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Abstract: Reservorr rule curves are guideline for long term operation of multi-purpose reservoir that affected
from severe flood and drought situations. This study proposed an alternative technique for searching optimal
rule curves of multi-purpose reservoir. The proposed model consists of a Conditional Ant Colony Optimization
(CACO) and a reservoir simulation model. Monthly rule curves of the Lampao Reservoir located in the northeast
of Thailand was considered n this study. Four hundred samples of generated inflow data of reservoir were used
to evaluate the performance of the proposed model and the results were compared with those of the genetic
algorithm technique (GAs) and currently used. The results found that the new rule curves produced by the
CACO and simulation method provided a sunilar pattern of rule curves as compared with the rule curves
provided by genetic algorithm technique. The patterns are different from the existing pattern. The situations
of water shortage and flood of using the new rule curves with reservoir operation considering generated inflow
are lower than those of using existing rule curves. However, these situations are closely to the situations of
using the rule curves of genetic algorithms techmique. In conclusion, the proposed model could enhance the
performance of the Lampao Reservoirs and it might be applied to other reservoirs by modifying the objective
functions and constraint equations of searching process.

Key words: Reservoir rule curves, ant colony optimization, genetic algorithm, sumulation model,
optimization techmique
INTRODUCTION around budgeting solution for long term operation.

Water resource requirements for agriculture, water
supply, industty, power generation, ecology and
environment have increased in concern with population
growth, lifestyle changes and economic expansion. It 1s
obviously that in the northeast region of Thailand where
the population faces annual problematic droughts and
floods. As such, a criterion of optimal water operation for
storage reservoirs should be established that recognizes
that the amount of water storage in the area 18 limited. A
reservolr operation that uses rule curves can improve
water budgeting, better respond to water requirements,
provide positive solutions to flood problems and achieve
long term operation planning (Reznicek et al., 1991,
Kim and Wurbs, 2011).

Generally, reservoir operating systems function with
a water release budget and amount of storage water. The
stored water 1s released under certain conditions for
multipurpose that are defined by water use criteria and
reservoir operating rule curves. The reservoir operating
rule curves have been found to provide the best all

Typically, reservoir operating systems have been large
and complex especially area having both drought and
flood situations (Kangrang et al., 2011).

The searching for optimum rule curves is a non-linear
optimization problem. Years ago, the optimization
technique being applied to search the optimal rule curves
was performed with a reservoir simulation model
(Jain et al, 1998). The rule curves obtained by this
method are not guaranteed to yield the optimal curves
because of human adjustment in the trial and error
process during perform. Later, Dynamic Programming (DP)
was applied to solve non-linear problems in water
resource areas (Esogbue, 1989; Kumar and Baliarsingh,
2003). The DP/PPO was developed to search the optimal
rule curves of single and multple reservoirs
(Chaleeraktrakoon and Kangrang, 2007). However, this
method is complex and specific system.

The Genetic Algorithm (GA) is a robust searching
techmque that has been applied to solve complex
problems worldwide (Yeh, 1997). The best part of the GA
is that it can handle any type of objective function of the
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search problem. The GA was applied to search rule curves
of reservoir, it has been in several studies (Chang ef al,
2005; Kim and Heo, 2006; Hormwichian et al., 2009). The
Differential Evolution (DE) 1s another search techmque
that was developed by Storn and Price (1997). Tt uses a
simulation of natural evolution, the same as the GA
(Storn and Price, 1997). The DE is a search technique
based on the mecharnism of natural selection and genetics.
Tt has a robust random search capability and an approach
to global optimum values.

In the last decade, a simulated annealing algorithm
(SA) was applied to solve the optimization problem
(Locatelli, 2000; Teegavarapu and Simonivic, 2002;
Lamom et al., 2008). Recently, the SA has been applied to
connect with simulation for searching the optimal
reservolr rule curves (Kangrang et al., 2011). It revealed
that the SA could be used to find the optimal rule curves
effectively. In addition, the influence of climate
fluctuations on summer and fall reservoir inflows affected
by the El Nino Southem Oscillation (ENSO) and the
Pacific Decadal Oscillation (PDO) was investigated with
a reservolr operation model (Sellars ef al., 2008).

The Ant Colony Optimization (ACO) is another
search optimal techmque motivated by the natural
phenomenon that ants deposit pheromone on the ground
i order to mark some favorable path that should be
followed by other members of the colony. The ACO is a
probabilistic  technique for solving computational
problems which can be reduced to finding good paths
through graphs. This algorithm 15 a member of ant colony
algorithms family, in swarm intelligence methods and it
constitutes some heuristic optimizations. The first ACO
algorithm called the ant system (Dorigo et al., 1991). ACO
has been widely applied in various problems (Jalali et al.,
2006; Yin and Wang, 2006; Afshar, 2010).

