that are not sensitive to dust or other debris.  
Moreover, the photoelectric cell performs well in field tests owing 
to the simple structure, brief circuit and rapid response.  In a 
wheat seeding monitoring system designed by Beijing Research 
Center of Intelligent Equipment for Agriculture[30], a new 
opposite-type photoelectric sensor with reasonable allocation of 
photoelectric elements and analog output was designed to improve 
monitoring accuracy and reliability, and a hall sensor was used to 
convert quantities of wheel axis rotation velocity into pulse signals.  
The monitoring system was proved to be reliable and have a strong 
ability to anti-dusting and anti-vibration according to series of field 
tests.  The monitoring accuracy for seed tube fault status was up 
to 98%. 

The aim of this work is to provide farmers a dependable tool to 
real-time monitoring and on-line assessment of the performance of 
maize planting. 

2  Materials and methods 

2.1  System overall design 
In order to cope with the strict requirement of high accuracy, 

rapid response and strong reliability, a realistic system was 
proposed, which including: (a) opposite-type infrared photoelectric 
cells for counting the seeds; (b) a decimeter GPS receiver to 
acquire planter position and operation speed; (c) a vehicle 
monitoring  terminal based on ARM Cotex-m4 core chip for 
acquiring and processing the data of the whole system; (d) a 
touchscreen monitor to show the planter performance for the 
operator; (e) a buzzer alarm device to warn the operator when skip 
and double seeds happened.  As shown in Figure 1, the 
opposite-type infrared photoelectric sensors mounted on lower part 
of the 6-port seed tube; the GPS module installed on top of tractor 
cabin and buzzer based alarm device fixed in the cabin; the 
touchscreen monitor connected to the vehicle monitoring terminal 
via CAN bus. 

To decrease the average response time, a distributed 
information communication structure was adopted.  
Micro-processor based collectors were developed, which had the 
capability of performing, processing and gathering sensory 
information of each sensor placed in specific detection.  This 
collector was able to convert the collected signal (e.g., analog 
signal, pulse signal) to the corresponding physical quantity (e.g., 
operation speed, seeding quantity), and transfer these processed 

information to vehicle monitoring terminal by CAN bus.  In order 
to reduce the electric signal transmission loss of the sensors, the 
collectors should be mounted close to sensors.  The sensor 
together with the collector was called a sensor node, and each 
sensor node worked individually. 

 
Figure 1  Overall layout of the monitoring system 

 

The overall information communication system designed for 
monitoring planting process was shown in Figure 2.  The working 
process is as follows:  the sensor nodes (shown on the bottom of 
Figure 2) are responsible for acquiring, processing, and transiting 
the on-going information; the vehicle monitoring terminal (shown 
on the middle of Figure 2) is for handling and processing the data 
from each sensor node; the touchscreen monitor presents the 
parameters (e.g., seeding rate, operation speed and real-time 
location), and the alarm device gives an audible signal to the 
operator about a problem. 

 

 
Figure 2  Overall structure design of the monitoring system 

 

2.2  Hardware components design  
In this paper, opposite-type infrared photoelectric cells were 

employed to detect maize kernels dropping through seed tubes.  
Taking the maize kernels’ variation in dropping height into 
consideration, the number of cells to use and the layout of these 
cells in the tube cross-section to get all-size kernels (especially the 
micros) detected were studied. 
2.2.1  Layout optimization of photoelectric cells  

The schematic cross-section of the tube was depicted in Figure 
3.  Several pairs of photoelectric cells were set a circle around the 
inner wall of the tube.  The parallel beam from the emitter to 
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detector formed several detection zones.  In the dead zone, the 
micro-kernel might be missed when dropping through.  The 
relationship between dead zone and the seed is shown in Figure 3. 

 
Figure 3  Schematic of tube cross-section and layout model of 

photoelectric sensor 
 

To find out how many pairs of photoelectric cells should be set 
around the circle and how they were distributed, a geometric model 
was built and analyzed based on the maize motion attitude in tube.  
To make sure that each single seed could be detected when 
dropping through the dead zone, the smallest size of projection 
should be considered in the model.  Generally, the shape of maize 
seed was considered as a ladder in front projection, a rectangle in 
side projection, and an ellipse in top projection, as shown in Figure 
4, among which, the size of top projection was the smallest.  
Therefore, the maize seed was considered as an ellipse in xoy 
coordinate, as shown in Figure 5. 

 
a                              b 

Figure 4  Maize seed’s shape in different viewpoints 
 

In Figure 5, the included angle between the two contiguous 
beams was θ.  The long axis and short axis of the ellipse were a 
and b.  The dead zone was an isosceles triangle ΔPAB.  

