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This paper presents Gene-Expression Programming (GEP), which is an extension to the genetic programming
(GP) approach to predict the total bed material load for three Malaysian rivers. The GEP is employed without
any restriction to an extensive database compiled from measurements in the Muda, Langat, and Kurau rivers.
The GEP approach demonstrated a superior performance compared to other traditional sediment load
methods. The coefficient of determination, R2 (=0.97) and the mean square error, MSE (=0.057) of the GEP
method are higher than those of the traditional method. The performance of the GEPmethod demonstrates its
predictive capability and the possibility of the generalization of the model to nonlinear problems for river
engineering applications.
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1. Introduction

An alluvial river frequently adjusts its cross-section, longitudinal
profile, course of flow and pattern through the processes of
sediment transport, scour and deposition. In order to sustain
cultural and economic developments along an alluvial river, it is
essential to understand the principles of sediment transport for
application to the solution of engineering and environmental
problems associated with natural events and human activities.
Currently, there are various sediment transport equations that have
been developed based on different approaches to predict the total
bed material load (Chang et al., 2005). Conventional approaches
used in most modeling efforts begin with an assumed form of an
empirical or analytical equation and follow with a regression
analysis or curve fitting using experimental data to determine the
unknown model coefficients (Kisi, 2005, Sasal and Isik, 2005).

Although a number of successful attempts have been recorded by
Azamathulla et al. (2008, 2009), a wider application of theoretical
models is restrained by their heavy demand in terms of computing
capacity and time. Alternatively, soft computing techniques, such as
artificial neural networks (ANNs), evolutionary computation (EC), fuzzy
logic (FL), and genetic programming, have been successfully applied in
water engineering problems since the last two decades (Nagy et al.,
2002, Yang et al., 2009). Only a few studies on application of GEP in
water engineering are available in the literature (Azamathulla et al.,
2010a,b and Guven, 2009). Bhattacharya et al. (2007) used machine
learning to model sediment transport. The present study summarizes
the recent results based on field data collected at three river catchments
in Malaysia, i.e., the Kurau, Muda, and Langat Rivers. This study shows
that themeasured total bedmaterial load canbepredicted accurately for
Malaysian rivers using GEP technique.

1.1. River conveyance and sediment transport capacity

The data collection program for the present studywas implemented
at three major rivers i.e., the Kurau, Muda, and Langat Rivers (Figs. 1, 2
and 3) in Malaysia from 2007 until 2008. Six study sites were chosen
from each river for detailed analysis on river conveyance and sediment
transport capacity. All cross-sections for the River Muda and the River
Langat are single thread channel with the top width ranging between
22.5 and 134.0 m representingmediumsize rivers and the topwidth for
the River Kurau ranges between 25.8 and 41.0 m representing small–
medium rivers. The slopes are between 0.00008 and 0.0021 indicating
that the cross-sections are still natural. The details of themorphological
and hydrological descriptors and range of field data are given in Table 1.
The data collection includes flow velocity (V), flow depth (Y), flow
discharge (Q), suspended load (Tt), bed load (Tb) and water surface
slope (So) andwidth (B). The corresponding values offlowarea (A), and
hydraulic radius (R) are also given in Table 1. In addition the bed
elevation, water surface and thalweg measurement (the minimum bed
elevation for a cross-section), were also determined at the selected
cross-sections. The total bed material load (Tj) is composed of the
suspended load and bed load. The total bed material load must be
specified for sediment transport, scour, and deposition analysis. Details
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Fig. 1. River Muda Basin (DID, 2009).
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of the measurement methodology are given by Ab. Ghani et al. (2003).
The measured total bed material rating curves for these six sites at the
three rivers are illustrated in Figs. 4 to 6.
Fig. 2. River Langat B
1.2. Sediment transport equations assessments

Yang (1972) related the bed material load to the rate of energy
dissipation of the flow as an agent for sediment transport. The theory
of minimum rate of energy dissipation states that when a dynamic
system reaches its equilibrium condition, its rate of energy dissipation
is at a minimum. The minimum value depends on the constraints
applied to the system. For a uniform flow of energy dissipation due to
the sediment transport can be neglected. Yang equation for sand
transport is:
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where Ct=total sand concentration (in ppm byweight),WS=terminal
fall velocity, d50=average particle diameter of granular material,
υ=Kinematic viscosity, U =shear velocity, VS=unit stream power,
VCS=critical unit stream power required at incipient motion, Cv=
Sediment concentration by volume.
asin (DID, 2009).
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Fig. 3. River Kurau Basin (DID, 2009).
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Engelund and Hansen (1967) applied Bagnold's stream power
concept and the similarity principle to obtain the sediment transport
equation as below.

qs = 0:05ρsV
2 d50

g Ss−1ð Þ
� �1=2 τ

ρs−ρð Þd50

� �3=2
; ð2Þ

where qs=total sediment discharge by weight per unit width, V=
average flow velocity, S=energy slope, ρ=density of water, ρ=den-
sity of sediment, d50=medianparticle diameter, g=accelerationdue to
gravity, and τ=shear stress along the bed.
Table 1
Range of field data for three rivers (DID, 2009).

