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1- Bukin6

2- Rosenbrock

3- Sphere

4- Gravity Search Algorithm (GSA)
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1- IFEP, Improved Fast Evolutionary Programming
2- CEP, Different Search Operations

3- FEP, Fast Evolutionary Programming

4- Benchmark Function

5- DE, Differential Evolutionary

6- PSO, Particle Swarm Optimization

7- EAs, Evolutionary Algorithms
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14- LP, Linear Programming

15- Differential Dynamic Programming

16- Discrete Differential Dynamic Programming
17- GA, Genetic Algorithm

18- Sole GA Search

19- MIGA, Multi-Tier Interactive Genetic Algorithm
20- TSPPC, Traveling Salesman Problem with
Precedence Constraints

21- TS, Topological Sort
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1- DP, Dynamic Programming

2- ESO, Explicit Stochastic Optimization

3- Stochastic Dynamic Programming

4- ISO, Implicit Stochastic Optimization

5- ISO-AnFis, Neuro-Fuzzy Strategy

6- ISO-Surf, Two-Dimensional Surface Modeling
7- ISO-Reg, Multiple Regression

8- PSO, Parameterization Simulation Optimization
9- PSO-Hed

10- PSO-2DHed

11- PSO-Zon

12- SOP, Standard Operating Policy

13- HBMO, Honey-Bee Mating Optimization
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4- Hybrid Neural Network

5- HNNGSA

6- Wessinger's Equation

7- WCA, Water cycle Algorithm
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1- Differential Evolution (DE)
2- Interior Search Algorithm
3- CFO, Central Force Optimization
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Figure 1. Relation between gravity force and mass particles.
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Figure 4. The results of 10 different runs in (a) Bukin6é, (b) Rosenbrock and (c¢) Sphere functions.
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Table 2. The results for 10 different runs using benchmark functions.

. aolze
Sphere Rosenbrock Bukin6
Function
p:*l)}iu
GA GSA GA GSA GA GSA
Algorithm
0.04 0.00016 0.00269 0.0000013 0.008 0.008 1
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0.04 0.00005 0.00001 0.0000002 0.002  0.001 Best Sda b e
0.13 0.00016 0.00269 0.0000206 0.008 0.026 Worst Sda U S
0.08 0.00008 0.00052 0.0000050 0.005 0.012 Average s b Loy
0.02 0.00003 0.00829 0.0000078 0.010  0.008 Standard deviation Slrs Gl il
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Figure 5. Objective function values versus number of functional evaluations for (a) Bukiné, (b) Rosenbrock,
and (c) Sphere functions.
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Table 3. Evaporation height and inflow discharge in Karon4-reservoir for 5 year operation.

0 (10°xm®) Ev. (m) Ak
Parameter

rlo Ju f‘i Ju r\Y’JL.« er Ju f“ Ju Jlo gl "
5" Year 4™ Year 3" Year 2™ Year 1™ Year For 5 years Month

128.3 160.8 210.8 191.6 217.4 158.4 1

123.4 186.2 211.0 220.2 220.2 090.7 2

213.7 205.1 266.0 240.4 250.7 055.2 3

136.7 124.9 161.3 199.0 148.4 049.9 4

216.9 326.9 345.90 701.8 262.6 064.4 5

452.34 455.42 943.03 1012.7 344 .42 080.70 6

613.84 714.17 1031.9 1969.5 1118.3 131.1 7

486.77 548.40 762.62 1170.9 1120.3 165.80 8

307.1 340.9 457.3 722.8 738.5 238.3 9

181.4 205.6 290.9 463.6 431.5 2533 10

141.6 164.3 218.8 305.7 264.8 259.8 11

125.8 1354 184.5 2339 208.2 208.2 12
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Figure 8. Schematic of ten-reservoir operation system.
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Table 4. Maximum and minimum release for 10 reservoirs.