 
Figure 5  Relationship of dead zone and seed model in xoy 

coordinate 
 

In the xoy coordinate, line PA was circumscribed with the 
ellipse.  Assuming the elliptical equation is  

           
2 2

2 2 1x y
a b

+ =                   (1) 

Line PA is 

         tan
2

y x q= +θ
                 (2) 

where, q was the intercept of y axis.   
According to geometric principle, the coordinate of point P 

was  

          ( ,0)
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2
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where, d was the diameter of the parallel beam from photoelectric 
sensor; R was the radius of seed tube. 

The Equation (2) was 

tan tan
2 2 2cos

2

dy x R= + −θ θ
θ             (4) 

Assuming point C and D were coincided, the following 
inequality would be obtained. 

2 sin 2 cos
2 2

R a d⋅ − ⋅ ≤θ θ
               (5) 

The number of photoelectric cell pairs adopted in this test was 
set as n and can be calculated by: 

           
Rn

d
≤ π

                     (6) 

Apparently, nθ = π, the following equation would be obtained 

            
d
R

≥θ                       (7) 

In this research, the tube radius was R=15 mm.  500 maize 
seeds were measured to obtain the minimum a=8 mm and b=5 mm, 
respectively.  Considering the Equations (5) and (7), the 
reasonable interval of d and θ are shown in the shaded area in 
Figure 6. 

 
Figure 6  Reasonable interval of d and θ 

 

To make dead zone as small as it can be, and interference of 
two contiguous pairs of photoelectric cells as slight as possible, the 
included angle was designed as θ=45° (4 pairs of photoelectric 
sensors in total), and the diameter (d) of the beam was set to 5mm 
according to the relationship of d and θ.  
2.2.2  Circuit design and signal processing  

According to the detection principle of photoelectric cell, the 
detector should be turned off and low-voltage signal should be 
output when seed blocking between the emitter and detector, and 
high-voltage signal should be output after seed passed.  
Continuously sampling the detector’s output voltage, theoretically, 
a dropout voltage could be detected.  By the dropout voltage to 
judge whether a maize seed passes through the tube is the basic 
principle of this detection.  The benefit is that the environment 
interference noise would be reduced. 

The output voltages of the four detectors are U=[u1, u2, u3, u4]T,  
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ui(i = 1, 2, 3, 4) , which can be obtained by the following equation:  
           i i iu I R= β                     (8) 

where, R was the resistant of the detector; Ii was the base current 
and βi was the amplification factor.  

According to Kirchhoff’s current law (KCL), when the four 
detectors were connected as parallel circuit, the following equation 
was obtained 

       
4

1

/ ( / 4)o i i
i

U R I
=

=∑β                (9) 

 where, Uo was the output of the parallel circuit. 
 Thus, 

4
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The Equation (10) indicated that the parallel circuit output 
voltage was the average of the four detectors’ single output.  In 
this research, the detecting circuit was designed as a parallel circuit. 

To obtain the status of the seed tubes, an AD module of the 
microprocessor integrated in sensor node was used to continuously 
sample the output voltage of the circuit.  In order to sample the 
output signal without distortion, sampling frequency should be 
analyzed.  As shown in Figure 7, the kernel falls freely in the tube, 
and the initial dropping speed is v0.  According to Newton’s law 
of motion  

       
0

2
0 0

1
2

tv v gt

h v t gt

= +⎧
⎪
⎨

= +⎪⎩

                (11) 

where, vt is the seed dropping speed; g is the acceleration of the 
free fall; t is the elapsed time of kernel passing from the initial 
point to the sensor position; h0 is the height between the initial 
point and the detecting sensor position.  

 
Figure 7  Dropping process of seed 

 

The total distance travelled through detection area was 

     21
2c t x xl d h v t gt= + = +               (12) 

where, tx is the elapse time of the seed passing through detection 
area.  It is also the width of the signal pulse. 

