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Abstract

Introduction: It is necessary to perform the model calibration process to effectively use
hydraulic models and improve the performance of water distribution networks (WDNs) in
the design and operation stages. Several methods are proposed for the calibration of WDNSs
including 1) trial-and-error procedure models; 2) explicit models or hydraulic simulation
models; and 3) implicit models or optimization models.

Trial-and-error schemes were implemented to update unknown model parameters by
solving the water network equations (Walski, 1983; Bhave, 1988). These models are only
suitable for small problems due to the low convergence rate. Explicit models involve solving
an extended set of continuity and head-loss equations in which the number of calibrated
parameters are equal to the number of measurement parameters (Ormsbee and Wood, 1986;
Boulos and Wood, 1990; Boulos and Ormsbee, 1991 and Ferreri et al., 1994). In implicit
calibration methods, an objective function is formulated and solved by an optimization
model. These methods have been studied by a majority of the previous research (Kapelan et
al., 2007; Dini and Tabesh, 2014; Do et al., 2016; Xie et al.; 2017). Recent and numerous studies
indicated that evolutionary algorithms are efficient in solving complex and real-life WDNS.

In this paper, five optimization algorithms, gray wolf optimization (GWO), invasive weed
optimization (IWO), the genetic algorithm (GA), the imperialist competitive algorithm (ICA)
and the simulated annealing algorithm (SA) are compared for the simultaneous calibration
of pipe roughness coefficient and water demand coefficient in WDNSs. For a closer look at the
performance, these algorithms are evaluated in terms of two new performance evaluation
criteria including, the success rate and the efficiency rate.

Methodology: Evolutionary algorithms are combined with static and dynamic models of
WDNs under EPANET software using a MATLAB code. The objective function is the
minimization of the mean absolute percentage error (MAPE) between simulated nodal
pressure and pipe flow and their corresponding measured values. The performance of these
evolutionary algorithms are evaluated in terms of some criteria include statistical analysis,
the optimum solution obtained, the number of objective function evaluations, the success
rate, and the efficiency rate. The success rate represents the quality of the solution obtained
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for a specific problem and the efficiency rate indicates the performance of the algorithm and
it is a neutral tool to compare the performance the different optimization algorithms applied
to solve the same problem.

These EAs are applied to three popular standard mathematical benchmark functions
including Sphere, Rastrigin and Rosenbrock, a benchmark water distribution network and a
real-life network located in the north of Iran.

Results and discussion: The performance of five optimization algorithms was assessed by
applying several mathematical test functions and a benchmark and real WDNs. The results
of the application to mathematical test functions showed that in most cases GWO had the
best performance. Then, the five algorithms applied to benchmark WDN. Results showed
that GWO outperformed the other algorithms in both the success rate and the efficiency rate.
The success rate for the GWO, IWO GA, ICA and SA respectively were 60%, 20 %, 20%, 0%
and 0%. The efficiency rate for the GWO, IWO, GA, ICA and SA respectively were 16.93,
4.37,10.27, 0 and 0. The GWO algorithm required fewer objective function evaluations to
converge to the final solution. In contrast, the IWO algorithm required more objective
function evaluations to reach the final solution.

For the real WDN, the objective function (i.e. MAPE) obtained from the GWO algorithm
improved by about 23% , 30%, 9% and 41% compared to the GA, IWO, ICA and SA
algorithms, respectively.

The computational time is calculated by considering the average time for 10 computations. The comparison
results indicated that the GWO had the least time consumption for all cases. This demonstrated the better
performance of the GWO algorithm in searching all the problem space and its ability to avoid getting stuck in
local optima. The results showed that early convergence in GA, SA and IWO algorithms causes the optimization

process to be incomplete.

Conclusion: Calibration of a water distribution network is beneficial for the operation and
control of the water system. In this paper,

simultaneous calibration of pipe roughness coefficient and water demand coefficient in
WDNs was performed based on five evolutionary algorithms including the GWO, IWO, GA,
ICA and SA. The performance of each algorithm was evaluated by using two new criteria
including, the success rate and the efficiency rate. The results show that the GWO
outperformed the other evolutionary algorithms in terms of the success rate, the efficiency
rate, and the rapid convergence to the best solution.

