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Abstract

The optimal design for water distribution system (WDS) is not only satisfying the minimum required water pressure of the nodes, but
also minimizing pipe cost, etc. The number of designs of WDS increases exponentially due to the arrangement of various pipes. Various
optimization algorithms were applied to propose an optimized design of WDS. In this study, Modified Hybrid Vision Correction Algorithm
(MHVCA) with improved self-adapting parameter was applied to optimal design of WDS. The performance was improved by changing
the Hybrid Rate (HR) of the existing Hybrid Vision Correction Algorithm (HVCA) to nonlinear HR. To verify the performance of the
proposed MHVCA, it applied to mathematical problems consisting of 2 and 30 decision variables and constrained mathematical
problems. In order to review the application results of MHVCA, it was compared with Harmony Search (HS), Improved Harmony
Search (IHS), Vision Correction Algorithm (VCA) and HVCA. Finally, MHVCA was applied to the optimal design problem of WDS and
the results were compared with other algorithms. MHVCA showed better results than other algorithms in mathematical problems and
WDS problem. MHVCA will be able to show good results by applying to various water resource engineering problems as well as
problems applied in this study.

Keywords: Water distribution system, Self-adaptive parameter, Hybrid rate, Improved harmony search, Centralized global search,
Vision correction algorithm
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etal.,2015; Lee et al., 2015a, 2015b).
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112]&(Swarm intelligence-based algorithm, SIA), A}
231 2] &(Bio-inspired algorithm, BIA), =235}
2]Z(Physics and Chemistry based algorithm, PCA)
dre|Eo 2 BRe 4 Uth(Fister Jreral., 2013).
SIA= 7o)+ %2 8K Ant Colony Optimization, ACO) &
AR Z A 3K Particle Swarm Optimization, PSO) 5°] 2L
THDorigo and Di Caro, 1999; Kennedy and Eberhart, 1995).
BIAE 5L 2] E(Genetic Algorithm, GA) 2 Human-
Inspired Algorithm 5-©] $1tH(Goldberg and Holland, 1988;
Zhang et al., 2009). BIA=SIAE T} ] -2 Fo] 4=
oft}. SIA= w42 oL Q= Aol M I Eskon,
BIA= 3 #Tto] opd Zpdof| A gts 1ot 7 e Ll e
Zolt}t. PCAE= S (Harmony Search, HS) & Vision
Correction Algorithm (VCA) 5°] 1t Geem et al., 2001;
Leeetal., 2017).

SIAE 7fiEet ¢l 2]5-2 Improved Ant System Algorithm
9 Improved PSO 5-0] Q1thBullnheimer et al., 1999; Yiging
et al., 2007). BIAS 72kt €181 =& Improved Genetic
Algorithm 5-¢] 2ItHDandy et al., 1996). PCAS 7H&3t &
112]&-2 Improved Harmony Search (IHS), Exponential
Bandwidth Harmony Search with Centralized Global Search
(EBHS-CGS) ¥ Hybrid Vision Correction Algorithm (HVCA)
5°] JJtH(Mahdavi et al., 2007; Kim and Lee, 2020; Ryu and
Lee, 2021).
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A U2 = F 2] 0] 9k 2|4 ol| = 2ttt VCA Y] w7l
= Division Rate; (DR;), Division Rate, (DR,), Astigmatic
Rate (AR), Modulation Transfer Function Rate (MR), Com-
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7= ARALESI7E 7ol whet 058 gho] 57t
SHA| &= 2718 7otk HVCAE 71 VCA 9
2 A A A=A 7 2let7] 919l Kim and Lee
(2020)7} AR 4312 E<1 EBHS-CGS 2] CGSE 3713
. CGS 9] 712 A HVCA S FA 2 7] VCAS}
CGS=Z TdE ot HVCAE F 7 8-S f-5
ARESE] f1of i Al tto] IR A 2] A oS 2h2 THAE
Hol destE2 S7H71= HHS 485kt

Ryu and Lee (2021)7} At HVCA Q] HRS M@ o2
Z7ot= FHloloh whebA] HEE AL FHER o = Z g O]
SFEo| Wolz|= o] Qlok. HVCA S B -& 745 ] €]
ol HRS] FEfE 7H4AF MHVCAE ARFSHATE A1 -53
7S 7R A o] A-8-H MHVCA 9] 5-& 2RlIst7] 915
A7 270 D 3070 = A H ek Al Al ek o) Q)
= oAl 4-8-5H3ith. MHVCA ©] 2-8 4= HS, HS,
VCA 9 HVCA®} H| W5 th MHVCAS 4=SHEA] #at o}
et pAdget 24 5 A= 244 A0l 285t

