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Abstract

After construction of dams according to different needs, the
most important issue addressed by the exploiters and
researchers is the issue of optimum operation management of
reservoirs. In recent years, various meta-heuristic optimization
techniques have been used for the reservoir operation
optimization. In this study, an improved version of Charged
System Search algorithm is presented to enhance the
exploration ability and escape from local optima. For this
purpose, a special mutation operator is used and a Mutant
Charged System Search algorithm is introduced. Then, the
validation and evaluation of the efficiency of this new
improved algorithm are compared with other well-known
meta-heuristic algorithms in solving the mathematical
benchmark optimization problems. The new method achieves
optimal results for 17 functions out of 18 functions. The
proposed algorithm is used to solve two benchmark problems
of operations of multireservoir sestem, namely four- and ten-
reservoir sestems. Accordingly, the best values are obtained
308.29 and 1194.23, respectively. Finally, the efficiency of the
algorithm for optimizing the operation of the two-reservoir
system (Gorgan-Rood basin dams) is evaluated using various
performance evaluation criteria. The results show the proper
performance of the CSS algorithm and its mutated version in
solving the multi-reservoir operation optimization problems.
According to the results, the best solution achieved by the
proposed algorithm is 0.22. Also, this algorithm showed the
best performance by providing 94.63% and 95.30% of total
demands of Golestan- Voshmgir multi-reservoir system.
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| [nitialize the parameters of the algorithm |
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Cale. the continuity Eq., overflow constraint and reservoir
—» losses for each particle of population

Calc. Penalty Function

Calc. the value of the objective function for period t |

‘ =1

No

Cale. of cumulative objective function for the entire period of operation and Sorting
of population

v

Store nCMs of the best CPs in CM

v

Determine the probability of moving and
the resultant force vector for each CP

!

Construct the new positions and velocities
of CPs

¥

Is the position of cach
CP (release) within the
range allowed?

No Correct the violaticn base on
the HS algorithm

Apply adaptive mutalion to the number of
CPs

!

Evaluate mutant, Merge and truncate |

Fig. 1- Flowchart of CSSmutate Used for multi-reservoir operation optimization
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Table 1- Main characteristics of the Golestan- Voshmgir dams
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Characteristics Golestan Dam Voshmgir Dam
Type of dam Earth dam Earth dam
First year of operation 2000 1970
Height from foundation (m) 17 17.8
Crest length 1367 430
Total Storage capacity (MCM) 62 47
Irrigated land area (Km?) 100 210
1 y=-0.0047x2+0.4723x + 2.0589 10
e by i ° y=-0.0118x2+0.7999x - 0.131
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Fig. 3- Area- volume curve of (a) Golestan, (b) Voshmgir reservoir
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Table 2- Specifications of the benchmark problems
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Function name Function Interval Global Min
n
. _ 1 2 X - n
Griewank F(X) =155 D X Hcos[ .] X€E[600,600] 0.0
i=1 i=1
1 s 1 4
2 .
Ackley f(X)=-20exp| -0.2 szi —exp FZcos(an,) +20+e XE[-32.8,32.8]" 0.0
i=1 i=1

<40 40

X2 xl %2

(8) (<)

1

(A) ()
Fig. 4- A perspective view for function when n=2. A: Griewank, B: Ackley (Kaveh and Talatahari, 2010)
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(Kaveh and Talatahari, 2010)
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Table 3- Variation of mean and standard deviation (xSD) of error with variation of pm
i ol Ol wiald 1l 4y U lume 1,201 g il 0lio Y Jgin

Function Standard CSS Mutation Percentage (pm) CSSmutate
0.01 1.86E-4 (5.25E-4)
. 0.05 1.52E-4 (4.58E-4)
Griewank 2.88E-3 (4.21E-2) 01 1.47E-4 (4.66E-4)
0.15 3.31E-4 (1.00E-3)
0.01 2.61E-13 (7.57E-13)
0.05 4.44E-14 (2.21E-13)
Ackley 3.01E-3 (1.09E-2) 01 5.86E-15 (1.83E-15)
0.15 6.22E-15 (1.87E-15)

Cams okl ¥ Jode BT gt ol anidly b)) 35
b duslie 1> CSSuute ioys 5 otalcamis NFE jlas yinls
9 NFE Jlas u5ie s &1 ool ] 1 ] CSS 50
Ol ] Lol a5eus b dulie )3 (ool v yoSl y3 047 390
s 3 sy 3 g 3 osias i lly 3 o

