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Operation, Halilrood @K model was used to solve the complex multi-reservoir system operating
Basin, Metaheuristic | Halilrood basin. The new FDB-SOS algorithm results were compared
algorithms with other developed evolutionary algorithms, including Harmony Search
Algorithm (HS) and Imperialist competitive algorithm (ICA). Results
showed the new FDB-SOS algorithm’s sustainability index was obtained
87.23, 74.34, and 96.03 percent of downstream demands for Baft,
Safarood, and Jiroft reservoirs. The finding revealed that the new FDB-
SOS algorithm was the superior algorithm in optimal operation of the
multi-reservoir system.

1.  Introduction
The optimal operation of dam reservoirs is one of the priorities of water resources programming and
management. Due to water demands of various regions, sometimes a storage system is designed
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including multiple reservoirs on the river, or a network of reservoirs on the rivers and branches. With
advances made in various branches of water resources science and engineering, the design,
programming and operation of multi-reservoir water resources systems has been made possible using
various methods.

A comprehensive evaluation of different optimization methods and their applications in water
engineering, especially reservoir operation, is presented in studies by Yeh (1985), Simonovic (1992)
and Labadie (2004). In many engineering problems, due to the complexity of the type of problem
studied and the objective functions, and several local and global optimal points, classical methods are
unable to distinguish between them in order to find global optimal points. In recent years, with
development of soft computing-based methods that often perform searches based on the initial
population, in very complex problems approximate solutions can be found very close to the global
optimal. These methods include genetic algorithms (GA) (Chang et al., 2005), water cycle algorithm
(WCA) (Qaderi et al., 2018), shark algorithm (SA) (Ehteram et al., 2017), symbiotic organisms search
(SOS) (Bozorg-Haddad et al., 2017; Akbarifard and Radmanesh, 2018), particle swarm optimization
(PSO). Tejani et al. (2016) used symbiotic organisms search algorithm to optimize the construct design.
The results showed that SOS algorithm performed better and more efficiently compared to other
algorithms studied.

Due to the complex nature of our hydro-system, in this study, the SOS algorithm was modified and its
efficiency was investigated for optimizing the operation of the system.

2. Materials and Methods

Halilrud basin is one of the main sub-basins of Hamun-Jazmurian which is located in the southeast of
Iran and plays a major role in producing its annual flow. It is located in the western part of Hamun-
Jazmurian, 56° 51" to 61° 30" E longitude and 26° 18" to 29° 30" N latitude. Precipitation in this basin
varies from about 600 mm per year in the northern highlands of the basin to about 100 mm per year in
the southern lowlands, while the amount of evaporation is from 1800 mm in the highlands to 4400 mm
in the lowlands. Several reservoirs have been constructed in this basin and a number of others are under
study.

With construction of the several dams, inflows through rivers to Jazmurian Wetland, in the outlet of
basin, have been almost cut off. improper environmental water allocation has caused several crises
namely significant fall of groundwater level and disappearing of Jazmurian wetland. For this reason, it
is necessary to conduct management studies on surface water resources and different scenarios of
optimal use of the existing resources and dams, which is one of the objectives of this study. Figure 1
demonstrates the schematic view of the Halilrud multi reservoir system with information of each
reservoir such as storage volume, upstream/downstream demand and various objectives.
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Figure 1- Schematic view of Halilrud multi reservoir system
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Symbiotic Organism Search (SOS) Algorithm is a meta-heuristic algorithm based on interactional
behavior simulation between organisms (Cheng and Prayogo, 2014). The organisms rarely live in
isolation because they rely on other species for life and even survival. This relationship based on trust
is known as symbiosis. The outstanding performance of SOS algorithm makes it one of the most
powerful meta-heuristic algorithms. In order to evaluate efficiency of the studied algorithms in the
problem of optimal operation of the reservoir system, the reservoir performance indicators including
temporal and volumetric reliability, vulnerability and resilience were used and finally sustainability
index was defined to select the best scenario.

In this study, the objective function is defined as minimizing non-supply applied to a specific demand.
The formulation of the objective function and constraints are as equation 1.

T 3

Minimize F(Re) = z Z(Dei,t — Re; ;)% + Penalty (1)
t=1i=1

where, F(Re) is the value of the objective function (non-supply), Rei,t (106 x m3) is the volume of
release from the ith reservoir during period t, Dei,t (106 x m3) is the downstream demand of the ith
reservoir during period t, T (month) is the total number of operation periods, i is the reservoir index
where i = 1 is the reservoir of Baft dam, i = 2 is the reservoir of Safarud dam and i = 3 is the reservoir
of Jiroft dam. Penalty is the penalty function that is applied to the objective function if the reservoir i
volume is not satisfied in month t.

