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Abstract

Introduction: Water distribution networks are complex infrastructures that play a
fundamental role in optimal use of limited water resources. Their importance as the main
factor in the distribution of drinking water with proper quality, quantity and pressure is
undeniable. Simulating and understanding of abnormal conditions is one of the most
important applications of hydraulic models of water distribution networks. Hence, existence
of calibrated models is essential to network behavior realization. This process requires field
data collection to improve model's performance by comparing predicted and actual data.
Sampling from network has different constraints. Therefore the sampling design process is
performed in order to optimize it, which includes different aspects of sampling, such as
location, number and frequency. Indeed, determining the optimal sampling design is often
done by performing two-objective optimization or in other words by evaluating the conflict of
the accuracy of the calibrated model and the cost of sampling design. This paper focuses on
pressure sampling nodes for hydraulic model calibration. To implement sampling design, first
by sensitivity analysis, uncertainty of each nodal pressure is divided between model inputs.

Methodology: In this paper, a global sensitivity analysis method, Sobol, is used which divides
the variance of model into model inputs and their interactions. Then, two criteria for selecting
sampling points are defined. The first criterion maximizes the entropy and magnitude of
sensitivity values of each parameter for the set of sampling design points. The second criterion,
by replacing number of points with sampling costs, follows minimization of sampling costs.
The proposed approach is applied and evaluaed on one of the well-known water distribution
networks in different scenarios to determine optimal sampling points for pressure. These
scenarios include parameters (pipe roughness coefficient, pipe diameter and nodal demand)
and their common combinations in calibration of hydraulic models of water distribution
networks. The hydraulic model calibrated in this study is built based on the pressure driven
simulation method. To solve the integer multi-objective optimization problem, the multi-
objective integer genetic algorithm called MI-NSGA-II is employed.

Results and discussion: Investigating different scenarios demonstrates effect of parameter
type on the position of selected points. In the case of sampling design based on the coefficient
of roughness of pipes (scenario 1) in a period of time with low water demand due to reduced
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water velocity in pipes, generally the effect of pipe roughness coefficient on the hydraulic
condition of the water distribution network is reduced. In the case of sampling design based
on nodal demand (scenario 2) similar to the scenario 1, the points near the tank with a fixed
head are among the worst sampling points. Similarity percentage of the results of the first
objective function are reduced from scenarios including pipe roughness to scenarios involving
nodal demand. The maximum similarity is observed in the scenario 4 (sampling design based
on pipe roughness coefficient and pipe diameter in joint form) and the minimum similarity is
observed in scenario 2 (sampling design based on nodal demand) and scenario 6 (sampling
design based on nodal demand and pipe diameter in joint form). At the same time it should
be noted that in all cases and for a specified number of points, most of the selected points are
the same and the differences with the optimal state is often observed due to discrepancies in
one or two points. High similarity of results which obtained in scenarios including pipe
roughness and pipe diameter, is largely due to the similarity of the classification of this two
parameters. This indicates effective role of roughness in selecting points in combinatorial
scenarios. Also, analysis of combinatorial scenarios suggests that parameter interactions are
effective in selecting points.

Conclusion: The results showed that the developed approach offers good performance in
selecting sampling points with different scenarios. The MI-NSGA-II algorithm has a good
ability to find the solutions of the integer multi-objective optimization problem. The use of
pressure driven simulation method is effective on the results of sensitivity analysis and
sampling design. It is recommended that when different parameters are used jointly for
sampling design or calibration, after evaluating the influence of parameters in their change
interval on model results using sensitivity analysis, the complexity of the sampling design and
calibration problem can be reduced by eliminating ineffective parameters.

Keywords: Water Distribution Network, Hydraulic Model, Pressure Driven Simulation
Method, Calibration, Sampling Design, Sensitivity Analysis.
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Table 5 Optimal sampling points for different demand ranges in the case of sampling design based on the values of pipes'

Hazen-Williams coefficient

F2 Low Ave High

1 17 19 14

2 10-17 15-19 14-19

3 9-10-17 15-16-19 14-15-19

4 9-10-11-17 8-11-17-19 14-15-16-19

5 9-10-14-17-19 10-11-15-17-19 8-14-15-16-19

6 9-10-11-14-17-19 8-9-10-11-17-19 8-14-15-16-17-19

7 8-9-10-11-14-17-19 8-9-10-11-15-17-19 4-8-14-15-16-17-19

8 8-9-10-11-14-15-17-19 8-9-10-11-15-16-17-19 4-8-14-15-16-17-18-19

9 8-9-10-11-14-15-16-17-19 4-8-9-10-11-15-16-17-19 4-8-9-14-15-16-17-18-19
10 4-8-9-10-11-14-15-16-17-19 4-8-9-10-11-15-16-17-18-19 4-8-9-10-14-15-16-17-18-19
11 4-8-9-10-11-14-15-16-17-18-19 4-8-9-10-11-14-15-16-17-18-19 3-4-8-9-10-14-15-16-17-18-19
12  3-4-8-9-10-11-14-15-16-17-18-19 3-4-8-9-10-11-14-15-16-17-18-19 3-4-8-9-10-11-14-15-16-17-18-19
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Table 6 Results of sampling design in the scenarios 2 and 3