AIE o FH A 4SS vl st At

)
lo
I U

2, A1

2.1 Vision Correction Algorithm (VCA)

VCAE Al g7t ol Al 219t 2|45} g are|Eolot.
VCAS| 5% % Shibe 95210l ezt 2 gt a2
Y5171 913t Division Rate (DR)E Z-8-51%t}+= Aot DR



Y. M. Ryu and E. H. Lee / Journal of Korea Water Resources Association 54(7) 475-484 477

2 A to] A RA HZghS Bolh Bl &

= st
S DR
1=

i)

5SSV 7]= w7 4=o]th, VCA S DR2 DR, %
%]o] Stk DR -2 @A AT A] 7 el 2] A
S Aok= w7 g=ol T DRy= A gAS A3
=7

= O

4

&=

g —aEa= 2
S e o] B HRe ok

—1 0

0:

-1 a
k2 A AYS 7| F 02 f(H) 9 kit =(-) 9
2 ASPE Tt 7]E VCA WlollA 2t 24 ¥ia~9]
Ao 4] o] 0] 2™ Modulation Transfer
Function (MTF), CF & AFE 5] A%t 0X| =4 5 MTF
EMRO| FES HIF O 2 A8 %™, AF= ARS| SFE2 TEL:

2.2 Modified Hybrid Vision Correction Algorithm
(MHVCA)
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Table 1. Pseudocode of MHVCA

Generate initial candidate glasses
Sort candidate glasses by objective function

While (Time < Max number of function evaluation)

If (CGSR < rand)
If (DR1 > rand)
If (DR2 > rand)
Generate new glasses via Myopia search
else
Generate new glasses via Hyperopia search
end if
else
Adjust glasses via Compression factor
If (HR > rand)
Adjust glasses via MTF
end if
If (HR > rand)
Adjust glasses via Astigmatism
end if
end if
else
Generate new glasses via CGS
end if
Compare glasses and change better glasses

Endwhile

Generating initial
Candidate glasses

Division
ratel

Using present
glasses

- = Division
[ Improving usability Myopia Hyperopia
by compression search search \__rat.ez__/
factor {+direction) } | {-direction} Changing
....... . 1
Application\- . new lens

ith
\\a{igmatism? : "
Yes

(" Changing
Division
ratel
and

" Checking | Division | No
myopia? | _rate2

........ worst lens

Increasing
HR
rate

No G
%mpan‘ng

existing lens?.

Increasing
CGSR
Decreasing
CGSR

=== [|HS Concept
=== CGS Concept

No

Fig. 2. Process of MHVCA

3. g+zy

AP MHVCA 2] 455 H| 1w 5}7] flof 2|2 ehaA]| ol 2
S5kt HA5 A eSS 285 wAle AT 27
2 3% 4515A|(Three hump camel back function), 2%
47130702 A% $=8F=A)(Sphere function), 274 77)
2 =] 9low, Alekxdo] 9l 4=8HEA|(Constrained
problem) 2 A= 224 A EA|(Water distribution prob-
lem)o|t}. ZHH7} 27 2 30702 A H FSHEAlE 24
grol EA1517| wigell eSS 487t Aot A A%
H| w5to] @ 2K Error) & AJAISHATE AloFz710] Qli= ke
A|2F = 22 AA A= 2| Agke] EA6HA] o7 wlw
o Fa1e]E-E ARgote] 15t AiKResult)E Hl w5t 2t
wA19] AT A4 40 5= Table 291 ZTh

7F G e|Eo A4t 452 Bl str] 915 Mean
Number of Function Evaluations (MeanNFEs), Success Rate
(SR) & £ 8 AJ7KTime)< ©]-8-5F31th Number of Function
Evaluations (NFEs)= 52 t<ro]] o] s} A/8 = A =2 31 €]
Aot 4 A MR AATEISS Foto] Lehhs ol
MenaNFEs'= 2} &3] 5:2] 341 2§ 2311 s 22
ol =72t 2| % O] NFEs 9] Bt 7to|th. MeanNFEs-2 93!
2ol A SE Fuht e Zotll =215 & 4 e AT
2| 2| 3o}, SR FarelEo] F15t A7t duht A elstA|
A & 4= = F Al FA A-sof] gt 2] H®e]rh SR
10051 6] ¥HEA9Y & A1 2] 50 - 8-d et 224 2} A o
oigt go] @217} 1.0E-10 ©]5kQ1 78-¢-ofl thet Fgh2 et
Atk Time-2 A7 WHEA 5T gt} o] = Al
H& Uehd ghe 2 AR del= ARk S5kl 43}
G2 ES 4ok Aol 2-8517] floll TR AREEA
A Visual Basic 6.0 T2 132 A18519ct T2 73 ] 7}
AXR4=2] FH= Double 2 4.94065645841246544E-324
HLE] -4.94065645841246544 E-324714] 9] 3k LreERATY,

