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Use of SimpTex Algorithm for Optimizing Simulation Models

by
Majid Ehteshami, Lyman S. Willardson, Richard C. Peralta’

ABSTRACT

A methodology and computer model is developed to determine economically
optimum closed subsurface drainage systems in irrigated areas. The madel
maximizes net benefits, by comparing profit driven by crop yields to drain
system cost and selects an optimum drain tayout. The optimization methodology
used is the SIMPLEX method (Nelder and Mead, 1965). The SIMPLEX model was 1inked
to the subsurface drainage model DRAINMOD (Skaggs, 1982) and to the surface
hydraulic model KINE (Walker and Skogerboe 1987). The selected optimum drainage
system maximizes the difference between total revenue, and the total cost of
installation, operation and management of a particular drainage system. The
optimization sub-program provides a workable and simple procedure for optimizing

water management simulation models.

INTRODUCTION

To properly design an effective drainage system, the determination of the
functional requirements to be met by the system is an essential step. In
agriculture drainage, this step involves the establishment of the drainage
requirement of the crop to be grown and the characterization of soil properties
affecting irrigation and drainage. Therefore, the aim of a drainage system is
to provide a healthy environment for plant growth. This implies that a drainage

system must be designed with the requirements of the plant to be grown in mind.
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Enormous investments in drainage of irrigated areas have already been made
or are planned. In the Imperial Irrigation District of California, the irrigated
area increased rapidly at the beginning of this century. By the 1920’s
wateriogging and salinity problems began to appear and by the end of the 1930's
20,000 hectares temporarily went out of production. 1In 1922, construction was
begun on the planned system of open drains. Using the channels of two rivers as
main trunk outlets, the system was extended on a pattern of parallel drains
approximately a half-mile apart. By 1966, almost 20,000 kilometers of tile
drains and 2,200 kilometers of deep open outlet drains had been installed to
maintain or restore the Tand’s productivity (Moore, 1972).

Development of privately instailed tile in the Valley has been remarkable.
From 1929 throﬁgh 1960 a total of 12,000 KiTometers has been laid. Most of the
tile has been installed during the 1950-1960 period. The average yearly
installation for this period was 800 Kilometers. In 1960, 1,200 Kilometers of
tile were installed {(Molof, 1972). Today almost 60% of the half-million acres
of productive land in Imperial Valley has adequate tile drainage (Imperial
Irrigation District, 1987). Figures I and 2 illustrates the layout of irrigation
canals and the open drain systems.

The selection of an optimum design alternative for a subsurface drainage
system depends upon the interaction of two conditions. First, maximizing crop
production by closely spacing laterals, and second minimizing installation cost
by spacing Taterals as widely as possibie. In addition, these two conflicting
conditions must be balanced. There are many other factors infiuencing crop
production. In order to jsoiate the effect of water in corn yield, it was

assumed that all other factors such as soil fertility, disease and pest control



IMPERIAL IRRIGATION DISTRICT
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Figure 1. Imperial Irrigation District, Map of the Imperial Unit Irrigation System Showing Concrete Lined and
Unlined Laterals.
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Figure 2. Imperial Irrigation District, Map of the Drainage System, Imperial Unit Showing Layout of the Open
Drain Ditches. .
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are properly managed so that any decrease in yield will be a consequence of water
management alone. Therefore, given a particular soil, climate and crop
condition, on-farm water management and drainage design decisions can be solved
.as an optimization problem,

Maximum yield for corn is achieved when moisture stress is not allowed.
Managing to obtain zero moisture stress, however, may involve considerable cost
due to drain installation and control of the amount of water applied and the
labor and energy used. The greater the cost of installation and operation of
drainage and irrigation systems and restricted the water 1imits, the higher the
unit cost of production becomes. 1In addition, the operational cost of any
particular system would be different under different water management practices
(Ehteshami et al., 1988). The question then becomes if and by how much yield
should be sacrificed in order to obtain maximum profit per unit of Tland.

The need to make an economic evaluation of agricultural drainage systems
is well recognized among numerous researcherQ. Among them Menz (1964}, has
presented an incremental analysis of the benefit-cost ratio. He noted that in
some cases overall benefit cost ratios for several project scales may be greater
than one, but the optimum project scale is that at which the excess of net income
over net cosi is greatest and this can be determined by incremental analysis.

The method used by Wiser et al. (1974) gives an estimation of the effect
of water table changes on crop response. The criterion for final system choice
is maximization of net benefits. The change in water table height was calculated
using an equation developed by Van Schilfgaarde (1965) which estimates the water
table height at any time due to an assumed pulse input which is uniform over the
period. The water table height is a function of the drain spacing, depth and

input to the water table.
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A water balance approach for subsurface drainage design has been proposed
by Bhattacharya et al. (1977). In this approach the system installation cost and
the market value of the harvested crop were compared for drainage system designs

with different drainage rates. These distributions were used to find the crop
losses. A drainage system was considered inadequate, and crop loss was assumed
if the water table remained within 30 cm of the surface for more than two
successive days. In another study, Bhattacharya and Broughton (19739) developed
a procedure to compute crop loss for corn. Different depths and durations of
high water table conditions, based on available data and probability concepts,
were used to calculate the revenue increases from a subsurface drainage system
design with different spacings in various soil types.

