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Abstract

In this paper is presented a novel leakage localization approach that is calibrated on real networks. Leakage positions are usually
inferred by measuring pressure in a certain number of the nodes of the network. Since pressure sensors are quite expensive, only a
few number of them is available. As a consequence, the effective arrangement of them turns out to be a not trivial problem. The
study is devoted in performing an analysis of the sensitivity and correlation of the network in order to extract the best measurement
points (i.e. nodes).
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1. Introduction

Water Distribution Systems are complicate networks to analyze since they might be constituted by large amount of
nodes (i.e. users), ramifications of the pipes, water tanks, pumps and valves. Due to such topological complexity, the
managing of water leakages is still a challenging task and open research topic. According to the definition given by
[17], the managing of water leakages can be classified into four actions:

1. quantification: the quantification of leakages is done by means of a water balance, that is carried out on a system-
wide basis in restricted District Metering Areas (DMAs). The subdivision of a network in DMAs can is done as
instance by [32] by exploiting the complex network theory.

2. monitoring: flows and pressures are measured at different positions in the DMAs, thus quantifying the water
flowing into the hydraulic network. This operation allows the identification of abnormal water consumptions
which might be associated to unpredicted user demands, or water losses. In order to discriminate between these
two events, only the data collected from flow and pressure meters during nocturnal hours (from 02:00 AM to
04:00 AM) are considered. It is indeed assumed that at night time the water demand is at its minimum, and it is
registered the Minimum Night Flow (MNF). To a minimum flow corresponds a maximum pressure, therefore the
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effect of leakages (which are proportional to the pressure in the pipe) is maximum. The monitoring of the water
consumption can be carried out through with several approaches, the most commons are: net-base ([6]), night
flow characterization together with leakage hydraulic analysis ([7]), and flow statistical analysis ([5], [20]).

3. localization: once it has been established the presence of leakages in the network, they must be localized and
repaired. The localization of leakages requires on-field analysis of the network, through devices that allow to
evaluate the structural integrity of the pipes, such as: acoustic devices that correlate the noise in the pipe to the
leakage position ([8], [14]), multi-parametric devices that gather information about flows and pressures ([16],
[11]), video cameras ([19]), smart balls ([26]), tracer gas, infrared imaging and ground penetrating radar ([10]),
as well as microwave reflectometry ([42]). In the last years a number of mathematical methods are employed to
accomplish the leakage localization: Inverse Transient Analysis ([41]), Wavelets ([39], [40]), Frequency Analysis
([37]), Genetic Algorithm ([38]), Fuzzy logic ([46], [45]), Neural Network ([43]) and hybrid approach ([47]),
Bayesian inference ([34],[35],[36]).

4. network management: water losses have an economical impact on the management of the hydraulic network.
However, a correct districtualization of the network, and a calibrated policy for managing the water supply
system can be utilized to ease the localization of water leakages [33].

The approaches followed nowadays by network managers require however expensive and time-consuming on-filed
measurements. For these reasons, led by the increasing in power computing of personal computers, in the last years
research institutions have started to develop model-based water leakages identifications. These approaches rely on
a numerical model of the hydraulic network, and on measurements performed on the real network. By comparing
the data collected from flow and pressure meters, with the predictions coming from the simulations it is possible to
identify the entity of the leakage and the most probable area of the network in which the leakage can be found. The
reliability of numerical models however depends upon their calibration, that is not a simple task due to the laking
of structural and hydraulic data about the pipes constituting the network [33]. Nevertheless, when those data are
available, the information provided by simulations allow a wide spectrum of analysis, such as: network zoning ([23],
[3]), pressure management planning for leakage control ([24]), and leakage modeling as pressure-dependent demand
([2,13]).

When simulating the effect of leakages on the water demand, data coming from water meters are used to calibrate the
numerical model, through optimization algorithms aimed at minimizing the discrepancies between measurements and
simulations. The calibration is handled as a minimization, in which constraints are imposed on the conservation of
energy, mass balance, and minimum pressure in the network. An example of this approach was given by [28]. The
author identified losses in hot spots at MNF, and the number of leaking nodes was defined a priori, based on the size
of the network. A genetic algorithm was utilized to estimate the value and the position of the leakages, by minimizing
the differences between simulated flows and pressures with the measured ones.