At dare|EES wAol 28571 S1el 2 el Eo
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Table 2. Specification of benchmark function

Benchmarkprovem. | P | L e
Three hump camel function 0 2
Sphere function 0 30
Constrained problem N/A 7
e
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Table 3. Parameter setting of HS and IHS for the application of
benchmark function

Table 5. Parameter setting of VCA, HVCA and MHVCA for the
application of benchmark function

HS IHS VCA HVCA MHVCA

HMS 10 10 CG 10 10 10

HMCR 0.9 0.9 CGSR - 0.1 0.1

PAR 0.5 - DR; 0.1 0.1 0.1

MaxPAR - 0.99 DR, 0.5 0.5 0.5
MinPAR - 0.35 MR 0.1 - -

Maxbw - 0.05 CF 20 20 20
Minbw - 0.00001 AR 0.1 - -
AF 45 45 45

Table 4. Comparison of error (result) for application of benchmark
function using HS along with PAR

Three hump PAR
camel function 0.01 0.1 0.2 0.5
Mean Error 1.71E-06 | 8.65E-08 | 4.36E-08 | 2.82E-08
Best Error 2.31E-09 | 3.99E-10 | 6.03E-10 | 9.20E-11
Worst Error | 7.03E-06 | 5.06E-07 | 2.64E-07 | 1.49E-07
SD 1.42E-06 | 1.15E-07 | 4.67E-08 | 3.00E-08
Sphere function PAR
0.01 0.1 0.2 0.5
Mean Error 1.31E-04 | 1.01E-04 | 8.01E-05 | 8.01E-05
Best Error 1.12E-04 | 9.25E-05 | 7.17E-05 | 7.27E-05
Worst Error 1.53E-04 | 1.14E-04 | 9.15E-05 | 9.11E-05
SD 1.07E-05 | 3.93E-06 | 4.98E-06 | 4.37E-06
constrain PAR
problem 0.01 0.1 0.2 0.5
Mean Result 1287.37 723.17 683.28 681.68
Best Result 771.56 682.38 681.02 680.66
Worst Result | 1531.71 803.61 686.50 682.57
SD 120.87 23.27 1.18 0.50

HS2}FHS 9] ufj7fEH o]t} MaxPAR, MinPAR, Maxbw &
Minbw+= IHSOA] A== i 70|t} IHS & PARS &
A 847 Z7 el whe MinPARFE] MaxPAR7HA]
7¥stal, bwis @AAIABIE7T F7Fekell whel Maxbw-E
Minbw7HA] ZHAQhct.

HS 9] tf7i¥i4= 5 PAR /4 g of| what 2|4 g1e] 2ol 7k
AYRITY. Table 4= HS S| PARO| 2 +5RE A A-§-Awto]rt,

Table 40 T2 HS+=PAR©] 0.5 off ZH 2A| 2] H5ko]
A5 VP ST Three hump camel back function®] 73-¢-
PAR©] 0.5 uf a2 *Mean Error), |4 2 2K Best Error),
Z|t 2K Worst Error) ¥ E5FHZHSD)7} 7 WA Uit
Sphere function®] 3-9-PAR®] 0.291 74-2-2}0.5%1 75--2] 4

FOAF= 5519 o H, H|4 @ A= PARC] 02¢ o o e
22 e At 23 PAR] 0.5 73 Z[ ] 2 xfet B
HAP7} ] W2 & Ve QAT Th2bA] PAR] 0.28] 71
}0.5%0 73971 o E2 482 UERA I Constrained problem
9] 4-¢-PAR©] 0.5¢1 797} RE Avfo] ) e ZhS e}
ISl sokA] 2-8-2 o] th2t HS O] PARE 0.5 2 4275}
ot IHS &) MaxPAR, MinPAR, Maxbw & Minbw+=Mahdavi
et al. (2007)°] A|2t3H IHS o] uf7f 45 ARESHS T

Table 5= 5 EAIE $1oll -85 VCASLFMHVCA 2] B 7H
HZ-o]th. VCA 9] tlj 7] #14> % Candidate Glasses (CG)= &
12 Y AA-Z7Ee 2 HSQFIHS 2] vl 7}5 4> 5 Harmony
Memory Size (HMS)2} Z-2 G 3HE sh= w7 ¥is=o|t}h. CG
SHMSE 22 93-S o= mi 7 4=o] 7] whiEo] 22 3Ee.
2 AAsHor.

