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A B S T R A C T 

 

Iran, has caused most of the water used and as much as 
possible to avoid losses. One of the important parameters in 
agriculture is water distribution uniformity coefficient (CU) in 
sprinkler irrigation. CU amount of water sprinkler operating depends 
on different pressure heads (P), riser height (RH), distance between 
sprinklers on lateral pipes (Sl) and the distance between lateral pipes 
(Sm). The best combination of the above parameters for maximum 
CU, is still unknown for applicators. In this research, CU quantities of 
zb model sprinkler (made in Iran) were measured at Hashemabad 
cotton research station of Gorgan under 3 different pressure heads 
(2.5, 3 and 3.5 atm), 2 riser heads (60 and 100 cm) and 7 sprinkler 
(Sl×Sm including 9×12, 9×15, 12×12, 15×12, 12×18, 15×15, 15×18m) 
arrangements. By using differential evolution algorithm (DE), CU 
equation was optimized and the best optimized coefficients 
obtained. In this algorithm, the coefficients F and CR equal to 2 and 
0.5, respectively, with a population of 100 members and 1000 
number of generations (iterations), provides the best results. 
Absolute error between the results of this algorithm with the 
measured results is 2.2%. As well as values Wilmot (d) and the root-
mean square error (RMSE), equal to 0.919 and 2.126, respectively. 
This results show that this algorithm has high accuracy to estimate 
water distribution uniformity. 
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1. Introduction 

The uniformity of water application in a sprinkler irrigation system is an important aspect of the system 
performance. That be defined with water distribution uniformity coefficient (CU). The first study of sprinkler 
irrigation uniformity has been done by Christiansen (1942) in California, that led to the Christiansen uniformity 
coefficient is presented (Eq. 1).  
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 (1) 
In the above formula, CU is Christiansen uniformity coefficient, xi is depth of water collected in each can of 

water (mm), x  is the average depth of water in cans (mm) and n is the number of cans to collect water. 
In sprinkler irrigation systems, are very common to use Christiansen uniformity coefficient. Many researchers 

in the field of water distribution uniformity coefficient in fixed sprinkler systems have been worked. Other 
research such as Hart and Reynolds (1965), Karmeli (1997), Vories and Bernuth (1986), Dabbous (1962), Heerman 
(1983), Keller and Bliesner (1990), Carrion et al. (2001), Montero et al. (2003) and Bavi et al. (2006) have 
investigated  different aspects of water distribution uniformity coefficient.  

 A sprinkler water distribution pattern depends on the system design parameters such as: the sprinkler 
spacing, operating pressure, nozzle diameter, and environmental variables such as: wind speed and direction. The 
sprinkler irrigation distribution patterns have been characterized by various statistical uniformity coefficients and 
various coefficients of uniformity (CUs) have been developed over the past decades. Hart and Reynolds (1965) 
proposed “distribution efficiency”, DEpa, a value based on numerical integrations of the normal distribution 
function while DEpa is determined by first selecting a target CU and a target “percent area adequately irrigated”. 

Due to the importance of understanding the uniformity coefficient, this coefficient using the results of a 
single sprinkler according to the overlapping neighboring sprinklers are measured.  

As stated previously, different researchers have used various concepts to express the coefficients of 
uniformity, hence the equations lead to different results in the expression of the distributed water uniformity in 
the same fields. In this study, evaluate different uniformity coefficients with Differential Evolution Algorithm (DE) 
to propose the best and optimized equation for CU.  

But many researches has been done to the estimation of various relationships using different algorithms. 
Research such as Hezar Jaribi et al. (2009), Vasan and Raju (2007) and Janga Reddy and Nagesh Kumar (2007).   

Problems which involve global optimization over continuous spaces are ubiquitous throughout the scientific 
community. In general, the task is to optimize certain properties of a system by pertinently choosing the system 
parameters. So in this study, CU has been estimated by DE algorithm, and funded the best and optimizes 
coefficients in CU equation.  

Differential Evolution (DE) algorithm is a branch of evolutionary programming developed by Storn and Price 
(1995) for optimization problems over continuous domains.  

2. Materials and methods 

2.1. The field experiments data 

The field experiments were conducted on farmland located in Hashem Abad Agricultural Research Station of 
Gorgan Cotton Research Institute, about 11 kilometers northwest from Gorgan. The lands were irrigated by solid 
set sprinkler irrigation systems. The sprinkler uniformity tests were conducted using rain-gauge for uniformity 
coefficients measuring. The model of sprinkler is zb that made in Iran. 
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Table 1 
Christiansen uniformity coefficient distribution (%) in different treatments pressure, height and spacing 
of sprinkler [7]. 