Study area Study area

River Langat River Muda River Kurau

Q (m3/s) 2.75–120.76 2.59–343.71 0.63–28.94
V (m/s) 0.23–1.01 0.14–1.45 0.27–1.12
B (m) 16.4–37.6 9.0–90.0 6.30–26.00
Yo (m) 0.64–5.77 0.73–6.90 0.36–1.91
A (m2) 8.17–153.57 5.12–278.34 1.43–33.45
R (m) 0.45–3.68 0.55–3.90 0.177–1.349
So 0.00065–0.00185 0.00008–0.000235 0.00050–0.00210
Tb (kg/s) 0.027–0.363 0–0.191 0.080–0.488
Tt (kg/s) 0.2860–99.351 0.024–15.614 0.001–2.660
Tj (kg/s) 0.525–99.398 0.099–15.644 0.089– 2.970
d50 (mm) 0.31–3.00 0.29–2.10 0.41–1.90
Manning n 0.034–0.195 0.021–0.108 0.014–0.066
The assessment of Yang (1972) and Engelund and Hansen
(1967) equations was made after removing outliers for the 214 sets
of data for the present study (Tables 2 to 4). The assessment was
based on average size of sediment (d50). The performances of the
equations were measured using the discrepancy ratio (DR), which is
the ratio of the predicted load to measured load (DR=predicted/
measured). As applied in most sediment transport studies (Yang,
1972; Yang et al., 2009), a discrepancy ratio of 0.5–2.0 (DR=0.5–
2.0) was used as a criterion in the evaluation of the selected
equations. The evaluation (Figs. 7 to 9) using these equations shows
Fig. 4. Sediment rating curve along River Muda (DID, 2009).
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Fig. 5. Sediment rating curve along River Langat (DID, 2009).

Table 2
Assessment of Yang and Engelund–Hansen equations for River Muda (DID, 2009).

Location Total
of
data

Discrepancy ratio between 0.5 and 2.0

Yang equation Engelund–Hansen
equation

No. of data % No. of data %

MU1 (Jambatan Ladang Victoria) 14 4 28.57 6 42.86
MU2 (Jambatan Dato Syed Omar) 14 5 35.71 5 35.71
MU3 (Jambatan Teloi) 14 3 21.43 8 57.14
MU4 (Jambatan Jeniang) 14 2 14.29 0 0
MU5 (Jambatan Gajah Putih) 10 0 0 0 0
MU6 (Jambatan Nami) 10 2 14.29 0 0
Overall 76 16 21.05 19 25.00

Table 3
Assessment of Yang and Engelund–Hansen equations for River Langat (DID, 2009).

Location Total
of
data

Discrepancy ratio between 0.5 and 2.0

Yang equation Engelund–Hansen
equation

No. of data % No. of data %

LA1 (Dengkil) 10 1 20.00 3 30.00
LA2 (Jenderam) 10 6 60.00 3 30.00
LA3 (UKM) 10 6 60.00 10 100.00
LA4 (Kg Dusun Nanding) 10 3 30.00 4 40.00
LA5 (Cheras) 10 4 40.00 3 40.00
LA6 (Semenyih) 10 10 100.00 8 80.00
Overall 60 30 50.00 31 51.67

Table 4
Assessment of Yang and Engelund–Hansen equations for River Kurau (DID, 2009).

Location Total
of
data

Discrepancy ratio between 0.5 and 2.0

Yang equation Engelund–Hansen
equation

No. of data % No. of data %

KU1 (Main Sg Kurau) 13 10 76.92 11 84.62
KU2 (Kurau Tributaries) 13 6 46.15 8 61.54
KU 6 (Batu 14) 13 6 46.15 6 46.15
KU 11 (Kg Perak) 13 7 53.85 8 61.54
KU 12 (Kg Cheruk Pelanduk) 13 1 7.69 1 7.69
A5 (Sg Ara) 13 3 23.08 4 30.77
Overall 78 33 42.31 38 48.72
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that all the existing equations, in most cases, over predict the
measured values as listed in Tables 2 to 4. The water surface slopes
for rivers in the present study were found to be mild that results in
lower total bed material load rates and hence over estimation of the
measured values by both equations.