Table 50 TF2H VCA 2] 7R 5 MR 2 AR Lee et
al. (2017)°] A|teF VCA 2] General value?l 0.1 4853
T}. VCA, HVCA @ MHVCA 2] A2 H| .5 Q5] 555
j7 = 22 Lo 2 A-85H3T

3.1 284 £25E2 2]|(Three hump camel back function)2]
g

AR M7} 27]Q1 45H2EA|(Three hump camel back func-
tion)°f| T3 HS, IHS, VCA, HVCA % MHVCAE 28319
o}, oF2ll 9] Eq. (3)2 Three hump camel back function®] ]|
t}. Three hump camel back function®]|4] NFEs+ 50,000.2
2 AAstH .o, & 1003] FHEA Y5}

@y

flz) =2xf*1.05x?+F+x1$2+x§ (3)

Subject to —b<x, <5

—5=<zy,<5H
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Table 6. Comparison of error for application of Three hump camel
back function

HS IHS VCA | HVCA | MHVCA
Mean Error | 4.93E-08 | 2.51E-09 0 0 0
Best Error | 2.47E-10 | 5.08E-11 0 0 0
Worst Error | 1.80E-07 | 1.95E-08 0 0 0
SD 4.35E-08 | 2.80E-09 0 0 0
Mean NFEs | 49,869 49,998 | 49,918 | 3907 3,073
SR (%) 0 2 100 100 100
Time (sec) 426 416 784 972 962

{714, x,, x,-= Three hump camel back function2] 27
o]t}

Table 6= Three hump camel back function= HS, IHS,
VCA, HVCA ¥ MHVCA®©| 483t Z7}2 v w3k Zo|t}.

Table 69 TF2™H VCA, HVCA @ MHVCAZ} 7P &2
Z|AghS ZrolWith HVCA @ MHVCA = Z o] @ X Worst
Error), #|4~ @ ZK(Best Error), B 22K Mean Error) @ 5
Hx}(Standard Deviation, SD)7} =25 0.0 2 1}k O ™ SRO|
100°]c}. kA VCA, HVCA 2 MHVCAE 1003] 2] BHE-
Aol A BT X 7S ZITh HS 2 IHS ] F5HAb= 2t
7} 435E-08, 2.80E-09 2 1.07E-772 1003] 2] Al s =oF
5% SE 2k2] Fict, HS, IHS 2] MeanNFEs+= 50,000 ]
7VA VrteE. HS, IHS= 478 50,0001 9] NFEsell A %14
2 2] Slalf A4to] P =] 11 Itk MHVCA+ o2 ol
2] 5ol v]5) ol -2 3,073 2] NFEso| A 24 gkl =3t
T2 MHVCAE= FHEA 50t £ 8 AJl7to] 962% = o
2 garE|Eo] vsl] 7P g2 A7ko] A8 F|%ich HREZ Q15
HHEAATo] S7FE=5 MHVCA 9] nA| 2 o] A =& 2
E°| 37157 Wizolth

Fig. 3-2 Three hump camel back function®]] T3] Z} €17 2]
S SIS YeRd Aot 823412 1008 2] REEA
YA} Pt gho = et

Fig. 30] 2 FFEALRS] 2 7)0f| BE T2 E9] @2t
7} 2 A 74 2lek HSSHHSE 9F 5002] NFEs71A] 744
st obs B5-2 B ATE VCAE ¢F 509 NFEs7HA
QA EEA A5 2™, HVCA 2 MHVCAE HHEA]
Ato] A|2bat Al of| @ 217} whE A 7HASHTE VCA S E e
HVCA % MHVCA+= CGSE o-8-5 A eA-S A dfstod it
27 eaptEolerh A &= °]F HVCA E MHVCA
= A 9gA ghgo] S7FotAA] HAZES Zhett 2814 45
Aol HVCA € MHVCAE=HS, IHS ¥ VCAHE o} W2
MeanNFEsE H |51, P4 0 2 XA7h-3 2hS 4= it
£ g HojErt

