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Abstract 
A set of eight sprinklers was evaluated in a soccer field located in the city of Cascavel, Paraná, Brazil, using 
quality control techniques. The graph Xഥ (Shewhart’s individual control card), the EWMA graph (exponentially 
weighted moving average) and the CUSUM tabular graph (cumulative sum) were used. The system was 
composed of two parallel lateral lines distanced of 18 meters, containing five sprinklers in each line every 18 
meters. The first four sprinklers (area A) and the last four (area B) were evaluated with 25 trials of 10 minutes of 
irrigation for each area, with the monitoring of climatic effects. For the evaluation of the system, the distribution 
uniformity coefficient (DU) was used, obtaining in the area A and B the values of 68.72 and 70.0%. This low 
value can be justified by the high wind velocity during the tests, that varied from 0.57 to 8.5 m s-1. By 
Shewhart’s control chart, the irrigations of both areas were under control. From the CUSUM chart, only area B 
was under control. From the EWMA chart, both areas were out of control, being considered the most suitable for 
evaluation of the system because it detected the small variations in the process.  

Keywords: distribution uniformity, Shewhart control chart, CUSUM control chart, EWMA control chart 

1. Introduction 
Soccer fields are common in residential condominiums, clubs and sports associations built in urban or rural areas. 
Most are made up of grasses that, according to García-González et al. (2015), have high water requirements 
throughout the year. In this sense, besides the choice of the ideal grass for the field, it is necessary to use an 
efficient irrigation system. 

For Bernardo (1995), sprinkler irrigation adapts to almost all types of crops, but wind, relative humidity and 
temperature are the main climatic factors that affect its use, which reduce the uniformity of application irrigation. 

On the other hand, Coelho et al. (2018) point out that irrigation systems with high water application uniformity 
with irrigation deficit are some ways to increase the efficiency of water use, providing less water without 
significantly affecting the crop. Thus, it is fundamental that in the irrigation of soccer fields, being an area with 
great demand of water, are used low volumes of water, promoting water saving and at the same time, keeping the 
lawn with uniform aspect in all its extension.  

For Mantovani, Bernardo, and Palaretti (2007) it is extremely important to perform water application uniformity 
tests to identify the fraction of water sprayed in excess or with water deficit. 

However, irrigation research aimed mainly on crop productivity has been the focus of several authors, such as 
the Atroosh et al. (2018) However, it is necessary to know the uniformity of water distribution provided by the 
equipment used in the irrigation to obtain a more uniform productivity of the crop. 
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(unilateral process), according to Montgomery (2009), is the most indicated. The upper CUSUM (Ci
+) and the 

lower CUSUM (Ci
-) are expressed by Equations 5 and 6: 

Ci
+ = max ቂ0; xi – ൫μ0 + K൯ + Ci-1

+ ቃ                              (5) 

Ci
- = max ቂ0; ൫μ0 + K൯ – xi + C

i-1
- ቃ                              (6) 

Where, μ0 = sample mean; xi = observation in time; Ci = cumulative sum up to the i-th sample, which may be 
negative Ci

- or positive Ci
 +; K = compensation value or clearance. 

For monitoring of averages, it is common to use K = 0.5, which according to Montgomery (2009), allows to 
detect specific alterations. 

The EWMA control plot consisted of plotting Zi versus sample number i (or time), which according to 
Montgomery (2009) is calculated by Equation 7.  

Zi = λxi + ൫1 – λ൯Zi – 1                                 (7) 

Where, 0 < λ ≤ 1; Zi = μ0 = xത (target value or mean value in xi control).  

The variance of the variable Z is given by Equation 8:  

σzi
2  = σ2 ቀ λ

2 – λ
ቁ ቂ1 – (1 – λ)

2iቃ                               (8) 

Where, σ = standard deviation of the data in relation to the mean; λ = weight given to each sample; i = order of 
the sample used. 

Montgomery (2009) states that the upper limit of control (UCL) and lower limit of control (LCL) for the EWMA 
control chart are calculated by Equations 9 and 10: 

UCL = xത + Lσට λ
2 – λ

ቂ1 – (1 – λ)
2iቃ                            (9) 

LCL = xത – Lσට λ
2 – λ

ቂ1 – (1 – λ)
2iቃ                            (10) 

Where, xത = average of the data; λ = weight given to each sample, which varies from 0 to 1; L = number of 
standard deviations of the control mean to be detected; i = order of the sample used.  

In this study was used as weight constant of the sample λ = 0.2 and for width of the limits the factor L = 2. 