[4] have relaxed the assumptions on the number of leaking nodes, and on the MNF which is not suitable in systems
with intermittent water supply, where the night flow is not enough reliable. A water-consumption driven contextual-
ization of the optimization procedure was performed with real data acquired from two small municipalities. The target
function was defined in order to consider measurements carried out all day long, and it was weighted accordingly to
a statistical analysis of water consumption. The effectiveness of the new methodology was assessed by comparing it
with the results given by the state-of-art. However, few points remained to be addressed, including the identification
of robust measurement nodes across the network, which is tackled in this work.

2. Hydraulic Network

The method presented in this paper uses the Apulian hydraulic network ([12]). It is a theoretical network that
is completely defined, simple, relatively small, and it was chosen also in a previous study ([4]) due to the laking of
information on hydraulic parameters and positions of leakages in a real network.

The model of the Apulian network is defined by 34 pipes, 23 nodes all at the same elevation, a unique reservoir, and
zero losses (Fig. 1). The leakages are modeled as emitter nodes, placed halfway in the pipes. The water flow ¢; of the
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leakage at the i-th node, expressed in //s, can be calculated:
qi = kip! (1)

where p; is the hydrostatic pressure in m, y is the pressure exponent chosen equal to 0.5 for nozzles and sprinkler
heads, and k; is the emitter coefficient expressed in //(s m”) that has to be identified.

In a numerical model of a hydraulic network, the hourly total water consumption is given by the arithmetical
sum of the measured hourly consumptions of each customer. The latter is obtained by the multiplication of the hourly
consumption pattern for the base demand. The consumption pattern associated to each of the 13 nodes (i.e. customers)
of the Apulian network is the pattern adopted by [4], that is defined from experimental measurements carried out on
two real networks, which are analogous to the Apulian network from a topological and hydraulic point of view.

3. WDS monitoring strategy

In this section, we present the approach followed to position the pressure sensors in the network with the aim
of enhancing the effectivity of the leakage identification algorithm. Up to nowadays the authors have not found in
literature a study that addresses this problem yet.

The only assumption made by the procedure here proposed is on the number of pressure sensors available to
monitor the hydraulic network. For the Apulian network, that is a small-sized network, the number of available
transducers is four. Such choice is made by considering the cost of each sensor which is in the range of 100-300 €.
When positioning the pressure sensors in the network it should be avoided any configuration which might correspond

Legend

I  Reservoir
© Pressure measurement node
v Pipe leaking node

. Pipe

Fig. 1: Apulian hydraulic network, the nodes placed in the halfway of pipes are named with ”p”.
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with a symmetry plane or center-of-mass of the network. Indeed, in those conditions the measurements made by
pressure sensors might be affected with the same entity for different positions of the leakages. In other words, the
variation in flow pressure associated to leakages will be the same no matter what is the position of the leaking pipe in
the network ([30]). What is instead desired, is a configuration of the pressure sensors whose sensibility is maximum
with respect to different positions of the leakages.

Two different procedures for choosing the best configuration of pressure sensors are studied and compared. Both
proposed strategies are driven by two considerations:

1. the best nodes where to position the pressure sensors are those that exhibit the largest sensitivity in measuring
the pressures with respect to different positions of leaking pipes;
2. the measurement nodes should be uncorrelated from each other in order to avoid duplicate information.

The first procedure selects the nodes which, are more sensitive to the position of the leakages, while the second
procedure does a subsequent refinement by choosing those measurement nodes which are also as much uncorrelated
as possible.

It is worth noting that an issue to be addressed in leakage identification is to have a good knowledge of hourly
consumptions in the network and of the hydraulics parameters of the network (e.g. the roughness of the pipes). As
a consequence, methods which provide both leakages detection and calibration of pipe internal roughnesses can be
carried out ([44]), although, for sake of simplicity, now the roughness of the pipes is assumed well-known.

3.1. Network sensitivity

The leakages in the Apulian network are modeled as emitter nodes, positioned at the half-way of the pipes, therefore
in total the network has 33 potential leaking pipes. In order to study the sensibility of the network to the position of the
leakages, simulations are run by setting an emitter coefficient different from zero in one pipe node at time. The number
of run simulations is 33, thus matching the number of pipes in the hydraulic network. The leakages are defined as a
ratio of the water flowing through the network in absence of leakages. Three multiplication factors are tested: 0.5, 1,
and 2. The use of different factors corresponds to the necessity of having a network sensitivity analysis as general as
possible, namely not strictly related to the leakage magnitude. Once the value of the leaking flow has been chosen,
the emitter coefficient of the node is calculated from the Eq. (1).