Al o 0 Cay i B &y

W3 03 g, &2 p0 SAlw g5lwaings dlume -0
e 9 CSS 3 llial (slas )58l U1y (b)) pslaie & bl 5
ol 31 5yl p0y0e (Siltingy Blao Jo gz ol 4Bl iex
dy90 dije 0 dilolw 5 dijtre Hlaa dilobw x> po Al 93 ¢ y3lco
Sfdes i)l cua 1y o Jlue cpl (28513 eolinl
e sleler by llas lelsy Blie > (ooloidny oo
able dlue S o walp Ly, 53 hwg ol sy
b o g (Syxe Larson (1968) kg )b (gl sl 450 o
Wy Cex oy 0P o4 ot 4l ) ess lule,
295 3 o oz 0 (295 0 5 0ad el (ol 5 g9y
8 ool 3y9s (55y0liS Sl el jglate 4y olSyy
bws 5 5L sl sl 0 Gime 00 ol dlus 045 0
dlue ol bl a8 > 5 3,20 Murray and Yakowitz (1979)
> e by (Siyaeln (hy) Ay 45 e albols aslea
O3B (83959 Olgie & CandVL (5 gy bl 5008
b o 253 (699)9 Cunl (S (e S g 039 Cumd oy
lyp ojle oad (gilulsy O S Bl candVl jd oy55e s
ol 9w Gline 25 0 )5 03liatul 3,00 (2B 59y MWy
iy e (2o b celie (oS 2l S g bhailols ol
Silge 5 Syw Cygo & oibre (o0l dilebw 93 (pl LCowl o

ol 0l JuSi5 0SS5 3alles

o 3 ond (gilolny Ol g po Als 93 1 (gl a5l it
...\:\.VJL:L;O d)l)){b).ed 0)9.)

&b VA CSSmutate vz yol 3 Slae (o jolaiody isu (pl )
Kaveh and Talatahari .cuwl ol Jo (5l 5)lskl Sow
Pk el gorminn w2)sS 3o (o) pslaied (2010)
Slinys N elgl ]y bl > b 9 03,8 oolitl (2l el ol
dulie S plnil jolatod bxin] )3 0358 dulie S5 didldguge
CSS 5 luiliw] wiu oSl g0 Sy (gl yiol )by adgl Hlado iloais
oo Sl 0ad dd)S (a5 > LSS et Kl 1SS sl
blod LSy pi sl 93 2 gl )b jo 50 00l ag adgl Cone
ol odd 48,5 Ja3 13 +/Y ply 55 e Jleis] oliee ccal o
b sl Jlasl al)d JS 5IVT 5 e Sles @8lgy0 4
Joda cpl 3 0 1)) polie .ol oas &)1 ¥ Jgdo )3 duwlio oyl
Gl b oe 13 (NFE) mb oo sl (:0ke jlade sims L
Ja5 (sl (S e () ol Ut 550 51 S, o Jie
oSyl o o454 jokay Sl iliie (laps )51 5 Shos duglie 4l
ol Ja3dyg0 0 5ol yips 3,Slos odimd L LSl jieS Hlade -yl
ééyo ‘_5])?1 4 ééylj LS‘)?‘ Cond c.\.’.m)ol..i;j )ul).: JS]J x)lﬁn
o oyl as joly 30 sae dgng pae plpll fCal w0, &
03,5 Jos 3990 395 atue slynl ;b 00 plad )3 ool &S Cnl
s 45 3950 (Al jeeluidge Jloj vy S (sl
Ol 4 05 0y il €8 K b odelcunsa ol
48,5 s 0 VT Ll By ol bl oS sl slhe ange
Cal wiysl Gl @By e led a5 cal ol
Slo Jlade o OMB &S S50 )0 opl ol f(8=\fmin—fﬁna||:1074)
oS b (golue (sllao dipy Oloa b o256l (! 51 o>
ass g 0390 Lal o )3 wsyo8) )] Cuddge (sline 4 g Vo
G sl e Ol |y aisd o) 4 b b s
b awolio )3 1) CSSmutate pa 93! (555 ool Camndes ol Ao o
Syl pezmen 5 )k Gy gorriua 3l o )5l
oasie ¥ Jgds 30 &S 4565 lan waad o bl i adldgs
é:l) YA )‘ é)l) \\4 » I) .))S-Lo.c up)-\.Q{J CSSMutate M)9§” |

VAN 5l o 0 ylowd (o3 3L Jlw ol sl O @olie Coliydines
Volume 15, No. 3, Fall 2019 (IR-WRR)