oY
1 2 3 4 5 6 7 8 9 10
No. of reservoir
Re,,. o) 4 45 2.12 7 6.43 421 17.1 3.1 4.2 18.9
Re,,, () 0.005  0.005  0.005 0.005 0.006 0.006 0.01 0.008  0.008 0.01
Aala VY 0)95 53 036 (Spgy) duis > (@) 5959 250 Jyi=
Table 5. Reservoir inflow (@) and maximum storage (S,,,,) in 12 operating periods.
bL°
o
g Y% mount
5 & 1 2 3 4 5 6 7 8 9 10 11 12
ET e
reservoir
1 0.5 1 2 3 35 25 2 125 125 075 175 1
2 0.4 0.7 2 2 4 35 3 25 13 1.2 1 0.7
3 0.8 0.8 0.8 0.8 0.8 08 08 08 0.8 0.8 0.8 0.8
Q3 4 0 0 0 0 0 0 0 0 0 0 0 0
(m”)
5 15 2 25 25 3 35 35 3 25 25 2 15
6 032 081 153 216 231 432 481 224 163 191 0.8 046
3 0.71 0.83 1 125 1.67 25 2.8 187 145 12 093 0.81
1 12 12 10 9 8 8 9 10 10 12 12 12
2 17 15 15 15 12 12 15 17 18 18 18 17
3 6 6 6 6 6 6 6 6 6 6 6 6
4 19 18 17 16 15 14 14 15 16 17 18 19
S 5 190 181 171 lel 152 141 142 153 161 172 183  19.1
(m) 6 14 13 12 11 10 85 96 107 118 129 14 14
7 30 30 30 30 30 30 30 30 30 30 30 30
3 1316 1223 1137 102 96 9 96 102 1158 1296 1318 1316
9 79 73 6.8 64 62 6.1 64 6.7 7 7.4 8 79
10 30 30 30 30 30 30 30 30 30 30 30 30

.Mp&ﬁadbwﬁb)!&u)wh}ngduw\.‘»géajjj&zﬁ

S,(t+1)=S,(t)+0,(t)-Re,(t)  i=123,568
S, (t+1)=S,(t)*O,(t)*Re,(t )*Re,(t)-Re, ()

S, (t+1)=8,(1)+0,(t)+Re,(t)+ Re, (1) + Rey(t )+ Re, (t)-Re, (1)
S, (¢ +1)=8,(1)+0, (¢ YHRey (¢ )-Re, (1)

S (E+D)=S ()10, (1) FRe, (1) TRey(t )-Re ,(¢)
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Table 6. Constant variables of the objective function in 12 operating periods for 10 reservoirs.

ol

1 2 3 4 5 6 7 8 9 10 11 12
month

a 1.1 1 1 1.2 1.8 2.5 22 2 1.8 22 1.8 1.4

a 1.4 1.1 1 1 1.2 1.8 2.5 22 2 1.8 22 1.8

a; 1 1 1.2 1.8 2.5 22 2 1.8 22 1.8 1.4 11

. a4 1.1 1 1 1.2 1.8 2.5 22 2 1.8 22 1.8 1.4

E Y as 1 11 1.2 1.3 1.4 1.5 167 156 145 134 125 1.14

g a 14 11 1 1 12 18 25 22 2 1.8 22 18

as 2.6 2.9 3.6 44 4.2 4 3.8 4.1 3.6 3.1 2.7 2.5

ag 1 11 1.3 1.3 1.4 1.5 167 156 145 134 125 1.14

ao 1 1 1.3 1.8 2.5 22 2 1.8 22 1.8 1.4 11

an 2.7 3 2.8 32 2.9 3.9 4 3.6 3.7 2.8 35 2.1
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Gob aay U b e led o Z5L 55 any

if S,¢+1)<S,,,,=>F=F+60x(S, (t+l)_Smin,n)2n=l,2,3&10 (YA)
if S,¢+1)>S 0, > F=F+60x(S, (t+l)_Smax,n)2n=1,2,3&10 (ra)
i S,1H)>S,(13)=F =F+60x(S,1)-S, (13))2;1:1,2,3&10 ()
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Table 7. The value of GSA parameter in hydropower reservoir optimization.

GSA L GA L
G 50 e 0.05
Mutation rate
o 1 o 1
. oS CARE
e 10000 S g
Population Crossover function Roulette wheel
Iteration Mutation function
GSA ;GA l,L
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TOsEns 70000 e 1
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No. of elit

o3> LI,,LNL«.:/\J)J;-_}C\ L}.(.iv)b CJJUSA b}-‘\'

A BEl [NV cu CJ‘J:::S 9 Lo U;')\J; CJJLL’LA
2
_ \ A
3 AN N P
. 2 1.8 T \ PN
< / S ¢ . /.
3 5 L6 N7 ‘S \
ET= N O T I N ‘ \
g 3 ¢ * 3
C 4
B —©— NLP
&~ 1.4 4 —+ - GA
i —e-- GSA

Lol ol

No. of run

ol Gt 615 g0 Al 53 sl (sl Ve s SBts b Ol eis -4 IS
Figure 9. The results of 10 different runs in the hydropower-reservoir problem

