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Abstract
Nonlinear optimization design models were developed for field conditions to design and manage
border irrigation system using Lewis-Kostiakov infiltration equation. The design criterion used in
the models was the depth of irrigation and basic infiltration rate of the soil. The objective function
of the nonlinear model was constructed on the basis of a relationship between net returns and water
application efficiency. The design variables of the models were the inflow rate, length of run, cutoff
time, number of borders per set and number of sets. The nonlinear model gives a better representation
of the design parameters and is more flexible because it permits easy changes in the objective function.
Highlights
• The non linear model developed can be used to compare different types of border irrigation
management strategies.
• Optimization technique can be used as a tool for the design and management of border irrigation
system.
• The optimal design of border irrigation can be used to increase farm income by optimizing design
variables.
• The model gives the optimal values of design variables.
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The optimal design of border irrigation method
can be an important way to increase farm profits
and to use the water most efficiently. A better
understanding of decision variables and constraints
of irrigation systems in relation to the design and
management of border irrigation method can
contribute to the development of improved systems.
Effective designs of border systems have frequently
been based on arbitrary constraints and performance
criteria. As a result, there may be many possible

solutions to the objective of specifying a maximum
profit or a minimum cost. The farmer, as the owner
of the farm, is interested in the highest net benefits
from crop production. In the design of an irrigation
system, there are many combinations of values for
the variables that would fulfill the requirements of
the system. There will be a combination that will
involve minimum expenditure and at the same time
meet all the system constraints. Reddy and Clyma
(1981b) used combined approach of simulation
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and mathematical programming to develop an
optimal design of border irrigation systems.
Holzapfel et al. (1985) analyzed several parameters
that measure the irrigation performance for their
relation to surface irrigation design variables and
yield. Holzapfel et al.(1986) presented furrow and
border irrigation design optimization models for
corn. The models, which have nonlinear objective
functions and constraints, were linear zed to take
advantage of existing linear programming code
that perform sensitivity analysis and can be run in
microcomputers. Moreover, field topography (i.e.,
the field slope and its spatial variability, and precision
in land grading) also affects the performance of
border irrigation systems due to its influence on the
advance and recession processes (Bai et al 2010).
Juanjuan et al. (2010) studied that the measured
values are in accordance with optimized objective
values. It showed that the optimization model and
its solution can satisfy the demand of water saving
and guarantee for irrigation effect simultaneously.
Chen et al (2012) evaluated the performance of
border irrigation systems by using agricultural
irrigation survey data, field experimental data and
a simulation model. The design variables i.e., inflow
rate, border dimensions, and relative cutoff distance,
in the irrigation districts were found to be diverse.
However, after optimizing border dimensions
through simulation and field testing, it was found
that the applied depth per irrigation event could
be decreased by an average of 49 mm, and the
application efficiency could be increased on average
by 26.7 % in the three irrigation districts along the
lower Yellow river in China. Valipour (2013) studied
the use of different types of inflow regimes in border
irrigation for increasing irrigation efficiency which
has always been one of the main concerns of experts
and farmers. By using SIRMOD software the results
showed that cutback and surge irrigation methods
were able to increase irrigation efficiency to the
amount of 11.66% and 28.37%, respectively. Neil et
al (2014) verified reliability of infiltration parameters
and Manning roughness estimated with SIPAR_ID
software and presented an optimized method for
design of closed-end furrow system. The results