Keywords: Demand pattern coefficients, Hazen-Williams coefficients, Invasive Weed
Optimization, Gray wolf optimization
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¥

| Update the coefficients 4 .C |
v

| Evaluate the cost function of each search agent |

v

Updatethe vectors X, X and X}

t=t+1

Fig. 2 Flowchart of the gray wolf optimization algorithm
(Mirjalili et al., 2014)
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(Mirjalili et al., 2014)
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Fig. 4 Flowchart of the simulated annealing algorithm (Rajan, 2010)
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Table 2 Specifications of the standard mathematical benchmark functions

FUNCHOn Narme Function Range fun__Dimension (d)

Sphere q ~ 5 > 30

P () =Y x; €[-100,100]

i=1

Rastrigin d ~ 0 2 30

’ f(x) =10d + Y [ ¥ ~10cos(27x;) | X €[-5.12,5.12]

i=1

Rosenbrock 2 30

x €[-2.048,2.048] O

(0= 35[100(x, ) (% -1

2l S lulinl S sl (55, (5913 slapm )5l (siluesle @B ¥ Jgu
Table 2 Results of implementation meta-heuristic optimization algorithms on standard mathematical benchmark functions

Function GA IWO GWO ICA SA
d=2 d=2 d=2 d=2 d=2
Mean 8.98E-92 7.69E-08 0 7.74E-25 2.23E-08
Sphere SD 2.14E-91 8.4E-09 0 2.16E-24 3.48E-08
NFE 27600 49636 25100 27300 250100
Run time (s) 0.833 1.011 0.651 0.71882637 3.239
Mean 0 1.62E-05 0 0 8.18E-07
Rastrigin SD 0 3.13E-06 0 0 2.35E-06
NFE 27600 44931 25100 27401 250100
Run time (s) 0.852 1.10 0.619 0.76683041 3.832
Mean 0.003 1.97E-06 3.51E-07 0.0005 0
Rosenbrock SD 0.006 3.73E-07 5.32E-07 0.001 0
NFE 27600 51529 25100 27452 250100
Run time (s) 0.787 1.054 0.649 0.834 3.465
d=30 d=30 d=30 d=30 d=30
Mean 0.060 0.004 1.65E-80 1.96E-05 2.34E-08
Sphere SD 0.009 0.001 5.14E-80 1.75E-05 4.94E-08
NFE 27600 23902 25100 27474 250100
Run time (s) 0.92 0.622 0.739 0.911 3.506
Mean 11.865 56.39 5.68E-14 30.232 6.59E-07
Rastrigin SD 3.433 11.032 1.79E-14 3.771 1.17E-06
NFE 27600 19670 25100 27498 250100
Run time (s) 1.090 0.699 0.71 0.795 3.387
Mean 28.565 27.677 26.631 37.533 29.901
Rosenbrock SD 0.463 1.625 0.686 0.910 0.95
NFE 27600 24528 25100 27496 250100
Run time (s) 1.059 0.592 0.685 0.799 3.273
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Table 3 Values of parameters used in GA, IWO, GWO, ICA and SA algorithms
Selection Crossover Mutation Mutation rate
Algorithm t Po probability probability
Method (mu)
(Pe) (Pm)
Roullette
GA 100 100 Wheel 0.8 0.3 0.02
Algorithm Tmax PD Pmax Smax Smin Oinitial O final !
IWO 250 100 100 3 0 10 0.01 1
Algorithm T R,
GWO 250 100
Algorithm Toax P Pemp B ¢
ICA 250 100 20 2 0.01
Algorithm Thex P T, a
SA 250 100 100 0.99