This study proposed Conditional Ant Colony
Optimization (CACO) to connect with simulation model for
searching the optimal reservorr rule curves. A minimum
average water shortage was used as the objective
function for searching procedure. The proposed model
has applied to determine the optimal rule curves of the
Lampao Reservoir in the Northeast region of Thailand.
Comparison of the CACO and the new Simulation Model
(SM) as well as the existing simulation model were shown
to demonstrate the effectiveness of the proposed model.

MATERIALS AND METHODS

The proposed CACO model aims to utilize a number
of ants to calculate on reservoir simulation for
constructing a pheromone matrix, each entry of which
represents the situation water shortage of the reservorr
during run period. Furthermore, the movements of the
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ants are steered by average water shortage of the system
for iteration run. The procedure of development model
consists of reservorr simulation model and conditional ant
colony optimization model that combined together for
searching the optimal rule curves. The detail of each
model will be described as the following.

Reservoir simulation model: Normally, a reservoir system
comprises available water that flows into the reservoir
with a single or multipurpose downstream covering
service area. The reservoirs usually operate under water
usage criteria and reservoir rule curves for long term
perform. The reservoir rule curves have been found to
offer the most equitable solution to all operational
problems. A modified reservoir operation model was
constructed on the concept of water balance and it can be
used to simulate reservoir operation effectively
(Hormwichian et al., 2009). The reservoir operating
policies are based on the rule curves of individual
reservoirs and the principles of water balance equation
under reservoir simulation model. The reservoir system
operated along the standard operating policy as
expressed Eq. 1:

D +W, -y, forW, >y +D
D, forx =W, _ <y +D,
D +W,, -x,forx -D <W,_ <x,

0, otherwise

(1)

uT

which, R,; 1s the release discharges {rom the reservor
during year v and peried T (T = 1 to 12, representing
Tanuary to December); D, is the water requirement of
month T; x, 1s lower rule curve of month T, v, 1s upper rule
curve of month T, and W, is the available water
calculated by simple water balance as described m Eq. 2:
(2)

W, =58, +Q,,-R —-E -DS

vt
where, S, 1s the stored water at the end of month T; Q;,
13 monthly reservor inflow;, E, is average value of
evaporation loss and DS 1s the minimum reservoir storage
capacity (the capacity of dead storage). In Eq. (1), if
available water is in the range of the upper and lower rule
level, then demands are satisfied in full. If available water
over the top of the upper rules level, then the water is
spilled from the reservoir in downstream river in order to
maintain water level at the upper rule level. If available
water is under the lower rules level, a reduction of supply
15 required. The policy usually reserves the available
water (W, ) for reducing the risk of water shortage in the
future, when 0<W, | <x.-D_ under long term operation.
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The release water of the reservoir was used to
calculate the situations of water shortage and excess
water release, namely, the number of failures n a year, the
number of excess water releases, as well as the average
annual shortage. The results will be recorded for using in
the developed CACO model.

Development of conditional ant colony optimization
model: The developed CACO for searching rule curves is
described as follows. Reservoir simulation run that
mentioned n previous section needs the rule curves
information for release condition module. Hence, the
CACO model has to produce rule curve data (24 variables
for both upper and lower data). The proposed approach
starts from the imtialization process and then runs
reservolr simulation to construct the pheromoene matrix by
iteratively performing both the construction process and
the update process. Finally, the decision process is
performed to determine the optimal rule curves (the set of
upper and lower rule curves). Each of these processes 1s
presented in detail as follows, respectively.

Totally K ants are randomly assigned on a reservoir
operation using rule curves. The imtial value of the
pheromone T (X, o, ¥, o) 1s set to be a constant T. Then, a
set of rule curves is randomly selected to use in reservoir
simulation, the release water is calculated by the
simulation model using these rule curves. Then, the
release water 13 used to calculate the objective function
for determining pheromone of ACQO. The objective
function of searching the optimal rule curves is the
minimum of the average water shortage (Z) subject to
constraints on the simulation model as the following:

Min Z (x,.y,) = (- ¥\sh,) (3)
ng
12

if R, <D, Then Sh, = ¥ (D, ~R,) (4)
=l

Else 8h,=0

where, n 15 the total number of considered year. Sh; 1s
water deficit during year v. (year that releases does not
meet 100% of target demand) and i is iteration number.

Next, the evaporation rate of pheromone is performed.
This evaporation rate also used to evaluate in order to
accept the route (rule curves). The update pheromone 1s
done in next step. The new set of rule curves is created
randomly for next iteration. This procedure is repeated
until the criterion is satisfied as described inFig. 1.