showed that adequate and efficient irrigations can be
obtained using closed-end furrows through a proper
selection of inflow discharge and cutoff time.
The literature reviewed above reveals that there is
not much work reported on border irrigation design
optimization models for maximization of net profit
from farm. Moreover, optimization models so far
developed, assume infiltration characteristics do
not change during the season. Besides, the models
did not consider deep percolation losses. However,
infiltration rates generally change during the season
and these changes should be reflected in the border
irrigation design. Therefore, the study was planned
to develop an optimization model for design of
border irrigation system incorporating infiltration
characteristics of soil, and to apply the model for
efficient design of border irrigation system for wheat
crop.
Materials and Methods
Optimization models developed for design and
management of border irrigation are very few.
However, these models have not considered
basic infiltration rate and deep percolation losses
while arriving at solution. Nonlinear optimization
model was developed by taking into consideration
the relationship between irrigation performance
parameters (water application efficiency, water
storage efficiency, and water distribution efficiency)
and design variables (border length, inflow rate,
cutoff time and depth). The relationship between
irrigation performance parameter and yield was
developed. Infiltration characteristics of soil advance
and recession data, water and labour cost was used
for formulating the constraints. The developed
relationship along with constraints was used in
developing the nonlinear optimization model.
Basic Infiltration Rate
Basic infiltration rate affects design, operation and
management of surface irrigation systems. It directly
influences the border length, required inflow rate
and cutoff time to provide a uniform and efficient
irrigation without excessive deep percolation. It
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is one of the most important factors in designing
surface irrigation systems.
Depth of Irrigation Water
Depth of irrigation water can be determined on the
basis of the maximum depth of water required in
one irrigation during the irrigation season, and on
the peak evapotranspiration of the crop. In general,
however, the depth of irrigation water can be
adjusted to any particular criterion selected by the
designer.
Table 1. Input Data for optimization model of border
irrigation
Model
A

Units

Input data
-0.299

B

0.898

C

-0.57

E

0.66

QT

l/s

Qmax

l/s

10

Qmin

l/s

7.5

Lmax

M

100

Lmin

15

M

63

Amin

m2

1575

EFFmax

%

71.97

EFFmin

%

53.4

Tmax

Min

480

K

621.84

KE

356.00

KF

-8.75

KG

0.071

Design Variables
Irrigation designer can manipulate design variables
(length of border, flow rate, cutoff time, slope and
depth) to find the best irrigation performance for a
given field.
Irrigation Performance Parameter
The performance of an irrigation method can be
evaluated by determining how well the irrigation

meets the water requirements, and how well the
applied water is distributed throughout the field.
Water applied for irrigation should meet the plant
water requirements at the time of irrigation. It should
not exceed the available water storage capacity of the
soil profile. All of these factors should be analyzed to
estimate the performance of irrigation.
Model Inputs
Prices of wheat, water and labour considered were `
1000/ quintal, ` 0.14/m3 and ` 10.0/hour, respectively.
The input data for the nonlinear model is shown in
Table 1.
Optimization Model
Lingo 10.0 software tool will be used to run non linear
optimization model. It is a software tool designed
to efficiently build and solve linear, nonlinear and
integer optimization models. This software uses
basic algorithms, the simplex method, the quasiNewton method and the reduced gradient method
to solve linear, nonlinear and integer optimization
problems.
Results and Discussion
Relationship between design variables and irrigation
performance parameter
In the present study, water application efficiency
(Ea), water distribution efficiency (Ed) and water
storage efficiency (Es) were the parameters that were
analyzed for their relation to design variables. Their
selection was based on the fact that they take into
account the depth of water required by the crop in
the irrigation as based on previous studies (Seginer,
1978). Multiple regression analysis was used to
determine mathematical relationships between
irrigation performance parameters Ea, Es and Ed
with the design variables. The NLREG, non-linear
regression model was used to obtain the equation (via
multiple regressions) for the irrigation performance
parameters as a function of the design variables.
Based on the results analyzed, water application
efficiency was the irrigation performance parameter
871
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that best correlated with the design variables. The
relationship between water application efficiency
and the design variables is

Relationship
between
Water
Efficiency and Net Returns

The objective function was to maximize net returns
from the farm. Net returns are defined as total
revenue minus total cost, and it may be computed as:

(1)
Where

(3)

Ea = Irrigation performance parameter

Where,

K = Constant for the equation

NR = Net returns, `/ha,

a, b, c and e = Exponential coefficients of inflow rate,
length, cutoff time and depth.