2. Study area and data used

The present study covers three rivers i.e., the River Muda, the River
Langat and the River Kurau, that have different levels of sand mining
activities. Sungai Muda has a long history of sand mining activity
along the upper reach. Sungai Langat recently has been amajor source
of sand for construction with the development of Putrajaya, Malaysia.
Less sand mining is ongoing in the River Kurau upstream of the Bukit
Merah reservoir.

2.1. River Muda

The River Muda is the longest river in the state of Kedah, and it is
situated in northern Peninsular Malaysia with its origin in the
northern mountainous area of the state adjoining to Thailand, as
shown in Fig. 1. The basin has a drainage area of approximately
4210 km2. However, a small portion of the catchment lies within the
upper boundary of the State of Pulau Pinang. In terms of administra-
tive boundaries, the upper and middle reaches of the basin belong to
the State of Kedah, while the downstream of the river forms the
boundary between the states of Kedah and Pulau Pinang.

Themain channel of River Muda has a length of about 180 kmwith
a slope of 1/2300 (or 0.00043 m/m) from the river mouth to Muda
Dam. The channel width is typically around 100 m and widens up to
about 300 m near the river mouth. The channel tends to erode due to
sand mining operations, aggravating bank erosion, and river total
Fig. 6. Sediment rating curve along River Kurau (DID, 2009).
degradation. Per river surveys in 2000, the shallowest point in the
river is located 2.5 km upstream of the river mouth, and it causes
difficulty in navigation during low tides. At the upstream end of the
River Muda is the Muda Dam, which acts as an extra storage for the
Pedu dam. The two dams are part of the irrigation scheme. In general,
the River Muda is still in its natural state, with riparian vegetations
and flood plains made up of paddy fields along the riverbanks.

2.2. River Langat

The basin occupies the south and southeastern parts of the State of
Selangor and small portions of Negeri Sembilan and Wilayah Perseku-
tuan. The basin is bounded on the east by theMain Range and the Straits
of Malacca on the west. The basin has diverse topography ranging from
mountainous areas in the northeast, low rolling hilly areas in themiddle
to lowlands in the southwest part of the basin. The geographic location
of the basin is shown in Fig. 2.

The river system flows through the State of Selangor, Negeri
Sembilan, and the Federal Territory of Putrajaya. The main river, the
River Langat, has a total length of about 180 km and it forms one of the
four major river systems in the State of Selangor. The River Langat
basin (the basin) has a total catchment area of 2350 km2 and an
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Fig. 7. Assessment of the Yang and Engelund-Hansen equations for the River Muda
(DID, 2009).

Fig. 9. Assessment of the Yang and Engelund-Hansen equations for the River Kurau
(DID, 2009).
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average-annualflowof 35 m3/s and themean annualflood is 300 m3/s.
The Langat River has a several tributarieswith the principal ones being
the River Semenyih, the River Lui, River Labu and the River Beranang.
There are two reservoirs, the Langat Reservoir and the Semenyih
Reservoir. Use of River Langat is not only limited to water supply and
includes other purposes such as recreation, fishing, effluent discharge,
irrigation and even sand mining.

2.3. River Kurau

The River Kurau (Fig. 3) represents the main drainage artery of the
basin, draining an area of approximately 682 km2 which is generally
low lying. The river originates partly in the Bintang Range and partly
in the Main Range where the terrain in the upper reaches is steep and
mountainous. The mid-valley of the river is characterized by low to
undulating terrain, which gives way to broad and flat floodplains.
Ground elevation at the river headwaters is moderately high, at
1200 m and 900 m in Batu Besar and Batu Ulu Trap respectively. The
slopes in the upper 6.5 km of the river average 12.5% while those
lower down the valleys are much lower, of the order of 0.25% to 5%.
The River Kurau basin is an important as the main water resources for
the Kerian Irrigation Scheme as well as main domestic water supply
for the Kerian District and the Larut & Matang District, State of Perak.