Durnford et al. (1982) presented a procedure which can be used to identify
economically optimum subsurface drainage system designs in an irrigated area.
She assumed that crop growth and yield are directly related to a minimum water
table depth and found a unique Teast cost combination. She defined an optimum
drain system, which maximizes the difference between the value of increased crop

yield attributing to drain installation and the cost of the drains.

PROCEDURE
The following procedure was adapted for maximization of the net benefit.
The objective function (Obj), for optimizing the net benefit can be formulated
as follows:
Obj = maximize net benefit (1)
To compute the objective function practical, acceptable limits must be set, such

that:
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min. spacing < drain spacing < max. spacing (2)
min. depth < drain depth < max. depth (3)
min. diam < drain diameter < max. diam (4)
min. Q < furrow inflow Q < max. (5)
min. Lf < furrow length < max. Lf (6)
min. Zn < depth applied at end of furrow < max. Zn (7)
_ min. F < irrigation frequency F < max. F (8)
and,

Net Benefit = Total Benefit - Total Costs (9)

where Total Benefit in this case is the income to the farmer from crop production
(yield), and Total Cost includes drainage system costs plus irrigation system

costs plus production costs.

Drainage Costs

The total cost of drainage system is a function several variables as
follows:

Totcd = CMN + CMA + CTU + CIN + COU + CFI (10)
or,
Toted = (€5 / L)+ (i x C6 x Ddepth® / L ) +
(i xC8 x ddiam® /L) + (i x C10 / MANL x L )
+(ixCll /L xOUTL) + (i xC21 / L ) (11)
and,
€21 = C14 x .00164 x ddiam® (12)

where Totcd is total drainage cost per unit area, CMN is cost of drain
maintenance per unit area, CMA is cost of drain installation per unit area, CTU
is cost of tubing per unit area, CIN is cost of man holes per unit area, COU is
cost of outlets per unit area, CFI is cost of envelope per unit area, L is drain
spacing (m), Ddepth is drain depth (m), i is the annualized eccnemic factor,
MANL is distance between each manhole (m), OUTL is distance between each outlet
(m}, €5, C6, C7, C8, C9, C10, C11 are cost coefficients. C21 is cost per linear
meter of envelop material, C21 could be approximated by a simple power function,

(Equation 12); where ddiam is drain diameter (mm), and C14 is a cost coefficient.



Irrigation_Costs

Total cost of the irrigation system is:

Totci = Nise { Cotlb + Cotwt ) + Cothd (13)
or,
Totci = Nise {{ 1/60 x C2 x C4 x Tirr ) +
( €1 x Nf x Tco ) / Effc )} + €3 x Wf (14)
~and,
Noset = Nf/Nfs (15)
Nfs = Qmax / Qin (16)
Tirr = Tco x Noset (17)
Nf = 10,000/Lf x Fs (18)
WF = Nf x Fs (19)

where Totci is total cost of the irrigation system, Nise is number of irrigations
per season, Cotlb is cost of labor per unit area, Cotwt is water cost, Cothd is
cost of head ditch construction per unit area, Tirr is time of irrigation, Noset
is number of 1irrigation sets, Nf is number of furrows, Nfs is number of furrows
per set, Qmax is maximum volume of available water, Qin is volume of inflow to
one furrow, Tco is time of inflow cutoff to furrow, Lf is furrow length, Fs is
furrow spacing, Wf is head ditch Tength, Effc is conveyance efficiency, C1, C2,C3
are cost coefficients, and C4 is fraction of time. The surface irrigation
hydrulic performance was simulated using the KINE model (Walker and Skogerboe
1987).

Production Cost

Cp is the agronomic production cost per ha, excluding the cost of drainage

and irrigation system construction and operation. A production cost of $500/ha

is assumed.

Benefit or Unit Income

Total Benefit can be described as:
Beft = Ry x Py x Cl (20)

where Beft is the total benefit ($§ per unit area or $/ha), Ry is relative yield
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{%). The relative yield has computed using DRAINMOD (Skaggs, et al. 1982). Py
is potential yield (kg/ha) and, Cl is price of the corn crop ($/Kg}.

Solution o the Optimization Problem

Maximization of net benefit is more comprehensive than minimization of cost
in that it incorporates a decision about the desired Tevel of system performance.
In this study, benefit will be measured in terms of crop yield value, and the net
benefit is defined as that income derived by the farmer from any additional crop
yield attributable to installation of a drain system minus the cost of that
system. Maximization of net benefits further implies that differing levels of
system performance are compared. Assuming that the levei of performance as a
function of maximizing net benefit can be quantified satisfactorily, then for
each performance level there is a consequent minimum system and operation cost
at which that performance level is achieved. The relationship between benefits,
cost and system performance level can be visualized as shown in Figure 3.

In this figure,

benefits and costs are
coat
plotted. The net benefit is \fof’#' Ef/#,x1““°f“

the distance between the two mot Bonef it

§4 Unit Area

curves, In general, it is

expected that as the

performance level of the
Drain Zpaclng m,

system increases, the benefit

or yield increases, at least

to a point, But, the cost Figure 3. Example Curve Showing Relationships between Cost,
Bermefit and Net Benefit, for One System Performance Level.

must also increase to obtain
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the additional performance. In the example curve shown, it is assumed that some
benefit is derived from the land with no artificial drainage. In addition,
benefits are shown as leveling off as the crop yields approach some minimum
“level. Finally, the derived net benefits level off as the crop yield approaches
some maximum attainable level and may even decline beyond this point i.e. extra
contribution of the cost which is due to additional crop protection. In the
economic consideration of a particular drainage system, the fevel of protection
should not be increased if the total cost exceeds the total benefit. Therefore,
theoretically, the point where marginal cost equal marginal benefit or, in
another word, where the slope of the cost function and the benefit function are
equal represents an optimum point.