Y



Table 4- Performance comparison for the benchmark problems

Function GEN GEN-S GEN-S-M  GEN-S-M-LS CSS  CSSyuue  NFE reduction ratio (%)
AP 1,360 (0.99) 1,360 1,277 1,253 804 330 59.0
Bfl 3,992 3,356 1,640 1,615 1,187 615 48.2
Bf2 20,234 3,373 1,676 1,636 742 569 23.3
BL 19,596 2,412 2,439 1436 423 67 84.2
Branin 1,442 1,418 1,404 1,257 852 479 43.8
Camel 1,358 1,358 1,336 1,300 575 371 355
Cb3 9,771 2,045 1,163 1,118 436 303 30.5
CM 2,105 2,105 1,743 1,539 1,563 474 69.7
DeJoung 9,900 3,040 1,462 1,281 630 371 41.1
Exp2 938 936 817 807 132 139 -
Exp4 3,237 3,237 2,054 1,496 867 267 69.2
Exp8 3,237 3,237 2,054 1,496 1,426 594 58.3
GP 1,478 1,478 1,408 1,325 682 438 35.8
Griewank 18,838 (0.91) 3,111 (0.91) 1,764  1,652(0.99) 1,551 550 64.5
Hartman 3 1,350 1,350 1,332 1,274 860 467 45.7
Hartman6 2,562 (054) 2,562 (0.54) 2,530 (0.67)  1,865(0.68) 1,783 705 60.5
Rastrigin 1,533 (0.97) 1,523 (0.97) 1,392 1,381 1,402 686 51.1
Rosenbrock 9,380 3,739 1,675 1,462 1,452 1,209 16.7
Total 112,311 (96.7) 41,640 (96.7) 29,166 (98.16) 25193 (98.16) 17,367 8,634 50.3
|n(1) |n(2) In(3) |n(5) In(ﬁ) |n(3)
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Fig. 5- Schematic representation of the (a) four-reservoir and (b) ten-reservoir problem (Murray and
Yakowitz, 1979)
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Table 5- Parameter settings used in four- and ten-reservoir problems
O30 Wlobs g2 50 Jiluwo Jo )3 Dgl818 gLz oI (o yialyly pr3lie -0 Ja

Algorithm Parameter Value
Mutation rate 0.06
Mutation function Uniform
Selection function Roulette wheel
GA Crossover function Single point crossover
Crossover probability 0.70
Number of populations Four-Reservc_nr 200
Ten-Reservoir 250
Inertia weight (w) 0.9
Personal learning coefficient (C1) 2
PSO Global learning coefficient (C>) 2
Number of populations Four-Reservc_)lr 200
Ten-Reservoir 250
Lower bound of scaling factor 0.2
Upper bound of scaling factor 0.8
DE Crossover probability 0.1
Number of populations Four-Reservoir 200
Ten-Reservoir 250
Number of new harmonies 100
HMCR 0.95
HS PAR 0.15
Fret Width Damp Ratio 0.99
Number of populations Four-Reservoir 200
Ten-Reservoir 250
a 0.01
CMCR 0.85
CSS PAR 0.1
Number of populations Four-Reservoir 20
Ten-Reservoir 25
a 0.01
cpp 0.8
CSSmutate pm 0.1
Number of populations Four-Reservglr 20
Ten-Reservoir 25
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Table 6- Results for 10 different runs in four- reservoir problem
&35, ailolw g po diiws Jo 10 Lk o S g1yl 5L Ve 5 Jeols il —F Joua

No. of run GA PSO DE HS CSS CSSmutate
1 298.83 303.41 283.19 273.3 307.65 307.98
2 299.43 306.00 274.36 272.61 307.35 307.70
3 301.06 303.34 276.86 275.73 306.63 307.97
4 298.51 302.00 280.96 273.97 307.81 308.13
5 300.26 306.42 277.59 271.16 306.36 307.69
6 299.76 303.32 280.45 276.93 307.54 307.86
7 298.71 302.73 273.67 272.41 306.69 306.99
8 300.57 306.61 278.34 273.28 307.81 308.15
9 298.51 306.45 278.66 272.04 307.97 308.29
10 300.68 303.40 280.15 27452 307.24 307.58
Best 301.06 306.61 283.19 276.93 307.97 308.29
Worst 298.51 302.00 273.67 271.16 306.36 306.99
Average 299.63 304.37 278.42 273.60 307.31 307.83
Standard Deviation 0.9707 1.78 2.96 1.7507 0.5619 0.3744
Coefficient of Variation 0.0032 0.0058 0.0106 0.0064 0.0018 0.0012
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Table 7- Results of previous studies in four- reservoir problem
W35,k ailobw g o s Jo 53 iy liuins gl -V Jgus