The constraints of the multi-reservoir system studied are given in Equations (2) to (9).

The constraint on overflow volume and evaporation loss applies as follows:

Sp- _ { Si,t - Smax,i + Smin,i if Si,t > (Smax,i - Smin,i) (2)
bt 0 lf Si,t < (Smax,i - Smin,i)

Loss;y = Ajt X Ev; ¢ (3)

A =a;+b; X Sip +¢; X SEy )

where, Spit is water overflow from the ith reservoir during period t (106 x m3), Si,t is the storages of
the ith reservoir at the beginning of period t (106 x m3), Smax,i is the maximum storage in the ith
reservoir during period t (106 x m3), Smin,i is the minimum storage in the ith reservoir during period t
(106 x m3), Lossi,t is loss from the ith reservoir surface during period t (106 x m3) as evaporation
considering the area-storage-height functions of the reservoir calculated based on Equation (4) where
Ai,t is area of the ith reservoir during period t (km2), Evi,t is net evaporation (evaporation minus
precipitation) from the ith reservoir during the period t (m) and ai, bi and ci are coefficients of storage-
area relation for reservoir i (dimensionless).

At all stages of optimization of reservoir operation, a mass balance should be established between the
input and output values and the storage volume of the reservoir.

Sie41 = S1,¢ + Q1 — Rey s — Sp1e — Lossy; (5)
Sot41 =S¢ + Qa2 — Regy — Spyy — LOSSy (6)
S3t41 = S3¢ + Q3¢ +SP1c + SP2t + Remin 1t + Remin 2 — Rezy — Sps ¢ — LOSS3 ¢ (7)

where, Si,t+1 is the storage of the ith reservoir at the end of period t (106 x m3) and Qi,t is volume of
water inflow into the ith reservoir during period t (106 x m3).

The constraint on reservoir release can be expressed as:

Remini,t < Rei,t < Remax it (8)
Where, Remin i,t is the minimum allowable release from the ith reservoir during period t (106 x m3)
(Remin i,tis equal to the environmental demand) and Remax i,t is the maximum allowable release from
the ith reservoir during period t (106 x m3) (Remax i,t is equal to the total demand).

The reservoir storage should not be less than the minimum storage (Smin,i) and more than the maximum
storage (Smax,i). For this purpose, a penalty function is defined in Equation (9). Since the algorithm
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tries to minimize the objective function, the penalty function is added if the constraints of reservoirs
storage are not met.

( T 3
Z(Si,t — Smini)® if Sit < Smin,i
t=1i=1
Penalty = { 3 9)
z (Si,t - Srnax,i)2 if Si,t > 5‘max,i
t=11i=1
\ 0 if Si,t 2 Smin,i and Si,t < Smax,i

Using this model, the problem is solved during a long period of 19 years (223 months) since October
2000 to April 2019. The optimal path of operation has included the optimal supply for each demand
during these months.

3. Results

In this section, the results of implementing the model of the reservoir system operation of Baft, Safarud
and Jiroft dams with objective function of minimizing total demand non-supply during a 223-month
period (2000-2019) are presented. The results of the best value of objective function and reservoir
performance indicators obtained from implementation of the developed algorithms on objective
function in the long run for 1000 iterations are presented in Tables I. As shown in Table I, the value of
objective function in the new developed FDB-SOS algorithm is 8.11, which indicates that FDB-SOS
algorithm is more capable than HS and ICA algorithms in problems with high dimensions. FDB-SOS
algorithm with 87.23, 74.34 and 96.03% of total demand of Baft, Safarud and Jiroft dams and
implementation time of 204 seconds, respectively, which is one of the important parameters in
superiority of meta-heuristic algorithms, shows power and speed in large and complex problems
compared to other algorithms. Table Il shows performance evaluation criteria of FDB-SOS, HS and
ICA algorithms in operation of Baft, Safarud and Jiroft three-reservoir system including reliability,
resilience and vulnerability during the operation period.