Sampling design based on nodal demand

Sampling design based on diameter

Fi R Points F1 F2 Points
057 1 14 346 1 19
272 2 8-14 9.11 2 15-19
431 3 8-14-17 1411 3 8-15-19
543 4 8-14-15-17 1737 4 8-15-16-19
6.28 g 8-9-14-16-17 1988 g 8-14-15-16-19
6.98 ¢ 8-9-14-15-16-17 2184 ¢ 8-9-10-15-16-19
755 7 8-9-10-14-15-16-17 2356 7 8-9-10-14-15-16-19
802 g 8-9-10-14-15-16-17-19 24.56 8 8-9-10-11-14-15-16-19
834 o 8-9-10-11-14-15-16-17-19 2582 o 4-8-9-10-11-14-15-16-19
857 10  4-8-9-10-11-14-15-16-17-19 26.80 10 4-8-9-10-11-14-15-16-17-19
8.77 11  4-8-9-10-11-14-15-16-17-18-19 2711 11 3-4-8-9-10-11-14-15-16-17-19
8.79 12 3-4-8-9-10-11-14-15-16-17-18- 2733 12 3-4-8-9-10-11-14-15-16-17-18-

19

19
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Table 7 Results of sampling design in the scenarios 4 and 5
Sampling design based on roughness coefficient Sampling design based on roughness coefficient
and nodal demand and diameter

Fa F2 Points F1 F2 Points
1.85 1 19 371 1 19
1074 2 15-19 2069 2 14-19
16.84 3 8-15-19 3225 3 14-15-19
2113 4 8-15-16-19 40.05 4 4-14-15-19
2430 5 8-15-16-17-19 4586 5 4-8-14-15-19
2684 6 8-14-15-16-17-19 4954 ¢ 8-14-15-16-17-19
28719 7 8-9-14-15-16-17-19 5335 7 4-8-10-14-15-16-19
3038 8 8-9-10-14-15-16-17-19 5599 8 4-8-9-10-14-15-16-19
3163 9 4-8-9-11-14-15-16-17-19 5858 9 4-8-9-10-14-15-16-17-19
3292 10 4-8-9-10-11-14-15-16-17-19 60.62 10 3-4-8-9-10-14-15-16-17-19
3383 11  4-8-9-10-11-14-15-16-17-18-19 62.13 11 3-4-8-9-10-14-15-16-17-18-19
3425 4, 3-4-8-9-10-11-14-15-16-17-18-19 6304 4, 3-4-8-9-10-11-14-15-16-17-18-19
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Fig. 2 Relative variations of F1 function for solutions
obtained considering roughness and diameter in
separate and joint forms
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Table 8 Results of sampling design in the scenarios 6 and 7

Sampling design based on diameter and nodal

Sampling design based on diameter, roughness and

demand nodal demand
F1 F2 Points F2 Points
228 1 19 3.76 1 19
1645 2 15-19 40.47 2 15-19
2547 3 9-15-19 63.67 3 14-15-19
31.82 4 9-11-15-19 79.99 4 4-14-15-19
36.61 5 9-10-11-15-19 92.25 5 4-8-14-15-19
4057 ¢ 8-9-10-11-15-19 100.47 6 4-8-9-14-15-19
4351 7 8-9-10-11-15-16-19 107.99 7 4-8-10-14-15-16-19
46.02 8 8-9-10-11-14-15-16-19 114.02 8 4-8-9-10-14-15-16-19
4789 9 8-9-10-11-14-15-16-17-19 119.19 9 4-8-9-10-14-15-16-17-19
4985 10  4-8-9-10-11-14-15-16-17-19 12378 10 3-4-8-9-10-14-15-16-17-19
50.48 11  4-8-9-10-11-14-15-16-17-18-19 127.26 11 3-4-8-9-10-14-15-16-17-18-19
5110 45 3-4-8-9-10-11-11;1-15-16-17-18- 12934 4,  3-4-8-9-10-11-14-15-16-17-18-19
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