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a b s t r a c t

This study investigates the ability of gene expression programming (GEP) in modeling of the infiltrated
water volume (Z) under furrow irrigation. Field data were collected in the literature study for modeling
Z covering wide range of opportunity time. Five variables were used as input parameters; inflow rate (Qo),
furrow length (L), waterfront advance time at the end of the furrow (TL), infiltration opportunity time (To)
and cross-sectional area of the inflow (Ao). The following statistical parameters that coefficient of deter-
mination (R2), overall index of the model performance (OI), root mean square errors (RMSE) and mean
absolute errors (MAE) are used as comparing criteria for the evaluation of the models’ performances.
The best value of the statistical parameters which range in training, testing and validation processes as
the following (R2 = 95–97%; OI = 94–97%; RMSE = 0.013–0.009m3 m�1; and MAE = 0.011–0.007 m3 m�1)
implies that the GEP model provides an excellent fit for the measured data. A comparison is made
between the estimates provided by the GEP and the two-point method. The comparison results reveal
that the GEP models are superior to two-point method. Furthermore, the remarkable advantage of GEP
was that it resulted in an explicit equation for the estimation of the Z under furrow irrigation.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Infiltration characteristics of soil are one of the most important
parameters in the design, assessment and management of furrow
irrigation (Esfandiari and Maheshwari, 1997). Estimation of soil
infiltration is a major problem in irrigation studies due to proper
selection of the technique used to determine the parameters of
the infiltration models, the use of empirical models and its depen-
dence on soil moisture, soil characteristics and surface roughness.
Thus, the techniques used to determine soil infiltration character-
istics must be appropriate for the purpose of the study (Walker and
Busman, 1990).

It is necessary to utilize the mathematical models for simula-
tion of surface irrigation because of reducing costs and decrease
of time in analysis of indexes including application efficiency and
distribution uniformity (Mahdizadeh Khasraghi et al., 2015). Sev-
eral empirical equations have been developed to calculate infiltra-
tion that is a function of time through a surface irrigation event.
The parameters of these equations are derived by fitting them to
the actual cumulative infiltration data. The equations are then used

to estimate cumulative infiltration and infiltration rates (Ravi and
Williams, 1998). Some commonly used infiltration equations,
which have no apparent physical basis, are the Horton, Kostiakov
and Modified Kostiakov equations.

The mathematical models of surface irrigation are important for
the evaluation and design purposes may be classified into four
main categories. These models are the hydrodynamic (HD), the
zero inertia (ZI), the kinematic wave (KW), and the volume balance
(VB). Valipour and Montazar (2012a, 2012b, 2012c), and Valipour
(2012) compared the HD, ZI, and KW models to optimize infiltra-
tion parameters in furrow irrigation systems. The authors con-
cluded that performance of the HD and ZI was similar and better
than the KW model in all irrigation events. Recently, Valipour
et al. (2015) observed from more than one hundred data review
that the priority of irrigation methods to simulate using HD and
other models is border, basin, and furrow irrigation. It is border,
furrow, and basin for KW and VB models. Finally, this priority is
basin, border, and furrow for ZI model.

Various approaches have been used to estimate the parameters
of empirical infiltration functions from VB and irrigation evalua-
tion data. Therefore, it is important to analyze the problems of irri-
gation management and design (Strelkoff et al., 2009). Alazba
(1999) stated that ‘‘Several models with various solutions have
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been made [for example, Lewis and Milne (1938), Hall (1956), Fok
and Bishop (1965), Chen (1966), Bassett (1972), Kincaid et al.
(1972), Sakkas and Strelkoff (1974), Katopodes and Strelkoff
(1977), Strelkoff and Clemmens (1981), Elliott et al. (1982),
Walker and Skogerboe (1987), Schmitz and Seus (1990),
Valiantzas (1993, 1997), Alazba and Strelkoff (1994)]. Most of
these studies are based on either VB or the ZI. While VB represents
the simple and less accurate models, ZI represents the complex and
more accurate ones. Engineers usually prefer to solve an engineer-
ing problem, particularly for practical and routine tasks, with sim-
ple models. Therefore, the VB is commonly used in surface
irrigation design, evaluation, and management, because the
sophisticated models require extensive programming and high
computer cost due to the long execution time”. Elliott and
Walker (1982) developed a simplified technique which a well-
known two-point method that uses only two points from the
advance phase, usually at mid-distance and at the downstream
end of the field. They assumed that the advance equation can be
described by a power function. Holzapfel et al. (2004) evaluated
four different methods to determine for two furrow sizes narrow
(0.4 m top width) and wide (0.6 m top width). The results showed
that that the two point method performed much better than the
other methods when applied to wide furrow and only slightly
worse when used in narrow furrows. Bautista et al. (2009) reported
that the two-point method is one of the best known techniques to
determine empirical infiltration parameters from surface irrigation
evaluation data and mass balance, mainly because of its limited
data requirements and mathematical simplicity. Ebrahimian et al.
(2010) concluded that the two-point method had good perfor-
mance in prediction of the infiltration for both furrow and border
irrigation. There are several other similar methods based on the
VB (Norum and Gray, 1970; Wu, 1971; Lal and Pandya, 1972;
El-Shafei, 1980; Oyonarte and Mateos, 2003; Holzapfel et al.,
2004), but the main difficulty with them is the use of particular
forms of the infiltration equation. In many field situations, the form
of a particular infiltration equation may not fit the field data, and
therefore these methods may also not be suitable.