The problem, then is to define the best system and develop a feasible
procedure for finding this system. As indicated above, in this study, it is
assumed that the best system is the one which maximizes net benefits on the farm
level. The general procedure commonly used to find a solution for the best
system can be classified as two types: 1. simulation and 2. eptimization. Using
the first approach, the simulation method, possible drain spacings and depths and
surface irrigation parameters and their effects on crop yield can be determined
realistically. The second approach, optimization requires more detailed analysis
than the simulation model, but it is capable of including most of the
interdependencies inherent in irrigation and drainage systems. A simplified
optimization routine which provides most of the advantage of the optimization
method, can be emplioyed.

Spendley et al. (1962) introduced a clever idea for tracking optimum
function conditions by evaluating, from the output form a set of points forming

a simpiex in the space and called it "SIMPLEX". The procedure was modified by
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Nelder and Mead (1965). The name simplex is derived from its shape in space.
The Spendley method employs a regular sequential pattern search of points in the
design space while maintaining efficiency compared to the simple direct method.
‘The idea is to pick a base point and, rather than attempting to cover the entire
range of the variables, to evaluate the design parameters in some pattern about
the base point. For example, in two dimensions, a triangular pattern which the
best of them (the node with the lowest value of the objective function) would be
selected as the next base point around, which to locate the next pattern of
points. If none of the corner points is better than the base point, the scale
of the grid is reduced and the search continues.

In this method the

search’ to optimize the
objective function, trail x
vectors (Figure 4} can be

selected at a point in space

lTocated at the vertices of

the simplex. The objective

function can be evaluated at

each of the vertices of the
Figure 4. An Outlock of the Simplex Method with Sequence of simplex, and a pY‘OjECt:IOﬂ
Simplexes Obtained in Maximization of the Objective Function.

made from the point yielding
the highest value of the objective function ( point x, in Figure 4 ) through the
centroid of the simplex. Point x, is deleted and a new simplex is formed by
reflection, expansion or contraction. The simplex is then composed of remaining

old points and the one new point, and then the procedure continues until a

prescribed error tolerance is met and optimization reaches final convergence.
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Some definitions are as follows from (Nelder and Mead, 1965):

reflection: The reflection of Ph is denoted by P* and its coordinates are
defined by the relation;

P* = (1+a) P, - Ph . (21)
where « is positive constant, the reflection coefficient,

P, is centered of simplex, and Ph is value of vertex with function in highest
value (the suffix of h,1 are to define high and low respectively).

If yv° is less than y, i.e. if reflection produced a new minimum, then we
expand P* to P by the relation;

P =5 P+ (1-3s)P, (22)
where & is expansion coefficient, which is greater than unity and finally if on
reflecting P to P* it is found that y* is bigger than y  for all i # h, i.e.
that replacing P by P*° Tleaves y" the maximum, (y is function value at P.) then
we define a new Ph to be either the old Ph or P*, whichever has the lower
function value and form;

P =8 Ph + (L -B) P, (23)
where B is contraction coefficient which lies between 0 to 1. The final point
of concern is halting the procedure which is concerned with the variation in the
y values over the simpiex. The form chosen is to compare the standard error of
y’s in the form of;

Err =y {z (yi-y )°/n) (24)
where y, is mean value of y, n is number of vertices that are compared to a
preset value (Err) or to so-called error tolerances and to stop when the value

falls below this value. Figure 5 shows a brief outline of the procedure used in

the optimization subroutine.
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Figure 5. Flow Diagram of Simplex Method (From Nelder and Mead, 1965),
could be wused for
comparing a wide range of design parameter values and %fo produce a series of
graphs that will allow practicing drainage engineers and farmers to select a
subsurface drainage system optimized for a given set of conditions.
The estimated costs of drain installation and materials are shown in Table
1 and a summary of input data and the values of parameters used are shown in
Table 2. The drain design computed by the drainage optimization model is the
least cost system for the highest level of yield that would be achieved based on
the input cost data, soil conditions, crop production, and one particular
irrigation layout. The computational procedure, as described, is an iterative
process. For example, for a field situation where a single corn crop is planted

each year, and the costs for a closed drain system are shown in Table 1. By

using these values and an initial trial drain spacing of, for example, 60 meters



Table I. Costs assumed for Closed Draifh
Systems and Irrigation Water Management Practices.

(Table 3), a relative yield of 820 w0l d T —

. . ] Variable Cost Assumed Units Explanatian
be determined using the drainage system

c1 0.0100 $/m>  water cost
: ; : ce 4.0000 $/hr labor cost
design results with the yield model. The s 3 1000 o et cost ok
. . ] ditch consiruction
net benefit from this particular system c4 1.0000 fraction of time
C5 0.0311 $/m/year maint. cost
s C6 0.2770 $/m inst. cost
was determined to be $170/ha/year. The o 2 1800 t/m inot. cost
L. . c8 0.0200 $/m tubing cost
gptimization model then eval-uates a co 0.7600 $/m tubing cost
cio 175.00 $/unit manhole cost
. : Cil 100.00 $/upit outlet cost
second alternative spacing of 69 meters c1a 8. 7500 $/m§ envelope oost
] . , Price/Kg 0.1200 $/kg  price of crop

and determines a corresponding relative Rate 0.1320

Tab]e II summary f’f t_he Input Data Used in _y-ie]d of 68% and net benefit of
Drainage Design and Optimization Model-
|

