
Introduction

In precision agriculture, especially site-specific crop 

management, the major function of nitrogen management 

is to determine the right amount of nitrogen for a specific 

location in the field, based on the yield potential at that 

location. Nitrogen fertilizer is necessary for profitable 

corn production. However, excessive rates of nitrogen 

fertilizer application will have adverse effects on the 

environment (Schepers et al., 1991; van Es and Trautmann, 

1990). Because of the spatial variability in soil properties, 

different locations in a field may require different 

amounts of nitrogen to achieve high yield.

Currently, soil sampling analyses, plant tissue analyses, 

soil plant analysis development (SPAD) meter readings, 

and aerial images are used to assess the crop nitrogen 

stress and estimate the yield potential (Waskom et al., 

1996). 

Researchers have studied the use of images for crop 

production management since the late 1970’s. (McDonald 

and Hall, 1980; Noh et al., 2005; Tumbo, 2001; Janos et al., 

2003; Mao, 2003). 

In this study, a decision making system for variable 

rate N application in corn was developed, and variable 

rate N application based on the decision making system 

was performed by using a pulse width modulation 

(PWM) valve. To validate the nitrogen application decision 

making system based on the SPAD values, researchers 

compared the developed N recommendation with 

another conventional N recommendation. This paper 

reports the development and validation of a decision 

making system based on an estimated SPAD value, using 

a multi-spectral image sensor.
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Materials and Methods

Decision Making Model

For the variable rate nitrogen application, we must 

calculate the amount of nitrogen to apply, based on the 

estimated SPAD value from the image sensor. Figure 1 

shows the flow chart of the sensor integrated variable 

rate application (VRA). In this chart, the N recommendation 

is determined by two SPAD values: one is an estimated 

SPAD value from the image sensor system and the other is 

a reference SPAD value for healthy corn. 

Based on the SPAD value measurements, the average 

SPAD value from the visually identified healthy range was 

designated as the reference SPAD value (R_SPAD = 45). 

This value was also used as a reference value in the 

decision making model. In the case that the estimated 

SPAD is greater than this value, no additional nitrogen 

will be applied.

N application was determined by the decision making 

model that was based on the SPAD differences. Once the N 

recommendation was determined, the duty cycle was 

computed by the nozzle calibration equation and applied 

to the PWM driver. Then, variable rate N application was 

performed by operating the PWM valve. 

Researchers conducted baseline tests (SPAD value 

changes according to nitrogen application) at the Agricultural 

Engineering Research Farm of the University of Illinois at 

Urbana-Champaign. A corn crop (Pioneer 33P27) was 

planted in a field on May 24, 2002.

In the VRA test, nitrogen was applied to four passes 

(three passes with VRA and one pass without VRA). The 

SPAD values were measured weekly before and after the 

nitrogen application until the tassels appeared. After 

tasseling, the SPAD value was measured every alternate 

week. The yield was also measured during harvest, for 

each pass.

Figure 2 shows an example of the correlation between 

the yield and the SPAD value on different days during the 

growing season. The yield show proportional relation 

with the SPAD value after 7/31 (62). In the figure, the 

linear regression on August 21 was performed and plotted, 

and the correlation was 0.96. All the other regressions 

between yield and the SPAD value on different days were 

performed in the same way. Their correlations were 

computed.

The SPAD value at the reproductive stage R1 was used 

as a final SPAD value to determine the relationship 

between SPAD differences and the nitrogen application 

rate, because the correlation with yield at that stage was 

the best. The SPAD value at the vegetative growth stage 

V6 was used as an initial SPAD value.

Figure 3 shows the correlation between the nitrogen 

rate and the SPAD differences (SPAD value at the R1 stage 

on 8/21 - SPAD value before N application on 7/1). Each 

point represents an average of four replications. The 

polynomial regression was performed. The correlation 

was 0.89 for the polynomial regression; and in the case of 

linear regression the correlation was 0.83.

The decision making system that determines N reco-

mmendations used the above field test result, based on 

the relationship between the SPAD value difference and 

the nitrogen application as shown below. 

Figure 1. Flow chart of sensor integrated variable rate application 
(one cycle). Figure 2. Correlation between yield and SPAD on different dates.
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kgha  × _× _ (1)

where d_SPAD is the difference between the SPAD value 

of healthy corn leaves and the Estimated SPAD value 

(E_SPAD) based on the image sensor system

After collecting data using the image sensor, we can 

calculate the desired N application rate using the above 

equation. The decision making model will then convert 

the desired N rate into a duty cycle to drive the PWM 

controller of each nozzle to implement the variable rate 

application based on the traveling speed of the sprayer.