4
HS
IHS
N - =VCA
T R N TTTE HVCA
P! = ==MHVCA
= |
|
1]
()
. — —
0] 10000 20000 30,000 40,000 50,000
| NFEs

Fig. 3. Conversion shape for Three hump camel back function

3.2 3084 252 A|(Sphere function)2]| 22

A H=71 30719 S=eEA|(Sphere function)©l| Tl HS,
[HS, VCA, HVCA ¥ MHVCAS #-8519tt. oll9] Eq. (4)
= Sphere function®] A]-& LA Zlo]t}, Sphere function=-
45171 918 NFEsZ 100,000.0 2 AA5}15] 0™, 1003]
HAYFAT.

fla)=Ya? @)

i=1

Subject to —5.12<gz; <512

1=1,2,---,29,30

A7) A it= AAH0] 4=0]11, 1.2 Sphere function®] A%
H =0T},

Table 7-2 Sphere EAI= HS, IHS, VCA, HVCA & MHVCA
o] 4§35t Ay}-E v] w3l xolrt.

Table 70 TF2H VCA, HVCA @ MHVCA7Z} 7FE 22
A7k Zolylth VCA, HVCA @ MHVCAE X 2.4,
4 921, Wi 921 Y SD7HL 2 1003] 9] HHE-Al o] 4]
5 XAZES 20 T HS= B @27 ¢F2.66E-05 2 THS
L g7 02171 9F8.07E+012 1003] Q] HHEAI 38 50 Rz 5
27] BTt HS @ [HS 2] MeanNFEs= 100,00080]] 712
Uitk HS= A4 100,000 ©] NFEso| A 2] 21gHe 2F
95} A4to] AP 11 Itk HVCAE CGSE Q15 VCAQ]
3 1> LE.2- 1,1299] MeanNFEsS LFERATE MHVCA=
Atatg o] 7= lof] REEA 59t 4.8 H A7) 8,050
%2 7]5to] = VCAS Hal B2 AJto] £ 8 F|%).0H, VCA

NN

A
7

H

g =
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Table 7. Comparison of error for application of Sphere function

HS IHS VCA | HVCA | MHVCA
Mean Error| 2.66E-05 | 8.07E+01 0 0 0
Best Error | 1.18E-05 | 4.10E+01 0 0 0
Worst Error| 4.15E-05 | 1.23E+02 0 0 0
SD 6.08E-06 | 1.82E+01 0 0 0
Mean NFEs| 99,993 84,956 {99,800 | 1,315 1,129
SR (%) 0 0 100 100 100
Time (sec) 777 1,363 3,728 | 14,055 8,050
200
| HS
| IHS
150 | - =VCA
e HVCA
gloo E == =MHVCA
|
50 |
M
ANV L
o[ 20000 40000 60000 80,000 100,000
\ NFEs

-

Q 25 50 75 100

Fig. 4. Conversion shape for Sphere function

HrpoFoufjof Ajgte] 4 itk HVCA 9] 7% 4 5 AIE
o] 2.2 AXth HVCA= HRE| 724 ndIZd5 sheohe
o] §751A S7IRIth HRZ QIS HVCAE R4S T2
dare|EE o go] A8YstA =™, 27447 30710]7] =
=0l VCA ¥ MHVCAE T 22 A|7to] A9 Hrt.

Fig. 4= Sphere function®l] sl 2} 41 2] &o] 74
S LR Aot 83412 100%] ] WHEA YA vte] Bt
o= e it

Fig. 40 T2 [HS 2] 73-%- 2F 15,0002] NFEs7}A] @217k
AHSHA FA =TT eapt Ak A& 2 4 Utk HS=
ZHFROI NFEso| A 42 5H O L HS @ HS 27 2|24 gh
2 22| ZokSieh VCA 2] 79 HHE A to] A2 o] 5 aff--
w2 7| @ 27} 74451t HVCAE HHEA|Ato] A Aot 5
Aol -2 AAH40] g1 Zrol thE Gt e]Eof H]off Y-
Q2gke Bt ey REEAAO] ZRENFEseA4 MHVCA
7} VCA 2 HVCARET} B 2F2 @212 = gct. 3084 45t
EAolA] MHVCAE HS, IHS, VCA @ MHVCA Et} &S
MeanNFEs 2 W2 Q215 H Q]