A dam was constructed 65 km upstream at the mid section of the
rivers to form the Bukit Merah Reservoir. This dam is operated
principally to irrigate the paddy areas immediately below the reservoir.
Upstream of the reservoir are two subsystems, namely the Kurau
subsystem and the Merah River subsystem. Both drain through
undulating to steep terrain. Areas in the former subsystem were
developed extensively for tree crop agriculture while the Pondok
Tanjong Forest Reserve forms themain land use of the latter subsystem.
Fig. 8. Assessment of the Yang and Engelund-Hansen equations for the River Langat
(DID, 2009).
Largely rural in nature, the River Kurau basin has many riverine villages
established from the mid to lower reaches of the river.

3. Overview of GEP

GEP,which is an extension toGP (Koza, 1992), is a search technique
that evolves computer programs (mathematical expressions, decision
trees, polynomial constructs, logical expressions, and so on). The
computer programs of GEP are all encoded in linear chromosomes,
which are then expressed or translated into expression trees (ETs). ETs
are sophisticated computer programs that are usually evolved to solve
a particular problem, and are selected according to their fitness at
solving that problem. Thanks to genetic modification, population of
ETs will discover traits and therefore will adapt to the particular
problem they are employed to solve. This means that, within enough
timeand setting the stage correctly, a good solution to the problemwill
be discovered (Ferreira, 2001a,b).

GEP is a full-fledged genotype/phenotype system, with the
genotype totally separated from the phenotype, while in GP, genotype
and phenotype are one entangled mess or more formally, a simple
replicator system. As a consequence of this, the full-fledged genotype/
phenotype system of GEP surpasses the old GP system by a factor of
100–60,000 (Ferreira, 2001a,b and further details can be found in the
work of Guven and Aytek, 2009).

To date, the application of GEP in hydraulic engineering has been
limited. Davidson et al. (1999) and Babovic and Keijzer (2000)
determined empirical relationships for the friction in turbulent pipe
flow and the additional resistance to flow induced by flexible
vegetation, respectively. Keijzer and Babovic (2002) derived empirical
equations using real-world hydraulic data, Giustolisi (2004) deter-
mined Chezy resistance coefficient in corrugated channels, Kizhisseri
et al. (2005) explored a better correlation between the temporal
pattern of flow field and sediment transport by utilizing numerical
model results and field data, and Guven and Gunal (2008a,b)
predicted local scour downstream of grade-control hydraulic struc-
tures. Recently, Guven (2009) applied to predict flow rate using linear
genetic programming technique.
Table 5
Parameters of the optimized GEP model.

Parameter Description of parameter Setting of parameter

P1 Function set +, -, *, /, √, power, Sin,
Cos, Tan

P2 Mutation rate % 40
P3 Inversion rate % 30
P4 One point and two point recombination

rate respectively
0.3,0.3

P5 Gene recombination rate 95
P6 Gene transportation rate 0.1
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Fig. 10. Expression Tree (ET) for the GEP formulation
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Table 6
Error measures for different sediment models to comparison of traditional predictors
and GEP model for total bed material load.

Models Coefficient of
determination, R2

Mean square error

GP 0.97 0.057
Yang (1972) 0.722 10.376
Engelund and Hansen (1967) 0.623 12.735
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4. GEP modeling of sediment transport

In this study, GEP was developed for sediment data sets, the
parameters that affect the total bed material load can be given in a
form as: Tj= f (Q, V, B, YO, R, SO, Ws, d50) to establish a GEP. Initially, the
“training set” is selected from the whole data and the rest is used as the
“testing set”. Once the training set is selected, one could say that, the
learning environment of the system is defined. The further part of
modeling consists offivemajor steps in preparing tousegene expression
programming. Thefirst is to choose thefitness function. For this problem,
the fitness, fi, of an individual program, i, is measured by

fi = ∑
Ct

j=1
M−

��Cði;jÞ−Tj
��� �

ð3Þ

where M is the range of selection, C(i,j) is the value returned by the
individual chromosome i for fitness case j (out of Ct fitness cases) and Tj
is the target value for fitness case j. If |C(i,j)−Tj| (the precision) is less
than or equal to 0.01, then the precision is equal to 0, and fi=fmax=CtM.
In this case,M=100was used, therefore, fmax=1000. The advantage of
this kind of fitness functions is that the system can find the optimal
solution by itself.

Second, the set of terminals T and the set of functions F are chosen
to create the chromosomes. In this problem, the terminal set consists
obviously of single independent variable, i.e., T={h}. The choice of the
appropriate function set is not so obvious; however, a good guess can
always be helpful in order to include all the necessary functions. In
this study, four basic arithmetic operators (+, -, *, /) and some basic
mathematical functions (√, x2, x3, power) were utilized.