To evaluate the N application based on the SPAD 

difference, sensor-based field tests were performed on 

three passes. Two different N recommendations were 

tested for validation of the nitrogen application decision 

making system based on the SPAD values.

Results and Discussion 

Estimated SPAD Values and Applied N

Sensor-based variable rate nitrogen application was 

performed. The nitrogen deficiency level was measured 

using the image sensor system, and then variable rate 

application was performed using the decision model and 

real-time control. After the variable rate application, the 

E_SPAD and the real SPAD were compared along the 

travel distance for validation. The E_ SPAD values based 

on the image sensor system were recorded during the 

sensor-based variable rate application as shown in 

Figure 4. 

Table 1 shows the ANOVA analysis results of E_SPAD 

on sensor-based VRA passes. Those E_SPAD values on 

three passes over the same travel row were used in the 

decision-making model with the R_SPAD value.

The statistics of SPAD differences in VRA, based on the 

image sensor data from each pass are shown in Table 2. 

From this table, the average values of the differences 

between E_SPAD and R_SPAD (45) were 11.37, 10.48, and 

15.7 for the 1st, 2nd, and 3rd passes, respectively; with 

standard deviations as shown. From these results, it can 

be seen that the corn in these three passes was under 

nitrogen stress. The N deficiency was larger in the third 

pass than in the other two passes, and the N deficiency 

variation was similar among the passes. This investigation 

was also designed to evaluate the effectiveness of the 

nitrogen application decision making model developed 

Figure 3. SPAD difference based on the applied nitrogen rate.

Figure 4. Estimated SPAD value based on the image sensor system.

Table 1. ANOVA analysis results of E_ SPAD on sensor-based 
VRA passes

Source of 

variation
SS Df MS F P-value F crit

Between 

passes
620.27 2 310.13 37.25 0.000 3.078

Within 

passes
924.10 111 8.33

Total 1544.37 113

Table 2. Statistics of SPAD difference in VRA based on image 
sensor

R_SPAD E_SPAD
SPAD 

difference

1st Pass
Average 45.00 33.63 11.37

Std 2.83

2nd Pass
Average 45.00 34.52 10.48

Std 2.91

3rd Pass
Average 45.00 29.30 15.70

Std 2.97
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in this research, based on the sensor estimated SPAD 

value instead of the conventional yield based model.

To validate the nitrogen application decision making 

system based on the SPAD values, the N recommendation 

(Equation (1)) was compared with another N recommendation 

(Francis & Piekielek, 1999), which is based on estimated 

yields, as follows:

kgha  +×××

×××

× (2)

where, Yield = Yield goal [bu/acre], Mvalue = Manure 

value, RSPAD = Relative SPAD (ratio of field SPAD to 

R_SPAD), LSCrop = Leaf stage of crop, ARAMR = Average 

reference area meter reading.

In this study, the N application rates for the first and the  

second passes were determined using equation (1), and 

the rates for the third pass were calculated from equation 

(2). The values inserted into equation (2) were as follows:

Yield goal = 160 [bu/acre], Manure value = 0.75 (0.75 

for manure value if no manure has been applied to the 

field since the previous crop’s harvest and 3.50 if manure 

was applied), R_SPAD = 45 (use an average SPAD value of 

a healthy crop in the field), Leaf stage of crop = 11 (count 

and average the leaves of the crop in the field), and 

Average reference area meter reading = 45. 

Figure 5 compares the recommended nitrogen application 

rates for all three passes. Based on these two equations, 

the average amounts of N application are shown in Table 

3, and the statistics of increased SPAD on ten spots after 

VRA based on image sensor according to the pass are 

shown.

From Table 3, the average values of increased SPAD 

between SPAD after VRA and E_ SPAD before VRA, were 

11.61, 12.64, and 17.01 for the 1st, 2nd, and 3rd passes, 

respectively; with standard deviations as shown. 

Figure 6 shows the SPAD after VRA on ten points in 

each pass. The SPAD values were measured by the SPAD 

meter 14 days after sensor-based VRA. From these 

results, it can be seen that in all three passes the corn 

reached the reference nitrogen level which is R_SPAD 

value 45 in two weeks. The results also showed that the 

average applied N in the third pass was 30.08 kg/ha with 

standard deviation of 3.88 kg/ha, which was noticeably 

less than the other two passes. The average values of the 

applied N in the first and second passes were 57.83 and 

51.83 kg/ha with standard deviations of 19.70 and 18.88 

kg/ha, respectively. 