Let T (%, y.,) be the total pheromone obtained from
using x,, ¥, on reservoir simulation model at time v and
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Min 7 (x,, ¥.) be the heuristic value of using x, y, at time
U according to the calculation of the objective function.
The x, are y, random values within the boundary of the
search that are limited i order to reduce the fluctuation of
the obtained rule curves. The range of searching for the
lower and upper rule curves is fixed on the dead storage
and normal high water level, respectively for all iterations.
The evaporation rate of pheromone can be calculated by
this equation:

1
AT(xt,v,yt,v)—{/Z“
Q0

if (x_,.y,, )€ tour donebyants K (5)

otherwise

Let p is random variable uniformly distributed over
[0, 1]. The pheromone 1s updated by the following
equation:

PT(X s ¥ o) + A-PAT (%, ¥, ) I AT, ¥, ) > 0

T(Xr_wpqu) otherwise

T(x,,¥,.)= {
(6)

In this study, the shortest route of ant represents by
above objective function using a monthly level of the

Provide initial pheromone value
place the m ants on the node of the graph
(Rule curves)

Create new rule curves randomly

!

Reservoir simulation
(Reservoir operation)

l

Calculate the objective function

l

Calculate evaporation rate of pheromone

A

Evaluate the
decreased
pheromone

Update the
pheromone

Stop and obtain optimal rule curves

Fig. 1: Integration of CACO and sunulation model
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Fig. 2: Location of the Lampao reservoir

reservolr rule curves that will be used m the mentioned
release policies. The pheromone 1s also calculated from
the situation of water shortage using the monthly rule

CUIves.

Illustrative application: In this study the Lampao
Reservoir considered to apply the proposed
model. Tt is another one important reservoirs in the

was

northeast of Thailand located on the Chi river basin

as shown in Fig. 2. The beginning capacity of the
Lampac Reservorr 1s 1,430 MCM (million cubic meters)
with  an irrigation covering area of 502.4 square
kilometers, the normal water level 162 meters (MSL.).
The reservoir was reconsttucted m order to add
more storage at 1,980 MCM at the level 164 m (MSL.)
and their rule curves were adjusted last year (2011).
The available water was released for water supply,
mndustrial demand and wrigation demand, livestock,
aquaculture. This project planned to increase irrigation
area of 80 km’ for new storage level.

The schematic diagram of the Lampao basin 1s shown

i Fig. 3. The average yearly rainfall of the Lampao basin
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1s approximately 1,400 mm per year. The average inflow of
the reservoir is 2,230 MCM/year and maximum flood
volume at 500 years of return period is 5,482 m’ sec™
which uses monthly inflow data of the Lampao Reservoir
from 1968 to 2011 (44 years). The historic inflow data are
presented in Fig 4.

The study used CACO algorithm in connection
with a reservoir operation model to find optimal
rule curves through the MATLAB toolbox. The optimal
rule curve can then be applied to an actual
scenario depending on whether the rule curve can
be used to cover every case or event that might
occur. Thus, the HEC-4 model was used to create the
synthetic mflow data mto the monthly mflows as a
synthetic data set of 500 events. Then, input synthetic
inflow data were used to assess the efficiency of the
new rule curves and compare them with the existing
rule curves and also between the SM and CACO models
under the same conditions (objective function and
constraints). Moreover, the new rule curves were
assessed in various other situations, i.e., irrigation area
increases to judge the impact of how these things will
effect future operations.
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Fig. 3: Schematic diagram of flows in the Lampao river
basin, the other requirements consist of pollution
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Fig. 4: The observed inflows of Lampao reservoir
RESULTS AND DISCUSSION

When the data of inflow, evaporation, water
requirement and monthly rainfall were imported for
processing in the CACO model, the optimal rule curves
were obtained. These new rule curves are plotted in order
to compare them with the existing rule curves of the SM
and the new rule curves of the SM approach as shown in
Fig. 5. The results show that the patterns of rule curve
obtained from the proposed CACO and the new SM are
similar. The obtained rule curves also indicated that the
water storage levels of the CACO lower rule curves are
lower than the existing rule curves during the dry season
(January-May) in order to release more water to reduce
water scarcity. In  the begmmning of ramy season
(May-August) the CACO upper curves are lower than
their curves of new SM in order to add a volume for flood
protection. Whereas during August-November, their
upper curves are higher than the curves of new SM
because of decreasing spill water in order to met a full
capacity
alleviate

at the end of rainy season. This will help
water shortages 1in the next year. These
patterns of the obtamned curves are similar to the
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Fig. 5: Optimal rule curves of the Lampao Reservoir (new
and existing system)

pattern of the other reservoirs mn Thailand on the other
studies (Chaleeraktrakoon and  Kangrang, 2007,
Hormwichian et al., 2009) because of seasonal effect.
However, the different points of each reservoir are on
lower rule cwrves during dry season (December-May)
and on the upper rule cwves during wet
(Tun-November).