@omiwo@@t&@pﬁslgw)odlﬁb.wl
asle ey slralius o GWO fvl.’.ﬁi” Sy oo
asly ped el ;..»T &5 SHp sbass il

sl

Apulian &= w0 a5 -Y-Y

Giustolisi et al. (2009) g ,Ls s aSl oyl
Wl VE il V) (ol 4 osd sy s 5 00 b yno
Silge o DV (s, 515 b e S5 50,5 VY
Lo S 5 laalg) 4y bogy o sla Sig 5 Sledbl (O JSC3)
JEUCJUE SN Y IR WL I VAR P T-9 PRSI
Olyss & S8 )0 ol ools lis selo B rae (595
EPANET Lwsi adgl (om0 9 (00,5 ,1-88 (559,40l
L Bolar slacel 3l slacgorme (g 3l ol (g5lwarss
2 05 1 Jleme Bl 5 i i Sila Jlag i
o adlsl oo g 5ls polie a4 ol slael ol e
Lo ools ool 5logd adei cosdad pae b slaosls b
—wly 5o slodalin slaosls lge any ool g
solaiwl (EPS) ¥ Sloj 00 s &jg0 4 0l a5 a5
sl 00 @511 gz b ol a5 0

sbapi ;o8 (s5lmosly )3 vt sload> e 5l (S0
byl @l calin g e Ol Sl (S250513
alis aig Gl et ) S0l 58 &5 clag]
s BB slo eyl dige slaglie jslaie (o o)l

3- Extended period simulation
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Fig. 5 Apulian water distribution system
Apulian T & 595 i & JSi

27 579.9 300 130 25.89 Apulian oS sbaalg) Sledl F Jgus
28 842.8 100 130 1.9 Table 4 Apulian pipe network information
29 7926 180 130 11.57 Pipe Length  Diameter ROUghness oy
30 8463 100 130 2,91 Number ~ (m) mm)  (Cuy) (LIs)
31 164 225 130 26.27 1 3485 300 130 63.15
32 4279 100 130 -4.81 2 9557 300 130 48.49
33 3792 100 130 -5.31 3 483 100 130 2.41
34 158.2 350 150 183.3 4 4007 300 130 36.37
s 5 7919 100 130 3.59
5 14 6 4044 350 130 éoe.g
g 12 7 3906 300 130 48.69
,'E 0'; 8 4823 100 130 3.29
8 06 9 9344 100 130 2.19
3 04 10 4313 200 130 16.44
% 0.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 11 5131 100 130 3.97
= 0 12 4284 150 130 9.15
1 3 5 7 9 11 13 1517 19 21 23
Time (hour) 13 419 100 130 -0.95
Fig.6 Water demand pattern for 24 hours 14 10231 100 130 1.68
59,80 celo YT b 10 GBrae 5931 £ S 15 455.1 150 130 9.49
16 182.6 200 130 20.71
i el ol 5 U 5 s sy b w55l o 17 2213 225 130 31.1
i 18 5839 100 130 6.12
Sladgad V IS5 el oo £V oz b ply Sa 6 19 452 300 130 51.68
GA i, sl 1y Colas Jolos alowl S568 5 20 7947 100 130 433
oo gn oanliva Y IS 1o a5 jsboslen ans e L 21 7177 100 130 4.47
22 655.6 100 130 4.39
Jleml Ve e L plp (Po) Comex ojlail a5 sl o o 23 1655 100 130 1.51
1Nl MUy i Jizls < /V Ll (PC) ablss 24 2521 100 130 3.04
ol o Lol G s lime oo e 25 3315 100 130 5.99
26 500 300 130 39.34
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Table 6 Measured flow rate and measured pressure data
for the Apulian network
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Table 5 Apulian node network information

Flow
Pressure (m) Rate
Time (L/s)
(hour) Node Number Pipe
number
4 13 16 23 34
1 3796 32.01 3449 34.03 198.53
2 36.73 30.28 3268 32.24 223.34
3 4157 3708 39.79 393 100.67
4 36.81 3041 3281 32.36 221.65
5 3244 2426 2639 25.98 295.82
6 29.22 19.74 2166 21.28 3415
7 31.04 2229 2433 23.93 316.4
8 3246 2429 2642 26 295.53
9 27 16.61 18.39 18.03 370.26
10 26,57 16.01 17.76 174 375.62
11 31.82 2339 2547 25.07 305.12
12 2328 1138 1292 1259 41454
13 2406 1249 14.08 13.74 405.51
14 33.87 2626 28.48 28.06 273.54
15 3724 31.01 3344 3299 213.19
16 39.13 3366 36.22 35.75 172.02
17 39.43 34.08 36.66 36.19 164.69
18 37.16 30.89 3332 3287 214.88
19 32.96 2499 27.15 26.73 287.92
20 25.69 1477 16.47 16.11 386.34
21 26.84 16.39 18.16 17.8 372.24
22 344 2701 29.26 28.84 264.8
23 3248 2431 2644 26.03 295.25
24 30.22 2114 2312 2273 327.96
0.02
5
‘£ 0.015
S
5 001
2
£.0.005
f¢)
0 2