$3/ha/year. Therefore, the net benefit

Input parameters values
Years of simulation 1982 1983 gradient is negative and the net benefit
Rainfall station (#)
Eﬁggeg;g“e station (#) orn will decrease if the spacing is
Planting date {julian day) 105 ) . . .
Growing season (days) 130,142 increased. Since a higher net benefit
Drain depth (CT) ) 180,200,220
Drain spacing {(cm 4000,5000 , . s .
Profile depth (cm) 230 is required, the optimization sub-model
grqgn1tubing (mm) 124
oi ayers .
Saturated hydraulic condue..(em/hr) 2,3,4.,5 decreases the spacing to 58 meters and
Infiltration parameters A and B 3.3,1.0
5-0.1.0 re-evaluates the corresponding costs and

Length of furrow (m) 200,300 _
Furrow spacing {m) 1.00 benefits, and the gradient for the new
Roughness c?eff;cient 0.04
Field slop (m/m 0.014 , .
Hydrautic section parameters 0.66,2.87 results is determined. Table 3 shows
Furrow geometry parameter 0.96,.604
Kostiakav-Lewis infiltration parameters .

,0058,0,212,_00017 the sequence of data obtained by
E:]gw rate1('1és)t d of f (m) 8'3326507 '
ater applied at end of furrow {m} 0.05-0. : : . :
Max inum Flow available (m3/sec)  10.00 following this iteration method of
Potentia]by1e1d (kg/ha) m) 10000, 00
Distance between each manhole {m} 500,00 Tmi 1 i
Distance between each outlet (m} 500,00 optimization. When the Change in the
Irrigation frequencies {days) 10-20

———————— €1 benefit is Tess than a per-defined

tolerance, the optimization sub-model will end the procedure and the chosen
system would be the system giving the highest annual net return, using the
current input data. Convergence occurs fairly quickly in a few iterations.

The numerical values of net benefit for different combinations of hydraulic



Table III Sequence for Dptimization Trilal

in one Particular Case.
conductivity and for one interest rafe,

# Spacing Relative Yield MNet benefit

one amortization period and one (m) (%) {$/na)
installation cost are shown in Figure 6 > o o 17
. ) o 3 58 86 213
for different soil permeabilities. Of all 4 53 92 . 270
5 47 97 325
. : 6 34 100 314
the various hydraulic parameters 5 23 98 354
) ] ' _ 8 53 a2 270
considered in the economic analyses, soil 9 38 99 333
10 33 100 315
11 41 99 335

hydraulic conductivity has the greatest

200 influence on drain spacing and net
- R e benefit. Figure 6 indicates the drain
¥
# aoo- spacing needed to achieve the maximum
S
Q
5 2501 annual net benefit from subsurface
o
2 200 | drainage for various vatlues of
z - r
1604 % Eesf Eman hydraulic conductivity increases with
@ Ks=8 Cm/Hr
100 hydraulic conductivity.

10 =20 30 40 &0 60 Y0 B0 90
Drain Spacing . The sensitivity of model as a

Figure 6. Net Benefit Due to Subsurface Drainage TUNCLion of drain spacing was evaluated
for Various Soil Hydraulic Conductivity Values. }

by varying the unit price of crop
production, and varying the unit cost of installation using different interest
rates and system life times (Figures 7, 8). In each case, one input cost was
tested while keeping the other parameters constant. Figure 7 shows the effect
of capital recovery factors on net benefit for different drain spacings. Figure
8 shows the effect of crop prices on the net benefit for different drain
spacings. Figure 8 indicates that the crop prices are a major influence on the
net benefit. It is obvious from Figures 7 and 8 that changes in the cost of

the system components and crop price would influence the net benefit, while not

significantly affecting the drain spacing.
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Figur'e 8. MNet Benefit Due to Subsurface Drainage Fiugre 7. Met Benefit Due to Subsurface Drainage
for various Prices of Corn. for Different Capital Cost Recavery Factor.
CONCLUSIONS

A comprehensive procedure is presented which uses available information on
weather, soil, water and plant properties and related cost parameters to
establish rational guidelines to enable the investor or engineer to select an
appropriate design alternatives which will result in increased maximum average
annual net benefit. The procedure conducted in this study introduces the use of
state-of-the-art computer simulation techniques to optimize water management
models. The Simplex algorithm was linked together with the surface irrigation
and subsurface drainage model to optimize water management decisions in irrigated
agriculture. The optimization routine is based on net benefit maximization in
which the benefits are crop yields, and the cost components are installation and
maintenance of drainage system costs, plus costs associated with surface
irrigation, and the seasonal production cost. The optimization routine is proven

to be an effective methodology.
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Use of Simplex Algorithm for Optimizing Simulation Models

" by
Majid Ehteshami, Lyman S. Willardson, Richard C. Peralta’

ABSTRACT

A methodoiogy and computer model is developed to determine economically

P

optimum closed subsurface drainage systems in irrigated areas. The model
OoYvL
maximizes net benefits, by comparing profit%ééeby cropj@to drain

@ Al
system cost-and selects an optimum drain 3 %th}mzatw

4 -j i
trsed=i3=tw€ SIMPLEX method (Nelder and Mead, 1965). The SIMPLE godet-ywas 1inked

“to the subsurface drainage model DRAINMOD (Skaggs, 1982) and to the syrface

Vv 2 Lo Za" - P
hydraulic model KINE {(Walker and Skogerboe 1987). ﬁi;ed optimtfffdrainage
system maximizes the difference between total revenue, and the total cost of

installation, operation and management of a particular drainage system. TE

]

optimizak ST "';." |l gvid Lj{;’l'i;_é?‘ﬁ impleprocedure—fer-optimizig-
A e e DUy W

e
Mv’
' In 'j-
agriculture drainage, this Reﬁnvo]ves the establishment of the drainage “!@

requirement of theg{gto be grown and the characterization of soil propertg::éw‘ﬁ .