Y = Yield, q/ha,
Pc = Price of crop, `/q,

Table 2. Border irrigation optimization model
Model
Nonlinear
model

Requirement

WC =Water cost, `/ha,

5.53*

L
W
T (min)
(m)
(m)
63
83.92
5

43237.65

7.73**

63

69.25

5

43374.63

10***

63

60

5

43443.54

Q (l/s)

LC = Labor cost, `/ha, and

NR (`/ha)

OC = Other costs.
This study assumed that other costs (cost of fertilizer,
pesticide, harvesting, etc.) were constant. So, the
analysis considered the change in net returns as
a function of total revenue minus water cost and
labour cost only.
The function between net return and water
application efficiency is:

Relationship between relative yield and irrigation
performance parameter

(4)

Based on the relationship between the design
variables and irrigation performance parameters,
water application efficiency (Ea) showed best
correlation as compared to water distribution
efficiency (Ed) and water storage efficiency (Es). So
water application efficiency was chosen as irrigation
performance parameter for developing relation
with relative yield. The relationship between water
application efficiency and relative yield is

Relationship between Advance Time and Distance
The time required for the water to advance from
the head to the end of the field is an important
consideration in managing border irrigation system.
This time is often a close approximation of the
cut-off time. Relationships of the following forms
were obtained between advance time and distance
for discharge 7.5 l/s, 8.5 l/s and 10 l/s by two-point
method (Elliot et al., 1982) as:

(2)
Where

(5)

YR = Relative yield, percent, and

(6)

Ea = Water application efficiency, percent.

(7)
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Objective Function

T

= cutoff time per border, minutes

The objective function for model is

Ns

= number of irrigation sets per day

Maximize

Tmax

= the maximum time per day to irrigate
the minimum area, minutes K, a, b, c
and e are regression coefficients

IPPmax

= irrigation performance parameter, %

IPPmin

= the minimum irrigation performance
parameter allowable for the irrigation,
%

Amin

= the minimum area to be irrigated per
day, m2

Zreq

= water requirement depth prior to each
irrigation, mm

Ti – Tx

= intake opportunity time, min k and e
are constants

f

= basic infiltration rate, mm/min

Zd

= depth of irrigation applied, mm

W

= border width, m

DPL

= Deep percolation losses, % K1 and K2 are
unit conversion factors

-

(8)

Constraints
Based on the characteristics and resources of the
farm, the design variables can be restricted to be
within the appropriate limits. To achieve the above
objective, the following constraints were considered:
		

(9)
(10)
(11)
(12)
(13)
(14)
(15)
		

(16)
(17)
(18)
(19)

Where
Q

=

inflow rate per border, l/s

Qmax
=
stream size litre per minute per meter
width of border
L

= length of run, m

Lmax, Lmin = maximum and minimum length of run,
m
Nb

= number of border per set

QT

= total available flow rate, l/s

The optimization model of border irrigation was
run on computer, using LINGO 10 package. These
packages use as basic algorithms, the simplex
method, the quassi- Newton method and the
reduced gradient method to solve linear, nonlinear
and integer optimization problems, guaranteeing
a global optimal solution. The optimization model
for border irrigation considered all the parameters
involved in the design procedure, thus providing a
close representation of reality as reported by other
workers (Neil et al. 2014 and Holzapfel et al. 1986).
By setting the right hand side of model’s restriction
to desired values, different irrigation management
schemes can be tested. Also, by specifying the values
of the design variables and right hand sides of the
restrictions, actual field conditions can be simulated.
Table 2 shows the result of model for border
irrigation.
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Conclusion

Holzapfel, E. A., Marino, M. A. and J. Chavez-Morales 1986.
Surface irrigation optimization models. Journal of Irrigation
and Drainage Engineering 112(1): 1-19.

It is concluded that the nonlinear model gives better
representation of the design parameters and is more
flexible as it permitted easy changes in the objective
function. The model could be used to compare
different types of border irrigation management
strategies.
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