Pressure Sprinkler Height (SmSl) Sprinkler Spacing 

1518 1515 1218 1512 1212 915 912 

3.5 60 80.2 82.5 85 85.8 91 86.2 87.5 
100 79.5 83.5 86.3 85.8 91.6 86.5 91.1 

3 60 81.2 84.1 84.9 86.1 87.5 87.6 90.2 
100 84.8 84.6 86.7 87.1 89.9 89.6 92.2 

2.5 60 73.7 79.5 74.5 81.1 85.8 82.9 85.3 
100 77 80.7 82.6 83.5 86.4 84.7 86 

 
In this study, the coefficient values of water CU for zb model in three different treatments of water working 

pressure (2.5, 3 and 3.5 atm), two sprinkler height treatments (60 and 100 cm) and seven treatments sprinklers 
arrangement network (Sm × Sl) Includes 12 × 9, 15 × 9, 12 × 12, 12 × 15, 18 × 12, 15 × 15, 18 × 15 m were measured 
at Cotton Research Station, Gorgan, Iran. To measure Christiansen uniformity coefficient, equation 1 was used. The 
results of this study are shown in Table 1. 

2.2. Differential evolution algorithm 

Differential Evolution (DE) algorithm is a branch of evolutionary programming developed by Rainer Storn and 
Kenneth Price (1995) for optimization problems over continuous domains. In DE, each variable’s value is 
represented by a real number. The advantages of DE are its simple structure, ease of use, speed and robustness. 
DE is one of the best genetic type algorithms for solving problems with the real valued variables. Differential 
Evolution is a design tool of great utility that is immediately accessible for practical applications. DE has been used 
in several science and engineering applications to discover effective solutions to nearly intractable problems 
without appealing to expert knowledge or complex design algorithms. Differential Evolution uses mutation as a 
search mechanism and selection to direct the search toward the prospective regions in the feasible region. Genetic 
Algorithms generate a sequence of populations by using selection mechanisms. Genetic Algorithms use crossover 
and mutation as search mechanisms. The principal difference between Genetic Algorithms and Differential 
Evolution is that Genetic Algorithms rely on crossover, a mechanism of probabilistic and useful exchange of 
information among solutions to locate better solutions, while evolutionary strategies use mutation as the primary 
search mechanism. 

Differential Evolution (DE) is a parallel direct search method which utilizes NP D-dimensional parameter 
vectors. 

, ,    1,2,....,NPi Gx i 
                                                                                 (2) 

As a population for each generation G. NP does not change during the minimization process. The initial vector 
population is chosen randomly and should cover the entire parameter space. As a rule, we will assume a uniform 
probability distribution for all random decisions unless otherwise stated. In case a preliminary solution is available, 
the initial population might be generated by adding normally distributed random deviations to the nominal 
solution xnom,0. DE generates new parameter vectors by adding the weighted difference between two population 
vectors to a third vector. Let this operation be called mutation. The mutated vector’s parameters are then mixed 
with the parameters of another predetermined vector, the target vector, to yield the so-called trial vector. 
Parameter mixing is often referred to as “crossover” in the ES-community and will be explained later in more 
detail. If the trial vector yields a lower cost function value than the target vector, the trial vector replaces the 
target vector in the following generation. This last operation is called selection. Each population vector has to 
serve once as the target vector so that NP competitions take place in one generation. More specifically DE’s basic 
strategy can be described as follows: 

 
Mutation 

For each target vector , ,    1,2,....,NPi Gx i 
, a mutant vector is generated according to: 
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, 1 1, 2, 3,      (  -  )i G r G r G r GV x F x x   
                                                    (3) 

With random indexes r1, r2, r3 {1, 2, …., NP} integer, mutually different and F > 0. The randomly chosen 
integers r1, r2 and r3 are also chosen to be different from the running index i, so that NP must be greater or equal 

to four to allow for this condition. F is a real and constant factor [0, 2] which controls the amplification of the 
differential variation (xr2,G-xr3,G). Fig.1 shows a two-dimensional example that illustrates the different vectors 
which play a part in the generation of Vi,G+1. 

 

 
 

Fig. 1. An example of a two-dimensional cost function showing its contour lines and the process for 
generating Vi,G+1. 

Crossover 
In order to increase the diversity of the perturbed parameter vectors, crossover is introduced. To this end, 

the trial vector: 

, 1 1 , 1 2 , 1 , 1( , ,..., )i G i G i G Di Gu u u u   
                                                             (4) 

Is formed, where: 
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                              (5) 
 

In Eq. (5), randb(j) is the jth evaluation of a uniform random number generator with outcome[0; 1]. CR is 

the crossover constant [0; 1] which has to be determined by the user. rnbr(i) is a randomly chosen index1, 2, …, 
D which ensures that ui,G+1 gets at least one parameter from Vi,G+1. 