Table 1. Objective function values and demand non-supply of reservoirs resulting from the implementation of

Algorithm Implementation Objective Baft Safarud Jiroft
time (s) function Non-supply Supply Non-supply Supply Non-supply Supply
(10%xm?®) percentage (108xm?3) percentage (108xm?3) percentage
FDB-SOS 204.46 8.11 41.12 87.23 145.43 74.34 46.85 96.03
HS 727.48 21.75 70.58 78.08 169.38 70.11 246.7 79.09
ICA 556.6 11.39 51.28 84.08 169.97 70.01 111.2 90.57
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Table Il. Criteria for evaluating efficiency of the studied algorithms for operation of the reservoir system

Demand Algorithm Reliability (%) Resilience (%) Vulnerability (%) Sustainability
index (%)

Baft FDB-SOS 71.30 27.19 65.55 40.57
HS 43.05 23.61 94.92 17.28
ICA 59.19 20.91 74.03 31.79
Safarud FDB-SOS 38.57 23.06 65.59 31.28
HS 34.98 19.63 83.07 22.65
ICA 19.73 13.63 74.79 18.93
Jiroft FDB-SOS 89.68 30.23 21.13 59.80
HS 31.39 19.63 96.07 13.43
ICA 61.44 19.37 67.22 3391

In this study, the Halilrud reservoirs system problem was solved as an integrated model by the studied
algorithms. The best operational policy is that which yields the minimum total deficit during the
operational period for the whole system. In this way, it is possible that in some reservoirs in a particular
month or year, the results of a good algorithm (such as FDB-SOS) will be weaker than other algorithms
(such as HS), but our target is the superiority of the release scenarios of an algorithm for the whole
system in the integrated model.

As can be seen in Figure 3, the HS and ICA algorithms have performed superior to the FDB-SOS
algorithm for some years in the Baft and Safarud reservoirs, while the FDB-SOS algorithm performs
much better than the other two algorithms for most years in the whole system.

4.  Discussion and Conclusion

In this study, performance of FDB-SOS algorithm in optimal operation of the complex three-reservoir
system of Halilrud basin was investigated. Also, this algorithm was compared with the well-known HS
and ICA algorithms. The results of problem solving indicate good performance of the improved FDB-
SOS algorithm compared to the other two algorithms; with the objective function value obtained from
FDB-SOS, HS and ICA algorithms being equal to 8.11, 21.75 and 11.39, respectively. Another aspect
of superiority of FDB-SOS algorithm over the other two algorithms was computational time, requiring
only 204 seconds compared to the HS and ICA algorithms, each requiring 727 and 556 seconds,
respectively, and this advantage was especially apparent for high-dimensional problems. Optimization,
as the most important feature of FDB-SOS algorithm, yielded far better results than the other two
algorithms. Problem solving using the new FDB-SOS algorithm resulted in demand non-supply in Baft,
Safarud and Jiroft reservoirs equal to 41.12, 145.43 and 46.85 million cubic meters, respectively.
Demand non-supply was equal to 51.28, 169.97 and 112.2 in ICA algorithm; and 70.58, 169.38 and
246.7 in HS algorithm, with the FDB-SOS algorithm achieving the lowest values. Then, using
efficiency evaluation indicators of operating policies including reliability, resilience and vulnerability,
and finally sustainability index, it was shown that operating policy in the multi-reservoir system based
on the improved FDB-SOS algorithm, with sustainability index of 40.57, 31.28 and 59.80 have a much
higher benefit compared to HS and ICA algorithms. Therefore, the use of the improved FDB-SOS
algorithm for explaining operating policies, especially complex multi-reservoir systems, can be strongly
recommended.
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Optimization of Multi-Reservoir System Operation Using Symbiotic
Organisms Search Algorithm Based on the Fitness-Distance-Balance

Aliakbar Rezaei-Estakhroueiyeh?, Navid Jalalkamali®*, Mehdi Momeniroghabadi?®

Abstract

In recent decades, metaheuristic algorithms have been successfully applied in various aspects of water
resource engineering and management issues, especially in reservoirs' optimal operation. In this paper,
a new method based on Symbiotic Organisms Search using the Fitness-Distance-Balance (FDB-SQOS)
algorithm has been developed for modeling optimal operation of complex multi reservoir system Baft,
Safarood, and Jiroft reservoirs of Halilrood basin situated at latitude 56°51'-61°30" N and longitude
26°18'-29°30" E. The system consists of 3 different agricultural irrigation demands allocation with
environmental prioritize in the long-term (from 2000 to 2019) approach. The developed model was
used to solve the complex multi-reservoir system operating Halilrood basin. The new FDB-SOS
algorithm results were compared with other developed evolutionary algorithms, including Harmony
Search Algorithm (HS) and Imperialist competitive algorithm (ICA). Results showed the new FDB-
SOS algorithm’s sustainability index was obtained 87.23, 74.34, and 96.03 percent of downstream
demands for Baft, Safarood, and Jiroft reservoirs. The finding revealed that the new FDB-SOS
algorithm was the superior algorithm in optimal operation of the multi-reservoir system.

Keywords: FDB-SOS Algorithm, Optimal Operation, Halilrood Basin, Metaheuristic
algorithms.
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