For each run simulation are recorded the pressures in all the 23 nodes of the network that correspond to possible
positions of the pressure measurement sensors. Downstream of the 33 simulations, it is available a sensitivity matrix
S ([31]) of the network that has as many rows as pressure measurement nodes (i.e. 23 rows), and as many columns
as pipe leaking nodes (i.e. 33 columns). Each entry in the sensitivity matrix is the percentage variations of pressures
with respect to the nominal case in which no leakage is affecting the network. S, is computed for each h-th hour of
the day.

A feature reduction is made on the data collected from the 24 sensitivity matrices in order to extract a ranking index of
the measurement nodes. Given that the sensibility matrix at the h-th hour is Sy, and that its entries are the percentage
pressure variations p%,;, measured at node m-th for the leakage in the pipe I-th at the h-A hour, four features are
defined:

1. the mean percentage pressure variation for different positions of leakages is:

_ 2 PPt
Ponn = =5 @)
and then the first feature is calculated as the mean of p%,,; across the whole day:
Sk P%omn
fim= =2 3)

2. the second feature is the variance of 5%, across the whole day

Zi _%m - m2
Fom = Zh,l(P 24}1 Sim) )
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3. the variance of the percentage pressure variation for different positions of leakages is:

2 Z?jl(p%m,l,h - I_J%m,h)2
o-m,h = 33

(5
The third feature is calculated as the mean of O—rzn,h across the whole day:

Ziil O—lzn h
fom = —r (6)

4. finally, the fourth feature is the variance of 0'31 , across the whole day:

24
Zh:l (0—517/1 - f3,m)2

f4,m 24

(N
The four features for every measurement node is organized in the F: 23 X 4 matrix. A further feature reduction is
performed on F through a Principal Component Analysis (PCA) analysis, in order to rank the measurement nodes
according to the most significative feature. In table 1 nodes are ranked according first principal component of the
feature matrix F. It is possible to observe that the most sensitive nodes are the more peripheral ones. This is in
agreement with the fact that the pressure of a node far from the reservoir will be more affected by leakages in the
network than the pressure of a node close to the water source (e.g. node number 1).

According to the analysis here proposed, the best four nodes in which measure the pressure are the number 23, 12, 13
and 21.

Table 1: Nodes ranked according to the first principal component of the feature matrix F.

Nodes 23 12 13 21 10 16 4 15 20 11 17 9

First PCA component 0.37 0.19 0.13 0.10 0.08 0.06 0.04 0.03 0.03 -0.02 -0.03 -0.03

Nodes 22 14 3 8 19 7 18 6 5 2 1

First PCA component -0.04 -0.04 -0.06 -0.07 -0.08 -0.08 -0.09 -0.10 -0.12 -0.12 -0.13

3.2. Correlation of measurement nodes

In the previous section has been derived a method that allows the hydraulic network managers to make a reason-
able choice for the positioning of pressure sensors. The analysis here proposed shows that the candidate nodes for
measuring the pressure might be close to each other since they might lay on a region of the network that is highly
sensitive to the effect of leakages. In such case, the information measured from the nodes might be redundant. In
order to tackle this issue, a correlation analysis between the measurement nodes is carried out.

It is defined a 23 x 33 matrix [P that has the same structure as the S matrix. Each element of P is the value of the
percentage variation of pressure p%,,; averaged on the daily hours for the m-th measurement node and 1-th position
of the leakage.

Only some rows (i.e. pressure measurement nodes) of this matrix are considered in the following analysis, those
related with strictly positive values of the correspondent first principal component (there are nine nodes: see table 1).
Indeed, a negative value is meaningless from a statistical point of view. The correlation matrix C is derived as follow:
it is a square matrix, whose number of elements is the square of the number of the potential nodes.
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Assume 7 as the set of the potential candidate nodes. The elements of % set are ranked according to a decreasing
order of “importance”, namely, the value of their own correspondent first principal component. It is defined the
decisional variable X, j € % , as follows:

X, o= 1, if atthe j — th node we install a sensor,
77700, otherwise.