To verify if the process (irrigation) was able to remain under control, the process capacity index (Cpi) was 
calculated for each area from the lower limit of specification (LSL) for DU of 65%, according to with the 
classification proposed by Keller and Bliesner (2009) that specify as the acceptable minimum for irrigation. 
According to Montgomery (2009) the index should be above 1.25, for existing processes, as is the case of the 
present research, is calculated by Equation 11:  

Cpi = xത – LSL

3σ
                                     (11) 

Where, xത = Average of means; LSL = Lower Specification Limit; σ = Standard deviation.  

3. Results and Discussion 
3.1 Descriptive Statistics of the Data 

Table 1 presents the descriptive statistics of the data collected in areas A and B for water depth (mm h-1), 
distribution uniformity coefficient (%) and climatic factors such as temperature (ºC), relative humidity (%) and 
wind speed (m s-1).  

The results were analyzed from the mean, standard deviation, coefficient of variation, minimum and maximum 
values. 
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Table 1. Descriptive statistics of the data 

Parameters Mean Standard Deviation Coefficient of variation Minimum Value  Maximum Value 

Area A Water Depth (mm h-1) 21.48 2.77 12.91 15.91 26.34 

DU (%) 68.72 6.27 9.12 57.29 82.81 

Area B Water Depth (mm h-1) 21.18 2.60 12.28 15.24 27.22 

DU (%) 70.00 5.72 8.17 59.80 79.81 

Meteorological data Temperature (ºC) 26.56 3.72 14.00 18.57 31.65 

Humidity (%) 65.39 13.07 19.98 41.33 88.00 

Wind (m s-1) 3.85 1.80 46.65 0.57 8.50 

Note. DU = distribution uniformity coefficients. 

 

In both areas, the mean, standard deviation, coefficients of variation, minimum and maximum values 
corresponding to the values of the water depth and the uniformities of distribution (DU) were equivalent. 
However, DU of area B (70%) was greater in relation to area A (68.72%), both being classified as acceptable, 
according to Keller and Bliesner (2009). 

Ribeiro et al. (2012) when studying the distribution of water depth in a fixed sprinkler irrigation system, obtained 
DU equal to 70.80% using a pressure of 2.8 bar without the interference of the diffuser pin. The authors justified 
the low performance because the sprinklers were tested in field conditions and under the influence of 
non-controllable climatic factors. 

Although the average wind speed was 3.85 m s-1, it ranged from 0.57 (recorded at 17:00 pm) to 8.50 m s-1 
(recorded at 8:00 am), with the highest CV (46.65%). Zhang, Merkley and Pinthong (2013) state that when the 
wind speed exceeds the value of 1.8 to 2.0 m s-1, the uniformity of water distribution can significantly reduce. 
Thus, it is possible that the low values of DU were caused by the high wind speed recorded in several tests. 

The variation in the temperature and relative humidity of the air can be justified by the period of realization the 
tests, that is, in the morning periods the temperatures were lower with high relative humidity of the air than in 
the afternoon. 

To represent the average amount of water contained in the collectors in 25 test, with duration of 1 hour in the 
two study areas (A and B), it was proposed to Figure 4. The water overlap between the four sprinklers is shown 
with the influence of the sprinklers 3 and 8 in as well as the prevailing wind direction during the trials. 

 
Area A                                        Area B 

        

Figure 4. Representation of water depth variability in areas A and B 

 

It should be noted that the characteristics of the graphs referring to areas A and B are similar. The largest water 
depths are distributed near the center of the areas, place of water overlap between the four sprinklers. However, 
the largest water depths are displaced from the center, due to the influence of the north wind that prevailed 
during the 25 trials. 
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In both areas, it can be observed that the smaller amounts of water are located near the sprinklers 1, 2, 5 and 10, 
which may also have been influenced by the predominant wind. 

Comparing the mean values of the water depth of areas A and B, it was verified that the amplitude in area B was 
higher, in which the minimum value was 15.24 mm h-1 and the maximum value was 27.22 mm h-1. These values 
can be justified by the different sprinkler pressures, which according to Zhang, Merkley and Pinthong (2013) can 
result in different water distribution profiles and different overlapping patterns. It should be noted that the mean 
pressures obtained in each sprinkler were 184 kPa, which ranged from 167 to 203 kPa. 

The Minitab 16 software was used to perform the regression analysis between the values of DU (%) and wind 
speeds of areas A and B (m s-1), from which Table 2 was obtained, which presents the equations and their 
respective coefficients of determination. 