Figure 7 shows the average of the SPAD value change 

after variable rate applications based on the image 

sensing system. 

In Figure 7, the average SPAD values of the three passes 

reached the R_SPAD value (45) in two weeks. The average 

SPAD values on ten points obtained after 14 days of 

nitrogen application were 45.2 (std. dev. 3.81), 47.2 (std. 

dev. 2.78), and 46.3 (std. dev. 2.22).

Figure 8 shows the RSPAD (SPAD/R_SPAD) after two 

weeks. The average RSPAD values (standard deviation) 

of ten spots were 1.005 (0.085), 1.048 (0.062), and 1.029 

Figure 5. Nitrogen amount according to each pass.

Table 3. Statistics of SPAD difference and applied N in VRA 
based on image sensor

R_SPAD
Increased 

SPAD

Applied N 

[kg/ha]

1st Pass
Average 45.24 11.61 57.83

Std 3.81 19.70

2nd Pass
Average 47.16 12.64 51.83

Std 2.78 18.88

3rd Pass
Average 46.31 17.01 30.08

Std 2.22 3.88

Figure 6. SPAD after VRA in 2 weeks.
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(0.05) for the 1st, 2nd, and 3rd passes, respectively. The 

sensor-based variable rate application system worked 

and the RSPAD value was around 1.

Figure 9 shows the yield of the test field, in which 

sensor-based nitrogen variable rate application was 

performed. The 1st, 2nd, and 3rd passes include VRA 

treatment representing the field sensor-based nitrogen 

VRA. The other pass is performed without VRA treatment, 

and represents the field with uniform N application of 56 

kg/ha. 

In all passes, yield with nitrogen VRA increased more 

than without nitrogen VRA. However, the increased 

yields on the 1st and 2nd passes were higher than the 3rd 

pass. The 1st and 2nd pass VRA was applied using N 

recommendations based on SPAD differences, and the 

3rd pass VRA was applied using conventional N reco-

mmendations based on yield. 

The yield, increased yield and added N for sensor- 

based N VRA in the field are shown in Table 4. 

The increased yields over applied N were 13.0, 25.0, 

and 9.0 for the 1st, 2nd, and 3rd passes, respectively. 

Considering these values, the resulting N recommendation 

for the 1st and 2nd passes were better than the 3rd pass. 

Thus, the nitrogen recommendation model based on 

SPAD differences developed in this study was more 

effective than the N recommendation based on yield.

Conclusions

Previous research (Noh et al., 2005) indicated that the 

multi-spectral imaging sensor can be used to estimate 

corn leaf SPAD values with reasonable accuracy during 

field operations. Based on the relationship between the 

SPAD value difference and the nitrogen application, a 

decision making system that determines N recommendations 

was developed and variable rate N application based on 

the decision making system was performed by operating 

a PWM valve.

The nitrogen application decision making system 

worked from the SPAD value estimation point of view. 

When we compared the E_SPAD values with the R_SPAD 

(target SPAD), the RSPAD (relative SPAD ratio) was 

around 1. 

To validate the nitrogen application decision making 

system, the N recommendation was compared with another 

N recommendation, which was based on estimated 

yields. The results showed that the developed nitrogen 

recommendation model based on SPAD differences was 

more effective than the conventional N recommendation 

Figure 7. SPAD value after VRA based on NDS system.

Figure 8. Relative SPAD of corn leaves after two weeks.

Figure 9. Yield of the image sensor-based nitrogen VRA.

Table 4. Yield and applied N on sensor-based VRA

Yield

[kg/ha]

Increased yield Added 

N

[kg/ha]

Increased 

yield / 

Added N

[kg/kg]
[kg/ha] %

1st pass VRA 5637.9 753.5 3.1 57.8 13.0

2nd pass VRA 6177.6 1293.2 5.3 51.8 25.0

3rd pass VRA 5156.4 272.0 1.1 30.1 9.0

Other w/o VRA 4884.4 Base Base Base Base
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based on yield.

Integrating the image sensor with a variable-rate 

nitrogen application via the decision making system can 

provide the fundamental means for performing site- 

specific nitrogen management. Using the developed 

decision making N application system at the vegetative 

growth stage not only increased the yield compared with 

the reference field, but also reduced the total amount of N 

usually required by the conventional uniform N application 

method. 

This result was based on a one-year field test. Additional 

field testing is recommended to validate the N application. 

The system could be both economically and environmentally 

advantageous. 
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