—

33AM[YR0| U= ZAH[e| M

Alekxzo] Sl Al Alkx1S TrSota A H43ke
b= EA oot EA ol thet o] 51| = EA017]
2ol ZF darE|Ee] 48
TR g Alekxd0] QL= FAlol il HS, IHS, VCA,
HVCA ¥ MHVCAE #8519t}

o] Eq. ()= Alerzrdo] Sl A9 Al vEhd Zio]
ot Ao = =AIE Sl ZsH7] $15l NFEsE 100,000
o2 A5t oM, 1003] HHEA 35t

flz)=(2,—-10)°+5(x, —12)* + 23 =3(z, —11)*  (5)
+ 1028 + 72§ + 27 —dagr, — 102, — 8z,

Subject to 127—2x7 — 3z —x, —4x]—5x5 = 0
282 —Tx, — 31, — 1025 —x, 425 > 0
196 — 23z, — x5 —6x; +8z, > 0
—4a? — 22+ 3z, —2x§ —5z5+ 11z, =0

-10<z, <10, 1=1,2,3,4,5,6,7

o]7] A Ty Ty
oJtt.

Table 82 A|2Fz710] Qli==AIE HS, IHS, VCA, HVCA
2 MHVCA] 483+ Z7HE H| w3t Folct,

Table 8] 2™ VCASF MHVCAZ} B4t 27 (Mean
Result)7}680.648 = 5L 5HA Uith HS, IHS % HVCA=
B A7} 212 681.661, 680.723 2 680.659= VCAS}
MHVCAXT}Z 310 2 uhgitt. X]5:3k(Best Result)©] L=
AV 2]ES MHVCAR 680.631°] Lk2kch IHSSFHS @] 74-%-
217} 680.645 2 680.735% LFTE. X HHZH(Worst Result)<
MHVCA7}680.710.0.2 7F4 2ero M, HVCA7}680.920,
VCA7}680.748, IHS7}681.308, HS7} 682.043 0. & A7}
ULtk MHVCAE 352700142 eSS 7P 3
2 ATE BTt TR AP E < A 8 H ATR THS7H
2919% 2 71 =90 ™, VCA (2,513%), MHVCA (2,374
%), HVCA (2,369%), HS (1,146) %0 & =2 A|7FS LER
Atk MHVCAE AlFx 0] Sl EAlolA Ao s &
2 AE BojFgl o) AA R A Q Fl= ATR2 HVCA R T
L& A9E HoFqlth o] E Sl MHVCASIHVCAE= 2
FRAS7 A2 EAof thafl vlA| 27 Aol 4] A El= AIRE
o] & o7t YA] =i AL & 4= STt

Fig. 5= AleF2710] Sl Aol sl 2 arelse] =3
TS YERd Aot} 3412 1002] 9] REEA A1}
B o 2 Yyl

g v AlFRZI0] Qe 2 A9 2
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Table 8. Comparison of error for application of constrained problem

HS IHS VCA | HVCA | MHVCA
Mean Error| 681.695 | 680.715 | 680.647 | 680.659 | 680.647
Best Error | 680.841 | 680.645 | 680.631 | 680.632| 680.631
Worst Error| 682.043 | 681.308 | 680.748 | 680.920 | 680.710
SD 0.273 0.196 0.016 0.034 0.014
Mean NFEs| 100,000 | 100,000 | 100,000 | 99,998 | 100,000
Time (sec) | 1,146 2,919 2,513 2,369 2,374

HS
IHS
- =VCA

===MHVCA

[ 25,000 50,000 75,000 100,000
| NFEs

[ e e e

650

o

25,000 50,000
NFEs

Fig. 5. Conversion shape for constrained problem

Fig. 50| T2 M HHEAA 5901 VCA, HVCA E MHVCA 2]
Fote St w2 7 YERth HS2FHIHS = 2F30,0002]
NFEsol| A =8-& A& ok RS Bl o w22 grof 3
SEA] Sshdnt. Aok o] Sl EAollA VCA E MHVCA
7tHS 2 [HSET} £2 A58 HAZTH= AL o 4= 9ok

3.4 Aty 2| ML 2A[e] 4

AAWE7 27 2 30702 9 H SR AILL Ak o]
Q&= FHEAE 55 MHVCA 9] A5-S AESHAT 28
g = FA A MHVCAE £2 5= BTt AA|
F2r-E st EA ol 285171 Sloh MHVCAE Ayt 24
A ZA o B85t ohE 43t Y el &5} B st
&5 A A4A ZAol A-851] HoH MHVCA% )=
73 5§ =Fo] et EPANET Y} ¢15-510] 4-2]s1A41-& X188