YA



i 552 el g (0393 SLile g

o B e 5515 o Al 53 Sslize (gl V0 s OT (bl Slasuia 5 Bua wl St -A Jyr

Table 8. Results for 10 different runs in hydropower-reservoir problem.

| o lads
GA (10°watt) GSA (10°watt) NLP (10°watt) s
No. of Run

1.672 1219 1.23 1

1.549 1.218 2

1.864 1218 3

1.752 1.216 4

1.986 1218 5

1.752 1217 6

1.931 1218 7

1.569 1219 8

1.841 1216 9

1.534 1217 10

1.534 1.216 Best s wU 0 e

1.986 1218 Worst e mU o S

1.754 1217 Average Sda w6 Lo e

0.161 0.0009 Standard deviation Slre Bl

0.091 0.0007 Coefficient of variation g
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Figure 10. Convergence paths to a near-optimal solution in hydropower-reservoir problem.
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Figure 11. The best and the worst convergence paths over 10 runs in the hydropower-reservoir problem.

o)jb\&‘v»df\f@wmx\o.\&obj‘ﬂj )bdf«.av»).,\.m)‘ f}fv»g:)‘):&?
J.A.: LS)\JJ'PJ@{ 092 LgL@I.:‘ V» 9 6)‘3}:0).@.5 oJ)}T\V}\Y éudg.ijbdj\bﬁoﬁ{dLNOo)}J
J)“:'Lfd oul.iécng\r Jg.iv)b)e.lﬁi g;.’LG) )\ f}f}dfuv»fbuﬁ b},&:& o 9 o

J}:E B -)V-h:ll-"jd .5)5- o A_.d.:J.sJ 03 gd=s 43 A

500

400

300

200

-
Release (10" m

100

6 12 6

0 6 12 6 12

6 12 12
Bl Jo Py Jls pge Jls o T
first year secend year tirdh year fourth vear fifth vear

Time (month)

.‘g]‘jﬁw‘_;)hﬁa,@dl..eja‘sjbﬁaﬁAJL.»Oa)‘gajéwjlxj,&vqr}glj_gﬁ—\\“)&i

Figure 12. Monthly reservoir release in hydropower-reservoir problem for 5 years operation.
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Figure 13. Monthly storage in hydropower-reservoir problem for 5 years operation.

)|f\w )\ JA.: GA Ls‘f 9 Sl ol 4.:.2).:
ol oslizul MATLAB L 5 K35 (,.:i)jfj\
)|J~é\<=f' Ja..dj_? Il o L;U.x, J>— ORI
Cowd MAL/EE Ll 3ds 5 el Lingo
GSA (1,8 53 i amglie Jlae oS o ool

o) e oJJJTC\ JJJD.-)DGSA {,.:.uﬂ\

BL) GSA v.:.i)‘)i.” ‘53“.: Ls_,blS CLL:.: ug:,.iLg_a BE

w @.Iéﬁ A SO e Sl Pleo J>
Jlis U'i\ B 243}590 Vo wlels )" dﬂ:;ga,@.: @L‘.’J
WS 55 g e Ve wlele 15 e g
&)b cu L5"L’))‘ s Yeer v L:GA_}GSA
GSA ﬁ)ﬂ‘ ol edd ag aale Y oy
MATLAB L;.M.i).:ul.:f ja.:;«.a L obw.d\b)}a

e Vo bl 51 (5503 p0 g 55 GSA o2, S (sla sl )y -4 ok

Table 9. The value of GSA parameter in ten-reservoir operation system.
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Table 10. Results for 10 different runs in ten-reservoir operation system.
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Figure 14. The results of 10 different runs in the ten-reservoir operation system.
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Figure 15. Convergence paths to a near-optimal solution in ten-reservoir operation system.
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Table 11. The results of GSA in hydropower-reservoir problem and ten-reservoir operation system compared

with the results of other evolutionary algorithms.

bl alaws Lo RSN L Oy e ol
s b s b s b 2 andlls Jl
Function Worst optimal of Best optimal of ~ Method Study Problem
evaluation objective function  objective function
70000 1218 1216 GSA ol i ”
70000 1.289 1.260 WLA' () (Y18) 0L Kes 5 sli= S5 2 "?T o
70000 1.254 1.233 BA (V) (T10) 0, K 5 sl 53 E % %
70000 1.239 1.223 BBO (VDO OLes 5 sl S5 ii § %_
500000 1.226 1.218 Cso’ (1) (TN OLKes 5 ol g &% g ;
500000 1.852 1.547 GA (1) (TN OLIKas 5 ol s e
1000000 1082.84 1115.1 GSA ol s é”
200000 _ 1194.05 FCPSO" (V) (YY) jLasl é g kg‘
1250000 - 1190.25 GA OA) (V449) i 3 5 5, ; g ;
- - 1190.652 DDP* V) (14V8) 5,50 5 6olo E é; s
&
500000 1181.12 1192.30 ACO’ OF) (F+oV) OKas 5 Ll % i
1400000 1139.43 1156.79 HBMO'  (6) (Y1) 0, Kaa 5 sl 3 | 5 .