Set the initial speed as v0=0.  The following equation could be 
obtained according to Equations (11) and (12) 

    2
0

12
2c x xl d h gh t gt= + = ⋅ +             (13) 

In the research, the height h0= 400 mm, the minimum hc was 
set as 8 mm by measuring 500 maize seeds, and g=9.8 m/s2. 

Therefore, the signal pulse width was tx ≈4.5 ms, and the signal  

frequency was about 220 Hz.  According to Shannon sampling 
theorem, the sampling frequency should be at least twice the 
highest original signal frequency, or twice the highest analog 
frequency component.  In practical application, to keep the sample 
data distortion less, the frequency should be much higher.  
Considering the complex working condition in field, the sampling 
frequency was set at 6000 Hz.  In a signal period, at least 20 
sampling data could be obtained.  To further weaken the 
unpredictable interference noise, the 20 sample data Si (i=1,2,…,20) 
were compared with the associated threshold value S0.  If Si ≥S0, it 
is considered the tube is empty, no maize kernel passing though.  
Otherwise, it is considered the maize kernel passed through the tube.  

  The probability of Si ≥S0 is made as follows: 
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In the research, the threshold voltage S0 was 30% of the 
high-level of the circuit output.  And if P(Si<S0)≥90%, it is 
considered that the kernel was passing through the detection area.  
Figure 8 was showing the pulses triggered by two maize kernel 
passing through the sensor detection area in the tube. 

 

 
Figure 8  Pulses of two maize seed passing through the sensor 

detection area 
 

2.3  Software architecture 
The programs of the monitoring system was constructed by 

three-layer, taking the responsibilities of signal collection and 
pretreatment, further processing and transmission, data displaying 
and interactivity, respectively.  The three-layer architecture was 
depicted in Figure 9. 

 
Figure 9  Architecture of three-layer framework 
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In the first layer, analog signal, frequency signal and GPS data 
were collected by a microcontroller firstly, then filtered and 
analyzed to obtain the parameters of seeding rate, operation 
velocity and planter position.  These parameters were transmitted 
to the vehicle monitoring terminal via CAN bus. 

The second layer, running in vehicle monitoring terminal, was 
mainly focus on further data processing.  In this layer, the 
parameters of seeding rate, operation velocity, together with the 
planter position, were used to conclude tube status, calculate the 
working distance and evaluate planting quality.  Moreover, all the 
operational data was recorded in a flash before transmitted via 
CAN bus. 

The third layer was set up in a touchscreen monitor, whose 
primary task was interactive data display.  The software interface 
displayed the status of all the six tubes, seeding rate of each tube, 
seeding rate per 100 m of each tube, total rate, operation speed and 
width of the planter. 
2.4  Experiment 
2.4.1  Calibration of seeding rate sensor 

To calibrate the seeding rate sensor and to assess the static 
performance of the system, series of tests were conducted using a 
self-designed test bench in laboratory.  The test bench was shown 
in figure 10.  The sensors were mounted on the tube below the 
seed discharge hole of the seeding meter.  A motor mounted in the 
bench push the maize kernels discharging mechanism with constant 
rotate speed.  A bag was set directly below the seed tube orifice to 
gather kernels.  The kernel was counted and recorded manually.  

 
Figure 10  Maize seeding test bench 

 

The tests were conducted in three groups according to the 
amount of seeds as follows: less than 1000 seeds, 1000-2000 seeds, 
and 2000-3000 seeds.  It allows to reduce the random error and 
system errors by applying the necessary process in the successive 
seed dropping, as well as obtains a more realistic value for the 
monitoring system. 

By analyzing a total of 117 seeding rate samples of the three 
groups, the absolute error distribution was shown in Figure 11.  

 
Figure 11  Error distribution of seeding rate monitoring 

As shown in the Figure 11, the error distribution was 
approximately normal, which indicated that there was random error 
existing in the system.  The random error was mainly due to the 
seed size, dropping attitude in the tube. 

There was also system error existing in the monitoring system 
either as shown in Figure 12 by drawing all the data in a plane 
coordinator system.  The horizontal axis indicated the seeding rate 
detected by the monitor system.  The vertical axis indicated the 
real seeding rate counted manually.  According to liner regression, 
the data presented as a liner relationship, and the R2 was 0.9991.  
Using the liner regression function to modify the test result could 
improve the accuracy of the seeding rate monitoring. 