Study Algorithm Ave SD Npop MNFE Maxlt
Bozorg-Hadad et al. HBMO (2011) 30750 0.417 220 1,100,000 -
BA (2014) 307.84 0.350 50 500,050 -
WCA (2014) 30492 1.887 100 - 5,000
BBO (2015) 307.69 0511 - 500,000 -
GSA (2016) 308.30 0.277 200 500,000 -
GA (2016) 299.60 0.705 200 500,000 -
Hosseini-Moghari et al. (2015) GA 30154 - 50 - 20,000
ICA 305.11 - 50 - 20,000
COA 306.90 - 50 - 20,000
Asgari et al. (2015) GA 299.69 0689 200 - 8,000
WOA 307.75 0.364 - - 20,000
Ahmadianfar et al. (2015) IBA 30805 0.150 300 - 780
Garousi-Nejad et al. (2016) FA 30551 0.665 50 500,050 -
MFA 30821 0.050 50 500,050 -
Solgi et al. (2016) EHBMO 30808 0321 211 - 4,000
Ehteram et al. (2017) GA 306.72 0580 - 50,000 -
Krill 307.26 0.220 - 50,000 -
Hybrid 308.17 0.050 - 50,000 -

Table 8- Results for 10 different runs in ten- reservoir problem
@35 03 dilolw & po o Jo 53 ks 1o Jiiwo 51yal Jb Vo 51 Jols gl —A Jgoa

No. of run GA PSO DE HS CSS CSSmutate
1 1178.32 1178.85 1131.57 1129.43 1187.11 1193.88
2 1164.07 1177.74 1126.72 1125.65 1186.86 1188.79
3 1181.62 1173.60 1138.41 1129.22 1188.90 1191.08
4 1172.41 1181.47 1120.18 1109.56 1186.06 1190.20
5 1162.73 1180.83 1107.93 1120.74 1186.46 1194.23
6 1170.88 1171.02 113356 1123.94 1189.55 1192.58
7 1169.53 1183.81 1123.87 113241 1184.89 1189.71
8 1169.00 1179.02 1125.02 1130.34 1185.01 1191.85
9 1167.78 1184.11 1112.30 1105.58 1190.25 1189.97
10 1177.87 1184.87 1113.49 1108.45 1187.48 1190.58
Best 1181.62 1184.87 1138.41 113241 1190.25 1194.23
Worst 1162.73 1171.02 1107.93 1105.58 1184.89 1188.79
Average 117142 1179.53 112330 112153 1187.26 1191.29
Standard Deviation 6.2079 45296 9.8891 10.0542 1.8219 1.8125
Coefficient of Variation 0.0053  0.0038  0.0088  0.0090 0.0015  0.0015
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Table 9- Results of previous studies in ten- reservoir problem
& 350 83 dilolw & po lune Jo 55 ymebiy Wiliadind gl -4 Jgoo

Study Algorithm  Ave SD Npop MNFE MaxIt
Wardlaw and Sharif (1999) GA 1190.25 - 500 - 2500
Jalali et al. (2007) ACO 1185.22 3.60 150 - 3,000
Bozorg-Hadad et al. (2011) HBMO 1148.05 5.00 220 1,320,000 -
Ehteram et al. (2017) GA 1188.68 1.13 - 500,000 -

Krill 1189.66 0.707 - 500,000 -

Hybrid 119391 0.31 - 500,000 -
Ahmadianfar et al. (2015) IBA 1192.89 0.69 100 - 9700
Garousi-Nejad et al. (2016) FA 1097.41 8.0142 50 1,000,000 -

MFA 1183.59 1.5177 50 1,000,000 -

aulie 1 10,05 pl YL cubl 5l lis oS sel cand 4 +/VY
ol 505 6550 1 oS

Table 10- Parameter settings used in Golestan-
Voshmgir reservoir operation optimization
problems
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yRowig 9 bmdS slaaws 51 (5,150 b (55 lweiage o