It is solved the least squares optimization problem:
min X" |C|X ®)

under the following constraints:

> ox;j=4 ©)
J
X =1 (10)

The Eq. (9) is related to the number of the available sensors, while Eq. (10) forces the choice of the first (best) candi-
date node, thus taking into account the results obtained from the sensitivity analysis.

Note that Eq. 8 requires to solve a nonlinear optimization problem. That problem is very sensitive to the cardinality
of %, as it is shown in figure 2: the value of the target function dramatically decreases as the number of considered
measurement nodes goes from 6 to 7. As a consequence, we decide to pick the nodes coming out solving the prob-
lem with 7 possible candidate nodes (4-10-12-13-16-21-23), among the nine ones previously identified. This fact is
because, as the cardinality of %7 becomes greater than 7, the objective function levels off, while less and less sensitive
nodes are chosen.

Values of objective function as the cardinality of U increases
T T T T
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Fig. 2: The different values of the objective function (8) as the cardinality of % increases.

4. Results

In this section are discussed the results obtained by applying the analysis described in the previous section 3. The
water leakage identification is carried out in three different situations:
Scenario 0 no sensitivity analysis is performed: the measurement nodes are those chosen by [4];
Scenario 1 the measurement nodes are chosen according to the sole analysis of the network sensibility;
Scenario 2 the measurement nodes are chosen according to the sensitivity and correlation analysis.

In table 2 are summarized, for each scenario, the nodes in which the four pressure sensors are placed.
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Table 2: The sets of chosen nodes for the different scenarios.

Scenario Measurement nodes

0 3,8,18,21
1 12,13,21,23
2 4,13,16,23

5. Conclusions

A leakage localization method based on the pressure measurements and sensitivity-correlation analysis of nodes in
a network has been proposed.
The efficiency of the leakage identification procedure is particularly sensitive to the quality of information available
from the real network. For these reason, it has been developed a methodology to efficiently position pressure sensors
into the hydraulic network. Three different scenarios ae proposed: a condition in which the pressure sensors are
displayed according to empirical considerations, a case in which only sensitivity analysis of the network on the
position of the leakage is made, and a condition in which a correlation analysis of the pressure measurement nodes is
done afterwards the sensitivity analysis of the network.
The next step will be comparing these three scenarios by means of a reliable statistical tool.

References

[1] A, Abraham, H. Guo, L. Hongbo, Swarm Intelligence: Foundations, Perspectives and Applications. In: Swarm Intelligent Systems, Studies in
Computational Intelligence, (2006) pp.3-25.

[2] J. Almandoz, E. Cabrera, F. Arregui, E. Cabrera Jr, R. Cobacho, Leakage Assessment through Water Distribution Network Simulation. J. of
Water Resources Planning and Management 131(6) (2005) 458-466.

[3] H. Awad, Z. Kapelan, D. A. Savic, Optimal setting of time-modulated pressure reducing valves in water distribution networks using genetic
algorithms. Integrating Water Systems, Boxall and Maksimovic. Taylor and Francis Group, London, U. K., (2009) pp. 31-37.

[4] S. Debiasi, C.M. Giorgio Bort, A. Bosoni, P. Bertola, M. Righetti, Influence of hourly water consumption in model calibration for leakage
detection in a WDS. In: Computing and Control for the Water Industry - Proceedings of the 12th International Conference CCWI2013,
Procedia Engineering 70 (2014) 467-476.

[5] S. Buchberger, G. Nadimpalli, Leak Estimation in Water Distribution Systems by Statistical Analysis of Flow Readings. J. of Water Resources
Planning and Management 130(4) (2004) 321-329.

[6] R. Burrows, G.S. Crowder, J. Zhang, Utilisation of network modelling in the operational management of water distribution systems. Urban
Water 2(2) (2000) 83-95.

[7] P.B. Cheung, G.V. Girol, Night flow analysis and modeling for leakage estimation in a water distribution system, Integrating Water Systems.
Taylor & Francis Group, London, UK, (2004)

[8] A. Clark, Increasing Efficiency with Permanent Leakage Monitoring. In: Water Loss Reduction - Proceedings of the 7th IWA Specialist
Conference, (2012) pp. 26-29.