°§g

INTRODUCTION

MWO 2

[\

affecting irrigation and dral’ngggm aim of a drainage system is
to provxde a healthy environment for plant grivt/tjh' mplies that a

sy

i . .
Engineer, Assis. lImperial Irrigation District, Imperial, Ca 92251. Professol, Assoc. Professor,
respectively; Agricultural and Irrigation Engineering Department; Utah State University, lLogan, Utah 84322.
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Enormous investments in drainage of irrigated areas have already been made
or are planned. In the Imperial Irrigation District of California, the irrigated
area increased rapidly at the beginning of this century. By the 1920’'s
‘waterlogging and salinity problems began to appear and by the end of the 1930's
20,000 hectares temporarily went out of production. In 1922, construction was
begun on the planned system of open drains. Using the channels of two rivers as
main trunk outlets, the system was extended on a pattern of paraliel drains
approximately a half-mile apart. By 1966, almost 20,000 kilometers of tile
drains and 2,200 kilometers of deep open outlet drains had been installed to
maintain or restore the land’s productivity (Moore, 1972).
Development of privately installed tile in the Valley has been remarkable.
From 1929 through 1960 a total of 12,000 Kiiometers has been laid. Most of the
tile has been installed during the 1950-1960 period. The average yearly
installation for this period was 800 Kilometers. In 1960, 1,200 Kilometers of
tile were installed (Molof, 1972). Today a]most 60% of the half-million acres
of productive Tand in Imperial Valley has adequate tile drainage (Imperial

Irrigation District, 1987). Figures 1 and 2 illustrates the Tayout of irrigation

canals and the open drain systems. -~
The selection of an optimum design alternative_for a subsurface drainage
subh- ,véi,\
system depends upon the interaction of two - i P, maximizing crop

production by closely spacing laterals, and sgBpB#’minimizing installation cost

b

production. In order to isolate the effect of water in corn yield, it _was™

assumed that all other factors such as soil fertility, disease and pest control
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Figure 1. Imperial Irrigation District, Map of the Imperial Unit Irrigation System Showing Concrete Lined and
Unlined Laterals.
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Figure 2. Imperial Irrigation District, Map of the Drainage System, Imperial Unit Showing Layout of the Open
Drain Ditches. -
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are properly managed so that any decrease in yield will be a consequence of water
management alone. Therefore, _Gi a particular soil, climate and crop
condition, on-farm water management and drainage design decisions can be solved
.as an optimization problem.

Maximum yield for corn is achieved when moisture stress is not allowed.
Managing to obtain zero moisture stress, however, may involve considerable cost

¢q§§E§§? Y
due to drain installation and contnnl_ﬂf_ihe_amoun$—9$ and—the
labor—and—energyused7 The greater the cost of 1nsta]
L

unit cost of product1on @%ﬁ%ﬁgﬁ.

—partiTadar system uéaiézbe different under different wate; Tﬁgagement practices

wate

appti

drainage and irrigation systemf/n

(Ehteshami et ai., 1988). The question then becomes if—awd by how much yield
should be sacrificed in order to cbtain maximum profit per unit of land.

The need to make an economic evaluation of agricultural drainage systems
is well recognized among numerous researchers. Among them Menz (1964), K=
presented an incremental analysis of the benefit-cost ratio. He noted that in

TN
some cases overall benefﬁggggﬁt ratios for several project scales may be greater
than one, but the optimum proaect scale is that at which the excess of net income
¥ £
over net cost is greatest aaﬁé%ﬁﬁr can’ b& determined by incremental analysis.

HroTethod-usea<by Wiser et al. (1974) gives=en estimation of the effect
of water table changes on crop response. The criterion for final system cheiee= N
is maximization of net benefits. The change in water table height was calculated
using an equation developed by Van Schilfgaarde {1965) which estimates the water
table height at any time due to an assumed pulse input which is uniform over the
period. The water table height is a function of the drain spacing, depth and

input to the water tabie.
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A water balance approach for subsurface drainage design hae=besn proposed

by Bhattacharya et al. (1977). 1In thdghapproach the system installation cost and

the market value of the harvested crop were

with different drainage rates. sHErEins wete used to find the crop
losses. A drainage system was considered inadequate; and crop loss was assumed
if the water table remained within 30 cm of the surface for more than two
successive days. In another study, Bhatta;harya and Broughton {1979} develaped
a procedure to compute crop loss for corn. Différent depths and durations of
high water table conditions, based on available data and probability concepts,
were used to calculate the revenue increases from a subsurface drainage system
design with different spacings in various soil types.