The proposed CACO model is another search optimal
technique, so the results are near optimality that closed to
the results of the other search techniques based on the
same condition (Chang ef af., 2005; Kim and Heo, 2006,
Kangrang et al., 2011). However, the efficiency of each
techmque was carried out on many studies (Locatelli,
2000; Teegavarapu and Simomivic, 2002; Sellars et al.,
2008).

The performance of the proposed model was
evaluated with monthly synthetic inflow data, these
results of the Lampao Reservorir are shown m Table 1. The
results show that, the average frequency of water
shortage was 0.415 per vear, the average magnitude of
water shortage was 92.5 million cubic meters per year and
the maximum magnitude of water shortage was
450.0 million cubic meters per year. These are smaller than
the results of using the existing rule curves. The average
frequency of excess water release was 0.918 times per
year, the average magnitude of excess water release was
815.6 million cubic meters per year and the maximum
magnitude of excess water release was 2,558.9 million
cubic meters per yvear. These are less than the results of
using both existing curves and new SM’s curves.

Table 2 shows the situations of water shortage and
excess release of Lampao Reservoir using the rule curves
from the proposed CACO model and the existing SM
model when the irrigation demands were increased by
80 km®. The results present that the water shortage
situation increased when the wurigation demands were

s€ason



J. Applied Sci., 13 (1): 154-160, 2013

Table 1: Situations of water shortage and excess release of the systems

Magnitude (MCMArear) Duration (year)
Frequency
Situations Rule curves (times/year) Average Maxtimuim Average Maximum
Water shortage 01d-8M
i 0.961 139.4 379.7 14.8 18.2
a 0.035 15.6 93.9 0.5 4.6
New-SM
i 0.546 127.6 500.5 23 4.5
a 0.066 18.6 86.0 0.6 1.5
CACO
i 0.415 92.5 450.0 1.8 33
o 0.068 18.2 116.0 0.5 1.1
Excess release water Old-SM
i 0.920 885.8 2687.2 10.2 14.5
o 0.051 227 532.0 5.6 4.8
New-SM
i 0.9306 853.0 2550.8 11.4 154
a 0.045 259 526.7 6.1 4.9
CACO
i 0.918 815.6 2558.9 9.9 14.2
a 0.050 25.8 539.6 5.4 4.9
n: Mean, o: Standard deviation
Table 2: Situations of water shortage and excess release of the systerns for additional irrigation area (80 kmm®)
Magnitude (MCM/year) Duration (year)
Frequency
Situations Rule curves (times/year) Average Maximum Average Maximum
Water shortage Old-sM
u 0.855 151.4 177.0 76 12.4
o 0.043 7.7 0.0 33 39
New-SM
u 0.595 166.5 598.9 2.6 51
a 0.065 21.4 77.8 0.8 1.8
CACO
n 0.471 1271 561.8 2.0 39
a 0.067 21.4 126.3 0.5 1.3
Excess release water Old-SM
n 0.986 1293.9 3351.9 19.6 21.0
o 0.023 14.6 543.8 5.6 36
New-SM
n 0.904 751.4 2416.7 8.6 13.2
a 0.050 28.2 521.2 4.5 4.4
CACO
u 0.880 7104 2411.9 76 12.2
a 0.058 28.3 536.3 4.3 4.3
p: Mean, o: Standard deviation
increased. The results also indicate that the situations CONCLUSIONS

of water shortage and excess release of water using
the proposed CACO model are smaller than the
situations of the existing rule curves when increasing
the wrigation water requirement. The results of using
the new rule curves of CACO model present that
their efficiency are higher than the others in all
cases according to the previous studies
(Hormwichian et al., 2009, Kangrang etal, 2011).
this considering
requirements, land use and crop management the
CACO model would be one acceptable method of
reducing water shortage.

For reason, on water

159

In this study, an optimal rule curves has been
developed for Lampao Reservoir using a CACO model
comnected with a reservorr sunulation model. The results
found that the new rule curves are more suitable for using
than the existing rule curves because the frequency and
magnitude of water shortage and excess water release are
lower than the existing rule curves. In the future, new rule
curves can be used to operate effectively when the
downstream water irrigation demand increase up by
80 Km’. When comparing the rule curves of the CACO
method with the existing simulation method, it was found



J. Applied Sci., 13 (1): 154-160, 2013

that these rule curves are similar. The proposed CACO
model is an effective method for application to find
optimal reservoir rule curves.
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