0

50 100 150 200 250 300

Population size (P,)

0.03

o
N

egtive Fugction
o
=

Obj

o

c)

0

Node Elevation Base Pressure
Number (m) Demand (m)
(L/s)

1 6.4 10.863 43.87
2 17.034 42.31
3 14.947 41.71
4 8.4 14.28 38.65
5 7.4 10.133 41.48
6 9 15.35 39.22
7 9.1 9.114 38.45
8 9.5 10.51 37.6
9 8.4 12.182 38.91
10 10.5 14.579 35.75
11 9.6 9.0072 37.35
12 11.7 7.5745 33.48
13 12.3 15.2 32.98
14 10.6 13.55 33.78
15 10.1 9.226 34.38
16 9.5 11.2 35.51
17 10.2 11.469 37.25
18 9.6 10.818 38.42
19 9.1 14.675 36.68
20 13.9 13.318 32.12
21 111 14.631 36.05
22 11.4 12.012 34.6
23 10 10.326 35.04
0.02

c

o

20.015 '/\/'

c

Z

o 0.01

=

8

g0.00S

b
0 )
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Crossover Probability (Pc)
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Mutation Probability (mu)
Fig.7 Sensitivity analysis of GA parameters for calibration of WDNs: a) Population size; B) Crossover Probability; C)
Mutation Probability
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Table 7 Values of parameters used in GA, IWO, GWO, ICA and SA algorithms for WDNs calibration

. Selection Crossoygr 'V'“ta“f."? Mutation

Algorithm t P Method probability probability rate (M)
Roullette = ()

GA 100 100 Wheel 0.7 0.3 0.1
Algorithm Tnex R Prax Smx Shin Oinitial O final n
IWO 100 100 100 3 0 10 0.01 1
Algorithm Toax R
GWO 100 200
Algorithm T, P P B ¢
ICA 100 100 20 15 0.01
Algorithm Toex R T a
SA 100 100 10 0.99
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Table 8 Results of application of five different algorithms in calibration of Apulian water distribution system

Algorithm Best Cost Mean Cost Worst Cost  SD cv NFE  Runtime (s) SUCC(?JZS) rate Efflr(;lt(;ncy
GA 0.018 0.18 0.018 0.003 0.188 11100 616 20 10.27
IWO 0.023 0.0234 0.0235 0.004 0.174 26085 1076 20 4.37
GWO 0.016 0.0167 0.0168 0.002 0.131 20200 863 60 16.93
ICA 0.085 0.113 0.136 0.006 0.077 12071 593
SA 0.211 0.735 1.024 0.018 0.085 50100 2017 0
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| P e IWO
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Fig. 8 Convergence chart of meta-heuristic algorithms in
Apulian network calibration
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Table 9 Hazen-Williams and demand pattern coefficients from Apulian network calibration