53t MHVCA 9] 282 3-= HS, Multi-Layerd Harmony
Search (MLHSA), VCA 2 HVCA 2] Ao} 8] W5} tH Lee
etal.,2016,2017; US EPA, 2000). Fig. 62 MHVCA S Ak
e 22 dA ZAel B-8-517] flol Aeigt 25<19] Balerma
ol

Fig. 6. Balerma network in Spain

Table 9. Pipe cost per diameter

Diameter (mm) Cost (€/m)
113.0 7.22
126.6 9.10
144.6 11.92
162.8 14.84
180.8 18.38
226.2 28.60
285.0 45.39
361.8 76.32
452.2 124.64
581.8 215.85

Balerma Y- 44371 9] 4, 4547119] ¥ 2 4711 9] 2|7+
A2 A= o] Tt Balerma T2 ZF-G-5H24] 0], 871
o] Hjetg 2 & E|o]qlr}. Balerma Tl tiet &4 5=
Darcy-Weisbach 321 5ol 75F31.0H, ZF TO| Al k=
0.0025 mm= A5} t}. Table 9= AT 2244 2
Alol] AHE-El= o] A7 7HA o]t

o} 9] Eq. (6)-2 Balerma ¥7g-2] %247
Fo} gkEoflof ol= 4/\ FofolH, A e
& 739 HdHE Fofch= golth

ol ul.g
e

=

rulo i
ek

Ml

I

Minimize Cost= Y, C.(D,) < L;+ M».P 6)
i=1 j=1

Subject to h;, =20m

h;)+Bs if hyy, > hy

min f)

Penalty function P, =« (hmin
(=10, 3=107)
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AZNA Cpz B9 Aol(mm)S B, L,+= i 82| dol(m), D,
i 3] A (mm)olth N o] = M2 AR o] foltt.
Alokzd 9 g opollA h= A3 ol fol™, by, &
Ao 24 9 4=¢toltt. Balerma Yol A] 24

20 molt}. P 4 @ 9E THESHA| g - 7
= HgEoH, a, 8+ Folok= g E 2] Flolch. idH
10°°¢]™, s p+=1070]ct.

Table 10>/ 2244 EA o] thell MHVCAE &
43t ZAto]th MHVCA Q] A et u 7 H<4== CFSt AF = 2}
Z-10 91 2 A0 2184 EAof sl 7HY 2 32
YefE B2 A5ttt MHVCA 2] Z3E H]wsl] 9]
o) AATTHVCA L] W7 H4= CFLFAF R ZH2H 10 Z 452
g 22dA EA Ol el 7P 2 3 UElE S
2 A7stelet. 7180 ArE G ejEEd A9HE H| s |
SIS HVCA 2 MHVCA ©] NFEsE 45,4000 2 475t 5 4
P51t Table 11-2HS, MLHSA, VCA W HVCAE A
4 22 4A EA ol 483 Ato|th(Lee er al., 2016,2017).

Table 11°] TF2H HS 9] X4 H]-§-2 2.60E+06 € 02
o2 gt Hlel @2 H]-g-o] IS Table 102+
Table 11°] T2 A|¢HE MHVCA=MLHSA KT 3|4 H]
0] ¢F0.01E+0.6 W7 Lpgkom, 2|t H|-80] MHVCA7}
MLHSAET}H0.16E+06 RA Ut w, B H|-80] MHVCA
7FMLHSAEt}H0.15E+06 YA Uit MHVCAE= VCAR
o} ot v, Z|oh 18- 9 24 v]-go] WA Uit B vl
2 MHVCA7} VCART}F0.06E+06 € THE- WA Lo w,)
A H]-E-2 MHVCAZ} VCAR T} 2F0.05E+06 € THE 2|
Uit o B]-8-2 MHVCA7} VCA KT} F0.067+06 € Tt

Table 10. Result of cost for application of water distribution problem

Pipe Diameter Optimization Result

Mean cost (€) 2.19E+06

Best cost (€) 2.13E+06

Worst cost (€) 2.24E+06
NFEs 45,400

Table 11. Comparison of cost for application of water distribution

problem
Applied | Mean Cost | Best Cost | Worst Cost NFEs
Algorithm €) (€) (€)
HS N/A 2.60E+06 N/A 45,400
MLHSA 2.35E+06 | 2.14E+06 | 2.47E+06 | 45,400
VCA 2.25E+06 | 2.18E+06 | 2.31E+06 | 45,400
HVCA 2.20E+06 | 2.15E+06 | 2.28E+06 | 45,400