Durnford et al. (1982) presented a procedure which can be used to identify
economically optimum subsurface drainage syétem designs in an irrigated zgﬁg

-rowth and y1e]d are d1rect1y related te=&#%?ﬂ+mﬁm water

rlgéggzefined an optlmum

She aSSumed that crop

net benef1te{

(1)

T utedthe obgective i icarl; ptable—timi ust be
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min. spacing < drain spacing < max. spacing L < 4 (2)

min. depth < drain depth < max. depth < d, =9y (3)

min. diam < drain diameter < max. diam (4)

min. Q < furrow inflow Q < max. Q (5)

.min. Lf < furrow length < max. Lf (6)

min. Zn < depth applied at end of furrow < max. Zn (7)

nd min. F < irrigation frequency F < max. F . (8)
and,

Net Benefit = Total Benefit - Total Costs : (9)

where Total Benefit in this case is the income to the farmer from crop production

(yield), and Total Cost includes drainage system costs plus irrigation system

costs plus production costs.

Drainage Costs

| 6 A5 L
/ The cost ofvgra1nage system is a function several variables,_ f 9
H \ * -

Totcd = CMN + CMA + CTU + CIN + COU + CFI (10)
or,
Toted = (€5 / L) + (i x C6 x Ddepth®™ / L ) +
(i xC8 x ddiam®® /L) + (i x C10 / MANL x L )
+ (1 xCll /LXxOUTL) + (i xC21 /L) : (11)
and, : ‘ . '
€21 = €14 x .00164 x ddiam® (1

where Totcd is total drainage cost per unit area, CMN is cost of drain

is cost o

maintenance -er\un1t,frea CMA is cost of drain installation per unit area, CTU
'\
per unit area, CIN is cost of man holes per unit area, COU is

Fert

cost of outlets per unit area, CFI is cost of envelope per unit area, L is drain P
1au£ﬁggé

spacing (m), Ddepth is drain depth (m), i is the annualized economic factor, _

MANL is distance between each manhole {m), OUTL is distance between each outlet T

(m), C5, C6, C7, C8, C9, Cl0, CIl are cost coefficients. €21 is cost per linear

meter of enve1opématema1 ‘ 72 approximated by a simple power function,

(Equation 12); where ddiam is dra1n d1ameter (mm), and C14 is,a cost, coefficient.

M%%% Wﬂwf&%mwaf
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Irrigation Costs Cbu1ﬂ ijglg u4i+‘}¢14{9b« %/énd ceX
@bst of the irrigation system is:
Totci = Nise ( Cotlb + Cotwt ) + Cothd (13)
Totci = Nise {{ 1/60 x C2 x C4 x Tirr ) + .
and ( C1 x Nf x Tco ) / Effc )} + C3 x Uf . (14)
and, '
Noset = Nf/Nfs (15)
Nfs = Qmax / Qin (16)
Tirr = Tco x Noset (17)
Nf = 10,000/Lf x Fs (18)
WF = Nf x Fs “ ~) (19)

where Totci is % cost of-the ir‘rigatw, Nise is number of irrigations

per season, Cotlb is cost of labor per unit area, Cotwt is water cost, Cothd is
cost of head ditch construction per unit area, Tirr is time of irrigation, Noset
is number of irrigation sets, Nf is number of furrows, Nfs is number of furrows
per set, Qmax is maximum volume of available water, Qin is volume of inflow to
one furrow, Tce is time of inflow cutoff to furrow, Lf is furrow length, Fs is
furrow spacing, Wf is head ditch Tength, Effc is conveyance efficfency, c1, €2,C3
are cost coefficients, and C4 is fraction of time. C@ﬁgﬁ;ﬂrface irrigation

0 )
hydiksic performance ¥33 simulated using the KINE model {Walker and Skogerboe
1987)\

Production Cost

Cp is the agronomic production cost per ha, excluding the cost of drainage

and irrigation system construction and operation. A production cost of $500/ha

is assumed.

Benefit or Unit Income

\@@?ﬁ)Benefit can be described as:

Beft = Ry x Py x C1 (20)
where Beft is the §§§§§:benefit {$ per unit area or $/ha}, Ry is relative yield
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{%). The relative yield A% computed using DRAINMOD (Skaggs, et al. 1982). Py
is potential yield (kg/ha) and, C1 is price of the corn crop ($/Kg).

.Solution to the Optimization Problem

aximi i net benefit is mor ! inimi ign of cost - .

ncorporates a decisi esired level of syste ce.
J\% In this study, benefit wﬂl_bewmea,s/muai-tems omyield value, and the net

benefit is defined as that income derived MWHM any addiyional crop /§/
yield attributable to installation of a drain system minus the cost of that L)(\\)(
\

Maximization of net benefits further implies that differing levels of

——————— "

M;))\ system performance are compared. Assuming that the level of performance as a \Mp‘){(}*
ction of maxinizing net | 4

system.

function of maximizing net benefit can be quantified satisfactorily, then for
each performance level there is a consequeﬁt minimum system and operation cost
Sﬁydésj at which that performance level is achieved. The relationship between benefits,
;stem performance level) can be visualized as shown 1n.Figure 3. .Iqi;éﬂp

Pl

iy

this figure,

nefits and costs are _gga

§ - plotted. The net benefit is 3
§ § % the distance between the two é_
N h\cur‘ves. In general, it is E