A3 Slase s GSA 2, S by
ﬁ)ﬂ‘)M&%‘ﬁQOT@uﬁ@ﬁ
S edal sy @l s anlie GA Sleang
GSA W o5 com Sl o She files
0 GSA (2,80 ml o)l pes 5 o) GA s
Sl Lo gte jsbas il ooy S0 5 llas g
SO e 3 GSA ) S agy s
) S oo 5 (el LY s e il L
Cpomed Sl 108 550> GA {,.:Ujfj\ 3> ol
ol GSA o, S s a5 e Culg
Sy W Vo able ol pese 3 Sl
GA 2,8 mls Lol mls 5 35 53 o)
Slla (5ol 0 uls A3 amlin Ao o
omles 1y GSA LIS 50 apme Vo ulieS 5
5 GSA =, S B b ste Sg ke il ol

™

IS (5 S dos

Qj}_- LSJL.AA.M.@.: LELA)\]" )‘ ealeial o‘)jjﬁ‘

9 obj“wj J.?Lm.a J>— B &JJG‘JA 6(.&{,.:.1))@\
9 Sl 4:.L§ djw uT CL.A “:"i)iJ"‘ o.,\.ou.i
ol 3 S GSA) LIS G xSl
2> A3l s GBS 00 bl s Al
ol 033 K>=» Sphere ; Rosenbrock Bukinb
.xmww&g@&@uJGAﬂ)ﬂ\p)

LBJJ. Lo A g é)\bﬁoj@.z A\JLMG cdalsl 0 momad

1- Wolf Pack Algorithm

2- Cat Swarm Optimization
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4- Differential Dynamic Programming

5- Ant Colony Optimization

6- Honey Bee Mating Optimization
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Abstract

Background and Objectives: Rivers discharge variations, variable rainfall regimes and drought are
important reasons for using the water resource management tools in multi reservoir operation.
Heuristic optimization methods can be used with different fitness functions; they can be applied for a
wide range of water resource management problems specially reservoirs operation systems.
Gravitational search algorithm (GSA) is an evolutionary optimization algorithm based on the law of
gravity and mass interactions. In this paper, the ability of this algorithm is investigated for solving
the well-known benchmark functions, hydropower-reservoir and ten-reservoir operation system.

Materials and Methods: For the verification of new evolutionary algorithm, three well-known
benchmarks of Bukin6, Rosenbrock, and Sphere were optimized with gravity search algorithm and
the results were compared with the outcome of well-developed genetic algorithm (GA) and global
optima solutions. Then, hydropower-reservoir operation of Karon4 reservoir was optimized with
GSA and compared with the results of GA and global solutions. The global solution was obtained
from linear programing solving method by using Lingo software. Finally, the ability of GSA was
investigated in large scale water resource management problems. In this regard a ten-reservoir
system operation was optimized with both GSA and GA and their results were compared with the
global solution. It should be noted that the results were reported in different ten runs for three types
of problems to ensure that the results are true. Also the function evaluation values of GSA and GA
were equal for all optimization problems.

Results: The ability of GSA in optimizing of different types of problems are demonstrated with
showing the solving results of well-known benchmark functions. The results of Bukin6, Rosenbrock
and Sphere problems were close to global optima solutions compared with the outcome of the well-
developed genetic algorithm results (GA). In single-reservoir hydropower operation, the average values
of the objective function were equal 1.218 and 1.746 with the GSA and GA, respectively. The global
solution equals to 1.213. Over all, the mean optimum solutions in GSA are better than that of obtained
for GA in hydropower-reservoir and ten-reservoir operation problems about 44% and 8% respectively.

Conclusion: The results demonstrated the applicability and efficiency of the proposed algorithm in
solving the well-known benchmark functions and water-resource optimization problems such as
hydropower-reservoir and ten-reservoir operation systems. It is indicated that GSA solutions in
different runs are close to the global optima and the algorithm is converged more rapidly than the
genetic algorithm.

Keywords: Gravity Search Algorithm, Hydropower-Reservoir, Operation Optimization, Ten-Reservoir
System, Well-known Benchmark Functions
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