 
Table 2. Regression analysis between DU values and wind speed 

Equation R2 

Area A DU (A) = 80.71 – 3.115·Wind 79.66% 

Area B DU (B) = 77.52 – 1.954·Wind 37.64% 

Note. DU (A) = uniformity of distribution of area A and DU (B) = uniformity of distribution of area B.  

 

According to the obtained equations, it is observed that in the two areas, the uniformity of distribution reduces 
when the wind speed increases. However, in area A, the value of DU suffers greatest reduction in relation to area 
B when an increase in wind speed occurs. In addition, the value of the coefficient of determination (R2) for area 
A was greater in relation to area B, indicating that the model is more explanatory and presents better fit for the 
data in question in relation to the equation obtained for area B. 

Claro, Costa, and Machado (2007), report that the positive correlation within the subgroups significantly affects 
the performance of the graphs. It also states that the EWMA graph is substantially more agile than Shewhart’s in 
detecting process disturbances, especially when they generate small mismatches in the mean. 

For Mingoti and Yassukawa (2008), the greater the autocorrelation, the more indicated is the Shewhart graph, 
however, they claim that the CUSUM and EWMA graphs are not suitable for autocorrelated processes since they 
present a high false alarm value, thus generating a large number of unnecessary interventions in the process. 

In this way, the software Minitab 16 was used to analyze the autocorrelation as a function of the uniformity of 
distribution (DU) and wind speed, which are represented by Figure 5.  
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Figure 5. Autocorrelation as a function of DU and wind speed of areas A and B 

 

No autocorrelation was identified as a function of the uniformity of distribution (DU) of area A and B and wind 
speed, thus, it is possible to apply Shewhart, CUSUM and EWMA control charts. 

Figure 6 shows the Shewhart chart for individual measurements corresponding to the uniformity of distribution 
(DU) with respect to areas A and B, which according to Keller and Bliesner (2009) the minimum acceptable value 
is 65%. Figure 7 presents the graph related to the wind velocity indicating the value of 2 m s-1, which corresponds 
to the speed at which the distribution uniformity reduces significantly according to Zhang, Merkley and Pinthong 
(2013).  

 

      

Figure 6. Shewhart control chart for distribution uniformity (DU) in areas A and B 
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Figure 7. Shewhart control chart for wind speed 

 

For both areas (A and B), the graph indicated that the process is under control, with all points plotted between 
the control limits. However, the graph of area A presents some points distant from the midline, unlike the graph 
of area B. 

The highest irrigation uniformity in areas A and B, simultaneously, were obtained in trials 3, 7 and 16, in which 
wind velocity was recorded, with 0.6, 2.6, 1.5 m s-1, respectively. This fact indicated that at low speeds, 
uniformity of distribution tends to increase.  

On the other hand, the low uniformities in areas A and B were obtained in trials 4, 8 and 9, which can be justified 
by high wind speeds, whose values were 7.5, 8.5 and 6.4 m s-1, respectively. For Frigo et al. (2016), the control 
charts for conventional irrigation indicated that the process was out of control at the point where the wind speed 
was equal to or greater than 2.63 m s-1, that is, the wind speed, although lower to the present study, significantly 
affected the uniformity of water distribution.  

With regard to the minimum acceptable value of 65% for DU, by classification of Keller and Bliesner (2009), it 
is verified that in area B only four trials had DU below this minimum value and seven tests in area A. 

The EWMA control charts for DU with respect to areas A and B are shown in Figure 8, also with a minimum 
acceptable value of 65%. And, in Figure 9, the graph corresponding to the wind velocity with the indication of 
winds of 2 m s-1 is presented.  

 

      

Figure 8. EWMA control chart for distribution uniformity (DU) in areas A and B 
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Figure 9. EWMA control chart for the wind 

 

It is observed that in the graph of area A, test 3 is above the upper control limit. In addition, most of the points 
plotted are distant from the midline, with a decreasing trend. A sequence of eight trials below the midline (assay 
8 to 15) was also identified, which according to Montgomery, Runger, and Hubele (2004) is indicative of an 
out-of-control process. 

In relation to test 9 and 10, with the lowest exponentially weighted moving average of DU, it can be justified by 
the high moving average in relation to the wind speed. Unlike assay 3, that had the highest EWMA of DU with 
the lowest moving average in relation to wind speed.  