) =~

kanaf 1t

nnk benefit

B/ Unit Area

expected that as the

Q{\\ performance level P T I
i{ Dreln Bpaelng w,
\n
~

[S systER-increases, the b;:nefit O © @ C

or yield increases, at least

to a point. But, the cost Figure 3. example curve Showing Relationships between Cost,
Benefit and Net Benefit, for qW. ”{
must also increase to obtain W’/

O >4 -
Wﬁ’%ﬁéﬁﬁ%



egae aigdi

%‘“ benefits are shown as Teveling off as thewj_di approach % mini@ QK
% {level. Finally, the derived net benefits 1evm crop yield approaches
y maximum attainable level and may even decline beyond this point i.e. extra
\ lcontribution of the cost which is due to additional crop protection. 1In the
§ conomic consideration of a particular drainage system, the Tevel of protection
%§ hould not be increased if the total cost exceeds the total benefit. Therefore,
g heoretically, the point where marginal cost equal marginal benefit or, in
nother word, where theiLogg_gf the cost function and the benefit function are

equa1 represents an optimum point. \'/MT ’C SW st wﬁwy

The problem, then is to define the best system and develop a feasibie

{assumed that the best system is the one which maximizes net benefits on th
W

“‘\\w ‘?h‘ég;{}‘neﬁa iEroed re Soommonly_tised ok 55 -‘j”'i’u,: Wst ﬂﬁﬁ‘;
r!‘\ i o MA»&;; 0}”“3"\ prov /,-;
I"[?aw
Waean

§ rocedure for finding this system. As indicated above, in this study, it _is 6[! '
N

he 1 annraea 3 ;
”,. A il B

d’ = o w"‘»

éﬂ .ﬂﬂﬂz. at on laram efers

ﬁV@ l’ The second approach, ..\.

odet, but it is capab]e

v ,
S} L9l Spendley et al. (1962) introduced a clever idea\for tracking optimum
J. 9 -
O‘_\!\b function_conditions by evaluating, from the output form a et of points forming
\
a[ﬂexm the space and called it "SIMPLEX". The procedyre was modified by
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Nelder and Mead (1965).

The name simplex is derived from its shape in space.

The Spendley method employs a regular sequential pattern search of points in the

design space while maintaining efficiency compared to the simple direct method.

The idea is to pick a base point and, rather than attempting to cover the entire

range of the variables, to evaluate the design parameters in some pattern about

the base point.

For example, in two dimensions, a triangular pattern which the

best of them (the node with the lowest value of the objective function) would be

selected as the next base point around, which to locate the next pattern of

points.

of the grid is reduced and the search continues.

L

Figur‘e 4. An outlook of the Simplex Method with Sequence of

Timplexes obtained in Maximization of the Objective Function.

1d points and the one new point, and then the

If none of the corner points is better than the base point, the scale

In this method the
search to optimize the
objective function, trail x
vectors (Figure 4) can be
selected at a point in sﬁace
located at the vertices of
the simplex. The objective
function can be evaluated at
each of the vertices of the
simplex, and a projection

made from the point yielding

the highest value of the objective function ( point x, in Figure 4 ) through the
centroid of the simplex. Point x, is deleted and a new simplex is formed by

reflection, expansion or contraction. The simplex is then composed of remaining

procedure continues until a

rescribed error tolerance is met and optimization reaches final convergence.
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Some definitions are as follows from (Nelder and Mead, 1965):
refiection: The reflection of Ph is denoted by P* and its coordinates are

defined by the relation;

¥

PP =(1+a)P,-Ph : (21)
where « is positive constant, the reflection coefficient,
P, is centered of simplex, and Ph is value of vertex with function in highest
value (the suffix of h,1 are to define high and Tow respectively).

If y* is less than y, i.e. if reflection produced a new minimum, then we
expand P* to P™ by the relation;

P =65 P + (1 -35) P, (22)
where s is expansion coefficient, which is greater than unity and finally if on
reflecting P to P it is found that y is bigger than y, for all i # h, i.e.
that rep]aciﬁg P by P* Teaves y the maximum, {y is function value at P;} then

we define a new Ph to be either the old Ph or P*, whichever has the Tlower

_function value and form; =

P" =8 Ph+ (1-8)P, (23)
where B is contraction coefficient which lies between 0 to 1. The final point
of concern is halting the procedure which is concerned with the variation in the
y values over the simplex. The form chosen is to compare the standard error of
y’'s in the form of;

Err =y {z(yi-y)/n) (24)
where y, is mean value of y, n is number of vertices that are compared to a
preset value (Err) or to so-called error tolerances and to stop when the value
falls below this value. Figure 5 shows a brief outline of the procedure used in

the optimization subroutine.
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The Simplex

method is a usefull ' . '
saloulnts ioit, Pf end Y1
dstarming h, caculata ph

technique for AT A H-lan et

. y

OptimiZing simulation l hrent j—)l Wy s I sy gh?
s L} yea

models. The method trom 3oea{iigana) p*-gans pb
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was used to optimize 3 E
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Figure 5. Flow Diagram of Simplex Method (From Nelder and Mead, 1965S),

could be used for

~-comparing a wide range of design parameter values and to produce a series of

graphs that will allow practicing drainage engineers and farmers to select

subsurface drainage system optimized for a given set of conditions.
Thmgsts of drain installation and materials are shown
1 and a summary of input data and the values of parameters used are
Table 2. The drain design computed by the drainage optimization mode
Teast cost system for the highest level of yield that would be achieved

the input cost data, soil conditions, crop production, and one pa

irrigation layout. The computational procedure, as described, is an i

process. For example, for a field situation where a single corn crop is planted

each year, and the costs for a closed drain system are shown in Table 1. By

using these values and an 1n1t1a1 trial drain Sp g of, for example, 60 meters
M Lo D VW’( mxﬂﬂ
Q){O‘A—v

gxm,/&,ﬁzxw WEI/ZQ

in #ii;e
shown in
1 is the
based on

rticular

terative




Drainage Design and Optimization Model.