Selection 
To decide whether or not it should become a member of generation G+1, the trial vector ui,G+1 is compared 

to the target vector xi;G using the greedy criterion. If vector ui,G+1 yields a smaller cost function value than xi,G, 
then xi,G+1 is set to ui,G+1; otherwise, the old value xi,G is retained. 
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                                    (6) 
Finally, this process continues to reach new generations to the number of NP. Then the same process is 

repeated to reach termination condition. 
Figure 2 schematically overview of differential evolution algorithm for numerical model, the entire above 

process is specified numerically in this figure. 
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Fig. 2. Differential evolution algorithm for numerical model. 

 
In this paper, to achieve a nonlinear relationship, that can be related the uniformity coefficient to the 

parameters listed, the sum of squared error objective function should be used as follows: 

 
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( ) ( ) ( )
n

i i

i

s CU m CU s

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                                                                       (7) 

In the above equation, m and s, are measurements and estimated index, respectively. In this research from all 
experimental data, for the estimation of model, 70 percent of the experimental data was randomly selected and 
the last 30 percent used for validation of the obtained equations. 
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According to research Hezarjaribi et al. (2009) Eq. 8, has shown good accuracy than other equations to 
estimate the Christiansen uniformity coefficient for working pressure of the sprinkler, sprinkler height, distance 
between sprinklers on the pipes side and distance between side pipes. 

5432

1

k

m

k

l

kk SSRHPkCU 
                                                                         (8) 

Where P is the pressure, RH is the height of Sprinkler, Sl and Sm, is distance between sprinklers on the pipes 
side and distance between side pipes, respectively. k1, k2, k3, k4 and k5 are the fixed numbers that will optimize 
with the differential evolution algorithm. 

In this research program has been written in Matlab for using differential evolution algorithm and non-linear 
equation for different values of F, CR, different populations (NP) and different number of generations (NG) were 
studied. 

For verifying the fitted model against experimental results, has been used relative error, absolute error, the 
root-mean square error (RMSE), mean absolute error (MAE), coefficient of determination (R2) and the parameter d 
(Willmot, 1981). 

3. Results and discussion 

In the first step, to obtain the best conditions for algorithm that provide the most optimal and does not local 
optimum problem, 10 combinations of different modes for the coefficients F and CR were examined. After finding 
the best combination of coefficients values F and CR, algorithms for solving the independent populations were 
examined, to this purpose, the population of 25, 50, 100, 500 and 1000 members were studied. Finally, the best 
combination of coefficients and population were used to examine the effect of the number of generations, so 
three generations of the 500, 1000 and 10000 were studied. Totally, the algorithm was run 90 times for various 
conditions and obtained the best case.  

To reach a minimum value of eq. (7), the number of generations 1000, an initial population of 1000, the 
parameter (F) = 2 and the parameter (CR) 0.5 were considered. And the results were converging and a good 
agreement with experimental data was observed. 

According to Eq. 8 on 70% of the measured data the optimal coefficients are obtained as the eq. 8 by the 
differential evolution algorithm. Uniformity coefficient of this optimal equation is revealed in Table 2. 
 

Table 2  
Christiansen uniformity coefficient distribution from DE algorithm (%). 

Pressure Sprinkler Height (SmSl) Sprinkler Spacing 

1518 1515 1218 1512 1212 915 912 

3.5 60 81.57 83.74 83.27 86.48 88.29 87.79 90.67 
100 83.30 85.52 85.04 88.32 90.16 89.66 92.59 

3 60 79.73 81.85 81.39 84.53 86.29 85.81 88.62 
100 81.42 83.59 83.11 86.32 88.12 87.63 90.50 

2.5 60 77.60 79.67 79.22 82.28 83.99 83.52 86.25 
100 79.25 81.36 80.90 84.02 85.77 85.29 88.08 

 
0.1483 0.0411 0.0925 0.1443111.61 l mCU P RH S S 

                                                     (9)  
To evaluate the goodness of the optimal equation, the equation was used to estimate Christiansen uniformity 

coefficient distribution of the 70% of the experimental data (Fig. 3). 
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Fig. 3. Measured results are compared with the estimated results) 70 percent of the data). 
 
Then, the model obtained from 70% of the data was verified with remaining 30% of the measured data. To 

evaluate the goodness of the optimal equation, the equation was used to estimate Christiansen uniformity 
coefficient distribution of the 30% of the experimental data (Fig. 4). 

 
Fig. 4. Measured results are compared with the estimated results) 30 percent of the data). 