Recent technological progress has generated extremely accu-
rate and reliable computer-aided modeling tools. An efficient para-
digm in this area is a pattern recognition system that is effectively
capable of learning from experience (Gandomi et al., 2012). Gene
expression programming (GEP) is one of these intelligent systems,
which are able to map input–output relationships without any
understanding of the physical process involved. GEP was invented
by Ferreira (2001b) and is the natural development of genetic algo-
rithms and genetic programming. GEP has been applied in fields as
diverse as artificial intelligence, artificial life, engineering and
science, financial markets, industrial, chemical and biological pro-
cesses and mechanical models. It has been used to solve problems
such as symbolic regression, multi-agent strategies, time series
prediction, circuit design and evolutionary neural networks
(Samadianfard, 2012). GEP has been used in a number of hydrolog-
ical and hydraulic modeling problems. Guven and Aytek (2009)
used a GEP approach to model the stage–discharge relationship
and compared the results with conventional methods. They found
that the explicit algebraic formulations resulting from the GEP
approach gave the best results. In a similar study, Azamathulla
et al. (2011) developed mathematical models to estimate the
stage–discharge relationship for the Pahang River based on GP
and GEP techniques. Marti et al. (2013) evaluated the performance
of the artificial neural networks (ANN), GEP and Multi Linear
Regression (MLR) for estimating dissolved oxygen at sand filter
outlet using data from 769 experimental filtration cycles. The
results indicated that the GEP model tended to provide the most
accurate estimations, followed by ANN and, lastly, by MLR models.

Yassin et al. (2016) compared GEP, ANN to estimate daily reference
evapotranspiration under arid conditions in Saudi Arabia.

Ravi and Williams (1998) reported that the unsaturated or the
vadose zone is a key element of the hydrological cycle, directly
influencing infiltration, storm runoff, evapotranspiration, inter-
flow, and aquifer recharge. Understanding the nature of water
movement in the vadose zone and its quantification is essential
to solving a variety of problems. Therefore, evaluation of infiltra-
tion parameters for a field is difficult. Numerous models are avail-
able for performing simulations related to the movement of water.
Often these models use over-simplified estimates of infiltration,
which have little basis in reality and do not reflect actual field con-
ditions well. However, the practical application of these infiltration
models has not been adequately addressed. Therefore, the objec-
tives of this study were (1) to use the GEP technique to build a pre-
dictive model for the volume of infiltrated water in a furrow and to
find a generalized solution for infiltration that can be applied to
different soils and furrow conditions and (2) to compare field esti-
mated water infiltrated volume with both of the results of a
recently completed GEP model and the two-point method using
a VB model as described by Walker (1989).

2. Materials and methods

2.1. Database sets

The available database was used for development the GEP
model was obtained from published literature. A total of 159 data
points were collected from six studies (Valiantzas et al., 2001;
Alvarez, 2003;Holzapfel et al., 2004; Playán et al., 2004; Mateos
and Oyonarte, 2005; Sepaskhah and Shaabani, 2007). The studies
were conducted in different locations differing in soil types and
in furrow geometries. Many discharge rates were tested at each
location. Two separate experiments were conducted in the field.
The first experiment studied furrow infiltration using an infiltrom-
eter to estimate infiltration parameters of the empirical Kostiakov
equation. The second experiment consisted of measurements
including land leveling conditions, furrow discharges, furrow
cross-sections; advance time, recession time and hydraulic rough-
ness. Stations were marked at certain distances from the furrow
head. In the advancing phase, as the inflow water entered the fur-
rows and reached each station, the time of reach, water depth, sur-
face water width, flow cross-section and wetted perimeter were
determined. After termination of the inflow, the time of water dis-
appearance at each station was recorded to determine the reces-
sion times. Then, the infiltration opportunity time along the
furrow length at each station was calculated as the time difference
between when water disappeared and when it first started to
advance at the same point along the furrow. Both experiments
were conducted on the same field and performed under similar
conditions. The infiltration parameters established from the first
experiment were used for estimating the furrow infiltrated water
volume (Z) in the second experiment. Table 1 presents details of
the sites and values of the process variables and outputs. Data sets
for development of the GEP model were prepared and included
inflow rate (Qo), furrow length (L), waterfront advance time at
the end of the furrow (TL), infiltration opportunity time (To) and
cross-sectional area of the inflow (Ao) as input variables, and Z as
the output variable. The descriptive statistics of the data used in
this study is given in Table 2.

2.2. Gene expression programming

Gene expression programming (GEP) is a new evolutionary
artificial intelligence technique developed by Ferreira (2001a).
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