 
Figure 12  Calibrating curve for seeding sensor 

 

2.4.2  Field tests 
More than Fourteen groups of tests were carried out in 

National Experiment Station for Precision Agriculture, Beijing, 
China.  A Haofeng maize planter with six tubes was selected.  
On each tube, a seeding rate sensor was mounted internally.  At 
each tube orifice, a bag was strapped to collect kernels.  In each 
group of tests, the actual seeding rate was counted and recorded 
manually according to the kernels in the bags.  On top of the 
tractor cab, a GPS receiver was mounted.  An overview of the 
experiment set-up, a tractor, seeding rate sensor and a GPS receiver 
was shown in Figure 13.  In each test, this planter covered a 
distance of 400 m, at speed of 3.5 km/h, while the seeding rate 
increased randomly by adjusting the seed-metering mechanism 
manually. 

 
Figure 13  Overview of the experiment set-up 

3  Results and discussion 

The seeding rate of each tube from manual count and 
automated system test was shown in Figure 14.  The horizontal 
axis was the group numbers of the tests.  The vertical axis was 
seeding rate.  The bar chart was the comparison between manual 
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count seeding rate and automated system test results, and the 
curves showed the error between them.  

The actual seeding rate increased as tests going on, as shown in 
the bar chart.  Within a group of tests, however, the actual seeding 
rate of each tube was different.  The reason was that the planter 
had a bad sowing uniformity between the tubes, and the monitoring 
system detected the uniformity correctly. 

According to the error curves, the minimum and maximum 
relative errors of the six tubes were -2.74% and 2.92%, respectively.  
The root mean square error (RMSE) always reflects the precision 
and accuracy of the samples.  According to the seeding rate 
RMSE of the six tubes in the fourteen groups of tests, the 
maximum RMSE was 1.64%, and the minimum RMSE was 0.53%, 
which indicated that the system had a high precision and accuracy 
in seeding rate monitoring. 

From an overview of fourteen unrelated test groups, the error 
response of seeding system and the seeding rate has no significant 
regularity.  Only one group results showed seeding error had an 

increasing trend with seeding rate.  With this clarification, we can 
get the conclusion that the seeding error was mainly caused by 
random error and had no direct relationship with systematic error.  
Two main factors contributed to the random error of seeding rate: 1) 
the corn seeds did not make an uninterrupted vertical drop due to 
the vibration of the seed tube and its sensors caused by working on 
uneven ground or driving up or down slopes, even if seed tubes 
remained almost vertical; 2) seeds of extreme minimum size 
slipped away from the detection area of seeding rate sensors. 

To improve the performance and reduce the seeding error of 
the system, further study would be needed by: 1) optimizing the 
structure and parameters setting of seeding rate sensors by carrying 
out more experiments to improve the detection sensitivity; 2) 
designing special mechanical structure for seeding rate sensors 
deployment to against the effects of vibration on seed tubes; 3) 
further enhancing the system functionality by automatically 
measuring the seeded area and sowing distance and combing GIS 
to serve for precision agriculture.  

 
a. Test result of tube 1  b. Test result of tube 2 

 
c. Test result of tube 3  d. Test result of tube 4 

 
e. Test result of tube 5  f. Test result of tube 6 

 

Figure 14  Field test results of the sensors 
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4  Conclusions  

This study focused on a maize monitoring system for precision 
planting.  Especially, the design and test method for seeding rate 
sensor based on photoelectric cell was explored.  In the method, 
an opposite-type infrared photoelectric cells based seeding rate 
sensor was designed, and a calculation model for the number of 
photoelectric cells and their layout parameters were proposed for 
optimizing the structure of the sensor.  From series tests both in 
laboratory and fields, the sensor had a high precision and accuracy.  
Of all the six tubes in field tests, the maximum error was 2.92%, 
and the maximum RMSE was 1.64%.  This maize monitoring 
system provided a stable and dependable solution for real-time 
monitoring and online assessment of the performance of maize 
planting, and will significantly contribute to an improvement of 
precision planting operation.  Furthermore, this system provided 
an experimental platform for designers to optimize the planter 
structural designs.  
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