 

The estimated Christiansen uniformity coefficient distribution using Eq. 9 have been compared with the 30% 
and 70% of the observed value and good agreement was observed (Table 3).  
 

Table 3 
Statistical measure for the comparison of the estimated with the observed values. 

Data RMSE MAE R2 Absolute Error Relative Error d (Willmot) 

70% Data 1.970 0.045 0.720 2.02% 0.02% 0.922 
30% Data 2.472 0.094 0.769 2.63% 0.26% 0.915 
All Data 2.126 0.005 0.741 2.2% 0.06% 0.919 

 
It was revealed that the maximum absolute error was less than 3%, this error was for 30% data. Also the 

statistical parameters Wilmot (d) reveal that the optimal coefficients that obtained with DE algorithm are very 
good. 

4. Conclusion 

In this study nonlinear equation uniformity coefficients in sprinkler irrigation has been optimal by using 
differential evolution algorithm. The best results obtained in F and CR equal to 2 and 0.5, respectively. Also the 
number of generations 1000, an initial population of 1000, have shown a good agreement between experimental 
data and estimated data.  
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Another result of this study is that differential evolution algorithm is a very high rate of convergence to find 
optimal point in nonlinear equations. Coefficients of uniformity equation in sprinkler irrigation was optimized very 
well by differential evolution algorithm  

The estimated Christiansen uniformity coefficient distribution have been compared with the 30% and 70% of 
the observed value and good agreement was observed. It was revealed that the maximum absolute error was less 

than 3% and the mean square of the sum of squared differences between the data (

( )
( )

s
s

n


 

) is equal 0.328 by 
this algorithm.   

Generally, can be said that ddifferential evolution (DE) algorithm, for optimizing nonlinear functions is very 
good, and compare to other algorithms has a much higher rate of convergence, Whereas   dose not local optimal 
problems. 

References 

Bavi, A., Kashkouli, H., Vaelizade, M., broumandnasab, S., 2006. Evaluation of the weather and hydraulic 
parameters on water distribution uniformity in sprinkler irrigation at omidiye region. Conference on 
management of irrigation and drainage networks. Shahid Chamran University., Ahvaz: 2-4 May.  

Carrion, P., Tarjuelo, J.M., Montero, J., 2001. SIRIAS: A simulation model for sprinkler irrigation: I. Descript. model.  
Irrig. Sci., 20, 2, 73-84. 

Christiansen, J.E., 1942. Irrigation by Sprinkling. California Agricultural Experiment Station Bulletin 670. University 
of California, Berkeley., CA. 

Dabbous, B., 1962. A study of sprinkler uniformity evaiuation method. Thesis submitted to Utah State  University at 
Logan, Utah, in partial fulfillement of the requirements for the degree of Master of Sci., Utah 84322. 

Hart, W.E., Reynolds, W.N., 1965. Analytical design-sprinkler system. Transactions. Amer. Sos. Agr. Eng., 1, 83-89. 
Heerman, D.F., 1983. Design and operation of farm irrigation systems., ASAE, 591-600. 
Hezar Jaribi, A., Dehghani, A.A., Hesam, A., Sharifan, H., 2009. Estimation of water distribution in sprinkler 

irrigation uniformity using genetic optimization algorithm. J. Soil Water Conservat., 18, 4, 129-144.(In Persian) 
Janga Reddy, M., Nagesh Kumar, D., 2007. Multi-objective differential evolution with application to reservoir 

system optimization. J. Comput. Civil Eng., 21, 2, 136–146. 
Karmeli, D., 1997. Estimating sprinkler distribution pattern using ear regression. Transact. Amer. Soc. Agr. ur. Eng., 

21, 4, 682-685. 
Keller, J., Bliesner, R.D., 1990. Sprinkler and trickle irrigation. Van Nostrand Reinhold, NewYork, NY, USA. 652 p. 
Montero J., Tarjuelo J.M., and Carrion P., 2003. Sprinkler droplet size distribution measured with an optical 

spectropluviometer. Irrig. Sci., 22, 47-56. 
Storn, R., Price, K., 1995. Differential Evolution—A Simple and Efficient Adaptive Scheme for Global Optimization 

over Continuous Spaces. Technical report. Int. Comput. Sci. Inst., Berkeley, CA. 
Vasan, A., Raju, K., 2007. Application of differential evolution for irrigation planning: an Indian case study. Water 

Res. Manage,. 21, 8, 1393-1407. 
Vories, E.D., Von Bernuth, R.D., 1986. Single nozzle sprinkler performance in wind. Trans. Am. Soc. Agric. Eng., 29, 

1325-1330. 
Willmott, C.J., 1981. On the validation of models. Phys. Geog., 2, 184-194. 