2 237 Ut MHVCAE= VCAR T B4 H]-80] 2F2.67%
Trastom, 4 82 F2.29% 745t o™, Zof H]
8-2 9F3.03% 45140t MHVCA=HVCA Bt B H]-&
0] 2F0.01E+06 € THE A Lk o w| %] AH]-8-0] 2F(0.02E+
06€ FHE WA Lpgkom, Z|tH|-§o] 2F0.04E+06 € THE %
A Ugtth. MHVCAE HVCA®} HIS=SH ATHE B9 o, tf
£ gaejgo) vlel 2 A1E Wol| HojEr o] & 5o
MHVCAZ} =2t e Aol ol 2 2itE Bt

[e] <
28 &4 gk,

2 A=A HHEAAE Sl 22 FEf o] HRS
-85 MHVCAE AR5t MHVCAE HVCA 2] T
< K617 9lof| A= FEf 2 HRES 28519t HVCA 9]
£ HR2 AP A 02 F7Fs7] whge] 2| G alof w2 = &
A7t A5 T, HVCAZE A Gafjo]] w2 = EA1E s 2 st
7] 919 M= Fef o] HRS -85t
22 Fef o] HRo| 285 MHVCA 2] A%5-& B w5H7]
918l HS, IHS, VCA 2@ HVCA ¢ A-§-4 e} vl wst3ict. A
|A3E v wsly] flel A7 Fot= 314, @ xK(A|oF
z70] Q= BA2] 4% X]Z7h) D MeanNFEsS AJA|615
o}, H AR Fohfis Sl4= 8t darefFoe] gupt et
HH o2 2HghS Zohfex] HojFE Aot A1t 5 2
A G EE-S A-gote] U2 Aatel | Agtate] xtolg
HojF= Zo]th MeanNFEs= 2-8-3F 24| of o3 2]-8-5t
daEEo] AHghS ol £ 8 2l 4= 9l X2
Fe Zo e 3, @Al AFERA0] e EA12] 9 FH
2D Y MeanNFEsE B9l 483t 48] Eo) A2 AE

% Asie.

MHVCA®] 52 HESH| 9l 27tz 74
el oA, W7 3070 R A oA 9 2 H
F7H 7R A Az Sl aeehE Aol 285k

= ZSFEA o Al MHVCAE HS, IHS, VCA @ HVCA R
o 22 gke g A o2 2ok o, W2 MeanNFEsE 55
e SR wEA HASE et A S4UD
T A 2y R A o] A& 48 H= AR 57t
SFAT.

AR eArEEe 24 4-85H MHVCA 9] 452 HEST
7] Sl = 2 A A 2Aofl 285kt MHVCA
282432 HS, MLHSA, VCA 9 HVCA2} B 51 Sith. AF
T 22 4A ZAE 2857 f16l 7120l A 45,400

o,
ek
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O NFEsE A8 1, 2-8 27 MHVCAZ}HS, MLHSA,
VCA 9 HVCA Bt} W= H-8-& Lehdith= Z21& E1 &
A3TE. MHVCAE 7] VCA KT B+t B]-§3t H|4- v]-8- 4
Z|df v]-go] Wkt Wt vl8-2 2F2.67% 7ASI oM, 4
H[-8-2- 9F2.29%, 2|} B]-8-2 2F3.03% H4-5131tk. MHVCA
L HVCARTH B H]-80]0.45% #AAsIHoH, 4 v]&
2 9F(.39%, 2|t B]-8-& °F 1.75% AA45Hch 14 E HRS
535 MHVCAZF HVCA Bt} £2 A3 Yepych

oA A8 A et o 444 ZAA- 820 E
53l MHVCAZ} 71& HVCA B.oh A= X2/ A it
o et 2ted-g et Aol ol £ e HolE 4 3L
S 7102 7|tjEth. MHVCAE 7]& VCA CGSE 715}
™ Gare}Eo] Artabgo] 271917 wlZell ZE7HEAT ol
A WA o]l 4-Q B= A A AlZto] Ao Tt % 3714
1 AHE FN MHVCA Y] % s} 3 A4Eo] et}
o] o X tHA MHVCA= AFSAZE A ARS- 7Ha Rt o]
Zol 2 Zo|tt.

Aol 2

B AL 2021 Uk AR (S50 Y02 ghared LAy
o] 2] ¢S dhof =3 ] Q)5 L THNRF-2019R 111A3A010
59929).
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