. Chw simulated . DM simulated
Pipe Time

Number Rf'jl GA  IWO GWO ICA sA (houn) Fée,\a/‘l' GA IWO GWO ICA SA
1 130 12799 14875 786 14241 7324 1 065 058 055 068 055 08
2 130 14164 1023 13662 14115 6765 2 0608 054 068 077 05 09
3 130 11607 982 14602 12635 674 3 0583 053 0535 056 053 051
4 130 11923 7839 12936 150 1483 4 07 054 067 076 05 0.89
5 130 11944 6301 12793 12626 11082 5 1017 072 107 101 066 1.19
6 130 14626 10695 14099 14596 12175 6 1342 083 131 117 077 137
7 130 11264 10708 100.76 14903 8653 7 1165 077 118 109 071 1.27
8 130 14181 1376 1256 12058 11295 8 1013 072 107 101 066 1.19
9 130 13469 13571 8425 123 11319 9 0955 09 146 127 083 149
10 130 9978 10337 14874 14216 5202 10 1055 091 149 129 084 151
11 130 10137 11616 8868 13357 5453 11 1217 074 112 105 068 1.23
12 130 11324 6681 10707 150 13279 12 1467 101 149 142 093 147
13 130 12593 8891 6092 13506 1454 13 1365 099 145 139 091 1.43
14 130 10107 8L5 5825 13675 14101 14 0977 066 095 094 061 1.1
15 130 8674 9366 8486 13912 9089 15 0685 052 0634 073 058 086
16 130 11038 8829 7238 14119 7912 16 063 052 051 059 059 0.69
17 130 12056 50.05 6222 150 7918 17 0597 05 057 056 057 0.66
18 130 11606 14487 11087 150 7761 18 0613 052 064 074 058 086
19 130 138 7483 7794 14278 14655 19 088 07 103 099 065 1.16
20 130 13112 8414 7425 14264 8711 20 1228 094 150 133 087 140
21 130 11773 9038 10517 149.23 10473 21 1253 09 148 128 084 150
22 130 10059 8175 11056 150  97.09 22 106 064 090 091 059 1.07
23 130 8038 14622 10519 12095 8916 23 0975 072 107 101 066 119
24 130 6103 12255 10629 13541 11357 24 1 08 124 113 074 132
25 130 13372 10952 14366 137.42 69.25
26 130 13395 14804 723 13763 742
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Table 10 MAPE calculations of nodal pressure for five optimization algorithms GA, IWO, GWO, ICA and SA in real
network
After calibration

Pressure meter CB;];(t))lr'ztion GA WO  GWO ICA SA

P1 2.940 2626 2.659  2.669 2.600 2.722
P2 0.976 1.267 0.899  0.958 0.904 0.973
P3 2.680 2582 2582 2582 2.582 2.582
P4 25.964 24233 23517 20.951 26.404 21.021
PS5 71.070 66.063 68.856 67.338 74.359 69.195
Average MAPE (%)  25.099 19.354 19.709 18.9 21.370 19.299
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After calibration

Flow meter Beforg
calibration GA IWO GWO ICA SA
F1 34.171 27.274  24.015 22.758 37.996 24.420
F2 13.550 8.401 8.418 7.476 12.483 16.499
F3 45.646 58.902  48.897 43.408 42.055 55.035
F4 27.827 15458  25.723 14.711 7.812 8.625
Average MAPE (%) 30.298 27509  26.763 22.088 25.176 26.145
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Fig. 12 Comparison of Observed and simulated Flow by hydraulic calibrated model for five optimization algorithm GA,
GWO, IWO, ICA and SA in real network. (a) Flow meterl, (b) Flow meter2, (c) Flow meter3, (d) Flow meter4
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Table 12 Comparison of the values of the statistical
parameters of the objective function for real network
calibration

Run
. Best Mean  Worst .
Algorithm Cost Cost Cost NFE Tg;e

GA 0.294 0.295 0.295 10100 12273
IWO 0.320 0.351 0.351 20100 24850
GWO 0.224 0226 0.227 20200 12046
ICA 0.245 0.279 0336 12186 14568
SA 0.378 0.449 0.487 50100 56696
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Table 15 Hazen-Williams coefficients before and after calibration
Before Calibration GWO GA ICA IWO SA
120 110.6 117.29 148.85 59.04 66.51
120 82.52 103.83 143.3 82.37 80.65
120 120.09 101.95 126.33 93.39 110.12
140 102.45 85.3 133.76 65.67 99.35
140 75.77 111.08 150 124.4 72.65
120 74.41 108.65 150 85.82 123.73
120 99.18 88.74 150 79.61 87.46
120 97.84 133.28 150 128.51 108.39
120 113.64 117.87 143.21 65.42 121.67
120 114.85 91.11 150 142.11 67.21
120 118.91 89.99 139.15 62.38 71.12
140 104.16 95.52 149.98 113.85 79.71
140 96.95 110.64 150 64.98 108.03
120 89.88 95.06 146.02 145.39 99.59
120 108.35 125.02 143.33 112.3 58.65
120 91.99 68.36 150 97.88 64.67
120 71.23 101.98 146.97 112.18 82.76
120 106.11 99.54 140.8 112.92 63.64
120 81.36 96.68 135.08 88.52 126.82
120 128.81 86.22 150 136.48 75.53
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