Algorithm Parameter Value
Mutation rate 0.05
Mutation function Uniform
Selection function  Roulette wheel
GA Single point
Crossover function gle poin
crossover
Crossover probability 0.80
Inertia weight (w) 0.9
Personal learning 2
PSO coefficient (Cy)
Global learning 5
coefficient (C2)
Lower bound of scaling
0.2
factor
DE Upper bound of scaling 08
factor '
Crossover probability 0.2
Number of new NDOD/2
harmonies Pop
HS HMCR 0.95
PAR 0.1
Fret Width Damp Ratio 0.99
a 1
CSs CMCR 0.85
PAR 0.15
a 1
CSSwmutate cpp 0.8
pm 0.1
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Table 11- Results for 10 different runs in Gorganrood basin multi-reservoir problem
39,08 55 oyl adgs (43l (g 5lwaings dlue Jo 45 Ly ;o1 e 1yl UV 51 hols bl - Joua

No. of run GA PSO DE HS CSS CSSmutate
1 1.24 0.51 0.56 0.94 0.51 0.28

2 1.06 0.64 0.5 0.79 0.43 0.22

3 1.13 0.65 0.54 0.85 0.35 0.32

4 0.78 0.84 0.49 0.98 0.33 0.34
5 1.01 0.71 0.52 1.09 0.41 0.26

6 1.54 0.55 0.68 0.84 0.38 0.24

7 0.81 0.67 0.72 0.78 0.32 0.24
8 1.24 0.78 0.51 1.12 0.36 0.27

9 1.66 0.86 0.61 0.81 0.32 0.34
10 1.33 0.63 0.59 0.93 0.35 0.29
Best 0.78 0.51 0.49 0.78 0.32 0.22
Worst 1.66 0.86 0.72 1.12 0.51 0.34
Average 1.18 0.68 0.57 0.91 0.38 0.28
Standard Deviation 0.2853 0.1153 0.0781 0.1213 0.0597 0.0424
Coefficient of Variation 0.2418 0.1686 0.1366 0.1329 0.1587 0.1515

Table 12- Optimal value and reservoir performance criteria obtained by proposed algorithms
o 951 g1yl 51 ol 39,015 ,5 adgn (4310 3 ,Sdos s sl g B &b jlado - VY Jous

i CPU Golestan  Voshmgir Golestan Reliability Voshmgir Reliability Vulnerability Sustaiability
Algorithm O\?;:lrjr;zal Runtime deficit deficit Volumetric Time Volumetric Time Golestan Voshmgir Golestan Voshmgir
(s) (MCM) (MCM) (0=0.9) (0=0.9) 9 9
GA 0.78 175.1 82.32 76.94 86.68 26.67 86.84 35 0.56 0.60 0.05 0.07
PSO 0.51 110.3 75.06 37.89 87.86 36.67 93.52 61.67 0.52 0.83 0.08 0.19
DE 0.49 139.5 48.63 58.57 92.13 51.67 89.98 61.67 0.36 1 0.22 0.17
HS 0.78 166.6 67.88 76.37 89.02 45 86.94 36.67 0.67 0.98 0.14 0.07
Css 0.32 121.9 35.20 32.29 92.34 58.33 92.85 60 0.53 0.95 0.20 0.24
CSSmutate 0.22 130.2 33.20 27.50 94.63 61.67 95.30 70 0.42 0.82 0.22 0.28
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Fig. 6- Objective value evaluation of Golestan- Voshmgir reservoir system operation by proposed algorithms
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Fig. 7- Monthly optimal releases from Golestan reservoir by proposed algorithms
Ol s oy 3500 iliseo (gL ek 5o 51 ool Cuwd 4 (g5lwldy g 5L ,lado -V JSUS

20
Demand ==©-= GA e PSO DE seeeeseen HS CSS —— CSSMutate

15 -
s a0
O i
= J
g 107 ! ok
g & { f A
x é | ¥

5 :
0( _ il r Q P & r [t
5 10 15 20 25 30 35

Period (month)

Fig. 8- Monthly optimal releases from Voshmgir reservoir by proposed algorithms
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1- Genetic Algorithm

2- Ant Colony Optimization

3- Particle Swarm Optimization

4- Differential Evolution

5- Harmony Search

6- Honey-Bee Mating Optimization Algorithm
7- Multi-Objective Particle Swarm Optimization
8- Chaotic Differential Evolution

9- Multi-Objective Differential Evolution

10- Non-Dominated Sorting Genetic Algorithm-II
11- Fully Constrained Particle Swarm Optimization
12- Water Cycle Algorithm

13- Nonlinear Programming

14- Invasive Weed Optimization

15- Discrete Dynamic Programming

16- Cuckoo Search

17- Krill Algorithm

18- Parallel Cellular Automata

19- Colliding Bodies Optimization

20- Enhanced Colliding Bodies Optimization
21- Vibration Particles System
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