The third major step is to choose the chromosomal architecture, i.e.,
the length of the head and the number of genes.We initially used single
gene and 2 length of heads, and increased the number of genes and
heads, one after another during each run, and monitored the training
and testing performance of each model. We observed that number of
genesmore than 2 and length of headsmore than 8 did not significantly
increase the training and testing performance of GEP models. Thus,
length of the head, lh=10, and two genes per chromosome were
employed for each GEP model in this study. The fourth major step is to
choose the linking function. In this study, we tried addition and
multiplication as linking functionsandobserved that linking the sub-ETs
by addition gave better fitness (Eq. (3)) values. Finally, the fifth major
step is to choose the set of genetic operators that cause variation and
their rates. A combination of all genetic operators (mutation, transpo-
sition and crossover) was used for this purpose (see Table 5).

The calibration of the GEPmodel is performed based on 214 input–
target pairs of collected data. Among the 214 data sets, 64 (30%) is
reserved for validation, and the remaining 150 sets for the calibration
purpose and remaining were used for testing, or validating, the GP
model. Software was developed to perform the analysis, and can be
obtained from the first author.

In this study, four basic arithmetic operators (+, -, *, /) and some
basic mathematical functions (√, x2, power) were utilized. A large
Fig. 11. a: Observed versus predicted sediment load by GEP for Kurau. b: Observed
versus predicted sediment load by GEP for Langat. c: Observed versus predicted
sediment load by GEP for Muda.
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number of generations (5000) were tested. First, the maximum size of
each programwas specified as 256, startingwith 64 instructions for the
initial program. The functional set and operational parameters used in
GP modeling during this study are listed in Table 5.

The best of generation individual, chromosome 10, has fitness 470
for this GEP Modeling of Sediment Transport. The explicit formula-
tions of GEP for total bed material load, as a function of (Q, V, B, Y0, R,
S0, Ws, d50), were obtained as

Tj = ð−0:39* RY0*
ffiffiffiffiffi
S0

p Þ= −0:72 + S0ð Þ
 �
+ R + eSinðQVRÞ

� �

+ Tan−1ð−0:16* RBÞ + R
ffiffiffiffi
Q

p Þ + ðd50−3:39Þ*d350*S0

+ Tan−1ðVÞ*eV− logð6:93−Y0Þ*ððWs*BÞ= ð−2:075ÞÞ

ð4Þ

Fig. 10 shows the expression trees of the above formulation.

5. Results and discussion of GEP

The performance of the GEP model was compared with the
traditional total bed material load equations of Yang and Engelund–
Hansen. Table 6 presents a comparison of coefficient of determination
R2 andmean square error, MSE of the predicted total bedmaterial load
of the different models. It can be concluded that for all the data sets
the GEP model gives either better or comparable results. Overall,
particularly for field measurements, the GP models give better
estimations than the existing models. The GEP model produced the
least errors (R2=0.97 and MSE=0.0698) and Fig. 11a, b and c show
the observed and estimated total bed material load of the unseen
testing data.

The above findings are not surprising to the authors, since the most
significant advantage of the proposed GEP compared to classical
traditional equations is that it is capable of mapping the data into a
high dimensional feature space, where a variety of methods (described
in the previous section) are used to find relations in the data. Since the
mapping is quite general, the relations found in thisway are accordingly
very general.

6. Conclusions

Sediment transport process in rivers is a complex phenomenon.
The nature and motivation of traditional total bed material load
models differ significantly. These approaches are normally able to
make estimations within about one order of magnitude of the actual
measurements. To overcome the complexity and uncertainty associ-
ated with total bed material load estimation, this research demon-
strates that GEP model can be applied for accurate estimation of total
bed material load. A GEP model with the all the inputs mentioned
produced satisfactory perform adequately. The GEPmodel was able to
successfully predict total load transport in a great variety of fluvial
environments, including both sand and gravel rivers. Also, the GEP
estimation of mean total load was in almost perfect agreement with
the measured mean total load. The high value of the coefficient of
determination (R2 = 0.97) and mean square error (MSE = 0.057)
proves that the GP model provides an excellent fit for the measured
data. These results suggest that the proposed GEP model is a robust
total load predictor. This study demonstrates a successful application
of the GEP modeling concept to total bed material load transport.
From this study it can be concluded that only eight parameters are
required to predict total bedmaterial load, which is in agreementwith
previous works (Yang et al., 2009). The value of the GEP approach is
that the nonlinear function need not be the same for all fluvial
environments.
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