The graph of area B, although not showing points outside the control limits, showed a sequence of 10 tests below 
the midline (test 9 to 18), also indicating that it was out of control. Mercante et al. (2014) also concluded from 
the control plot that the parameters studied were out of control due to the behavior in sequence form on the same 
side of the midline. 

For Andrade et al. (2017), the EWMA control chart provided a more accurate and adequate diagnosis for 
micro-sprinkler irrigation, which detected small variations, diagnosed from sequences below the midline. 

The CUSUM control chart for distribution uniformity (DU), in areas A and B, are shown in Figure 10. In Figure 
11 the graph is presented in relation to the wind speed. 

 

      

Figure 10. CUSUM control chart for distribution uniformity (DU) in areas A and B 
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Figure 11. CUSUM control chart for wind speed 

 

As in the previous charts for area A the CUSUM control graphs also indicated that the process is out of control, 
with assay uniformity 3 above the upper control limit and sequence of 12 assays below the midline (assays 4 to 
15). Test 3, with the highest cumulative sum in relation to DU, can be justified by the low cumulative sum in 
relation to wind speed. On the other hand, it is noticed that the higher sums accumulated in the wind speeds, 
above the UCL, are associated with the lowest accumulated sums of DU. 

The CUSUM control graphs for irrigation uniformity of micro-sprinklers obtained by Andrade et al. (2017) also 
identified out-of-control treatments by displaying distant points in relation to the midline, presenting a sequence 
of more than eight points below the midline with low and high tendency at different times. 

The control chart of area B indicated that the process is under control, not presenting abnormal behavior that 
could be considered out of control. 

Overall, the Shewhart control charts indicated that both areas are under statistical control. Unlike the EWMA 
control chart, it indicated both areas out of control. The CUSUM control chart indicated that area B is under 
control. 

For Frigo et al. (2016) due to the simplicity, robustness and ease of interpretation of the data in conventional 
sprinkler irrigation systems, Shewhart’s graphs compared to the CUSUM and EWMA charts were the most 
indicated. On the other hand, Andrade et al. (2017) indicated the EWMA and CUSUM graphs for analysis of 
irrigation uniformity by micro-sprinklers because of their accuracy in detecting small variations. 

To identify the areas (A or B) in which the irrigations are capable of being kept under control, the process 
capacity indices (Cpi) were calculated, which are found in Table 3, emphasizing that the process is only able to 
remain under control, when the Cpi value is greater than 1.25 for existing processes, according to Montgomery 
(2009). 

 

Table 3. Process capability index for uniformity of distribution (DU) 

Process capability index for DU (%) – LSL = 65% 

Area A B 

Cpi 0.25 0.26 

Note. DU = Distribution Uniformity; LSL = Lower Specification Limit. 

 
From the low values of process capability indices below 1.25, the irrigations of areas A and B were not able to 
remain under control over time.  

These values are justified by the influence of the climatic factors, mainly by the effect of the wind during the 
tests, which reached the maximum speed of 8.5 m s-1. 

Ribeiro et al. (2012), reports that among the climatic factors, the wind was the factor that most influenced the 
uniformity of water distribution. Faria et al. (2016), Justi, Vilas Boas and Sampaio (2010) and Frigo et al. (2013) 
which state that with increasing wind speed, the uniformity of water distribution decreases, made the same 
report. 
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In a survey for sprinkler irrigation evaluation, Justi, Vilas Boas and Sampaio (2010) concluded that the process 
capability index was directly proportional to the uniformity of distribution. 

4. Conclusion 
Although the ease of interpretation of the Shewhart control plot is an important feature for analysis, it was 
inefficient when no abnormality was detected in the process. On the other hand, the Cussum graph was more 
efficient because it detected abnormality in at least one of the processes. Already, by the EWMA graph, small 
variations in the uniformity of water distribution in areas A and B was detected, identifying the occurrence of 
abnormality in both areas and, therefore, the most suitable for the evaluation of the process. 

Due to the low uniformity of water application, in areas A and B, caused mainly by the high wind speed, besides 
the irrigations being out of control, they also did not have the capacity to stay under control over time. 

The application of quality tools is an important ally in identifying failures in water application uniformities. Thus, 
to obtain irrigation under control and with the capacity to maintain it over time, it is necessary to investigate the 
causes of these faults and correct them. For this, it is recommended to use these tools periodically from new 
proposals of tests. 

Due to the high-water requirements on soccer field lawns, it is essential that the flaws in the uniformity of 
application by the irrigation system be corrected, to obtain a uniform lawn in all its extension, applying only a 
volume of water necessary for its economy. 
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