Input parameters values

Soil layers

#=, Saturated hydraulic conduc..({cm/hr} 2.3,4.5
% & XNJ Infiltration parameters A and B 3.3,1.0
AN A 6.0,1.0
9.2,1.0
. Length of furrow (m) 200,300
Furrow spacing (m) 1.00
Roughness coefficient 0.04
Field slop (m/m) 0.014
«) Hydraulic section parameters 0.66,2.87
N}Furrow geometry parameter 0.96,.604

5>-Kost iakov-Lewis infiltration parameters
.0088,0.212,.00017

Flow rate (1/3) 0.5-2.5
Water applied at end of furrow {m) 0.05-0.07
Maximum flow available {m3/sec) 10.00
Potential yield (kg/ha) 10000.00
Distance between each manhole {m) 500.00
Distance between each outlet (m)  500.00
Irrigation frequencies (days) 10-20

tolerance, the optimization sub-model will end the procedure and the chosen

system would be the

grable II. summary of the Input Data Used in

Years of simulation 1982,1983
Rainfall station (#)
Temperature station (#)

b Crop type carn
Planting date (%glia? day) 1054
Growing season (days 130
Drain gepth {cm) Y 180200, 220
Drain spacing (cm) (A0, SO0
Profile depth (cm) 230
drain tubing (mm) ) 104

TabTle I.

0.0100
4.0000
3.1000

1.0000
0.0311
0.2770
2.1800
0.0200
0.7600
175,00
100.00
8.7600
0.1200
0.1320

yield of 68% a

$3/ha/

rejults is determined.

sequence

net benefit is less than a per-defined

of data

Costs assumed for Closed Dr;iﬂ
Systems and Irrigation Water Management Practices.

Cost Assumed Units Explanation

$/m3 water cost

$/hr tabor cost

$/m annual cost of
ditch construction
fraction of time
$/m/year maint. cost

$/m inst. cost
$/m jnst. cost
$/m tubing cost
$/m tubing cost

$/unit manhole cost
$/ugit outlet cost

$/m enve lope cost
$/kg price of crop

system giving the highest annual net return, using the

current input data. Convergence occurs fairly quickly in a few iterations.

The numerical values of net benefit for different combinations of hydraulic

Table 3 shows

obtained by
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conduet1vzt;2/h?r{for one 1nterest rate,

# Spacing Relative Yield Net benefit

—
—

hydraulic conductivity has the greatest

41 99 335

400 : influence on drain spacing andflnet
e benefit. Figure 6 indicates the drain
o
Eiaoo- spacing needed to achieve the maximum
%zoo- annual net benefit from subsurface
:;200J drainage for . various values of
;:150- hydrau]ié conductivity increases with
100 hydraulic conductivity.
Drain Spacing m. The sensitivity of model as a

Figure 6. et Benefit Due to Subsurface Drainake function of drain spacing was evaluated

for Various Soil Hydraulic Conductivity Values.

production, and varying the unit cost of installat

by varying the unit price of crop

fon using different interest

rates and system life times (Figures 7, 8). In each case, one input cost was

tested while keeping the other parameters| constant.

Figure 7 shows the effect

of capital recovery factors on net benefit\for different drain spacings. Figure

8 shows the effect of crop prices on the net b

spacings. Figure 8 indicates that the crop prices

net benefit. It is obvious from Figures 7| and 8 that changes in the cost of

the system components and crop price would influenc

significantly affecting the drain spacing.

enefit for different drain

are a major influence on the

e the net benefit, while not

mﬂ‘-‘mﬁ?

one amortization period and one (m) (%) ($/ha)
ol

installation cost are shown in Figure & > oo o 7
. . e 3 58 86 213 fi—éf"7(/

for different soil permeabilities. Of all 4 53 92 - 270

: 5 47 g7 325

. . 6 34 100 314 (;1'22267

the  various  hydraulic  parameters ;3 98 334

. . ] ) 8 53 92 270
considered in the economic analyses, soil 9 38 99 333 (ﬁf%%/

10 33 100 315
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Figure 8. Ket Benefit Due to Subsurface Drainage Fiugr'e 7. Net Benefit Due to Subsurface Drainage
for Various Prices of Corn. for Different Capitai Cost Recovery Factor.
CONCLUSIONS

A comprehensive procedure is presented which uses availabie information on
weather, soil, water and p]ant;;propertieé and related cost parameters to
establish rational guidé]ines to enable the investor or engineer to select an
appropriate design alternatives which will result in increased maximum average
annual net benefit. The procedure conducted in this study introduces the use of
state-of-the-art computer simulation techniques to optimize water management
models. The Simplex algorithm was 1linked together with the surface irrigation
and subsurface drainage model to optimize water management decisions in irrigated
agriculture. The cptimization routine is based on net benefit maximization in
which the benefits are crop yields, and the cost components are installation and
maintenance of drainage system costs, plus costs associated with surface
irrigation, and the seasonal production cost. The optimization routine is proven

to be an effective methodology.
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