[9] R.C. Eberhart, Y. Shi, Comparison between Genetic Algorithms and Particle Swarm Optimization. In: Evolutionary Programming - Proceedings
of the 7th International Conference, (1998) pp. 611-616.

[10] P. Fanner, R. Sturm, J. Thornton, and R. Liemberger, Leakage Management Technologies. AWWA Research Foundation Denver, Colorado,
USA, (2007)

[11] M. Farley, Are there Alternatives to the DMA? In: Water Loss Reduction - Proceedings of the 7th IWA Specialist Conference, (2012)

[12] O. Giustolisi, Z. Kapelan, D. Savic, Algorithm for Automatic Detection of Topological Changes in Water Distribution Networks. J. of Hydraulic
Engineering 134(4) (2008) 435-446.

[13] O. Giustolisi, D. Savic, Z. Kapelan, Pressure-Driven Demand and Leakage Simulation for Water Distribution Networks. J. of Hydraulic Engi-
neering 134(5) (2008) 626-635.

[14] S. Hamilton, Technology-How far can we go? Pipelines,(2012) pp. 523-530.

[15] B. Kingdom, R. Liemberger, P. Marin, The Challenge of Reducing Non-Revenue Water (NRW) in Developing Countries. The World Bank,
Washington D. C., USA (2006)

[16] J. Koelbl, E. Mayr, H. Theuretzbacher-Fritz, R. Neunteufel, R. Perfler, Benchmarking the process of physical water loss management. In: Water
Loss Reduction - Proceedings of the 5th IWA Specialist Conference, (2009) pp. 176-183.

[17] H.E. Mutikanga, S.K. Sharma, K. Vairavamoorthy, Review of Methods and Tools for Managing Losses in Water Distribution Systems. J. of
Water Resources Planning and Management 139 (2012) 166-174.

1567



1568 C.M. Giorgio Bort et al. / Procedia Engineering 89 (2014) 1561 — 1568

[18] M. Nicolini, C. Giacomello, K. Deb, Calibration and Optimal Leakage Management for a Real Water Distribution Network. J. of Water
Resources Planning and Management 137 (2011) 134-142.

[19] ANN.C. Ong, M.E.H. Rodil, Trunk mains leak detection in Manila’s West Zone. In: Water Loss Reduction - Proceedings of the 7th IWA
Specialist Conference, (2012)

[20] C. Palau, F. Arregui, M. Carlos, Burst Detection in Water Networks Using Principal Component Analysis. J. of Water Resources Planning and
Management 138 2012) 47-54.

[21] Report on the state of hydric services. Co.Vi.R.I., (2009)

[22] L.A. Rossman, EPANET v.2 Users Manual. U.S. Environmental Protection Agency (2000)

[23] J. Sempewo, A. Pathirana, K. Vairavamoorthy, Spatial Analysis Tool for Development of Lekage Control Zones from the Analogy of Distributed
Computing. In: Water Distribution System Analysis - Proceedings of the 10th Annual Conference, (2008) pp. 676-690.

[24] M. Tabesh, Y. Asadiyani, R. Burrows, An Integrated Model to Evaluate Losses in Water Distribution Systems. Water Resources Management
23 (2009) 477-492.

[25] Z.Y. Wu, Innovative Optimization Model for Water Distribution Leakage Detection. Bentley Systems Inc., Watertown, USA (2008).

[26] Z.Y. Wu, M. Farley, D. Turtle, Z. Kapelan, J. Boxall, S. Mounce, S. Dahasahasra, M. Mulay, Y. Kleiner, Water Loss Reduction. Bentley Institute
Press, Exton, Pennsylvania, USA (2011)

[27] Z.Y. Wu, P. Sage,Water Loss Detection via Genetic Algorithm Optimization-based Model Calibration. Water Distribution Systems Analysis
Symposium, (2008) pp. 1-11.

[28] Z.Y. Wu, P. Sage, D. Turtle, Pressure-dependent Leak Detection Model and its Application to a District Water System. Journal of Water
Resources Planning and Management 136 (2010) 116-128.

[29] J. Izquierdo, R. Prez, P. L. Iglesias, Mathematical Models and Methods in the Water Industry, Mathematical and Computer Modelling 39 (2004)
1353-1374.

[30] R. S. Pudar, J. A. Liggett, Leaks in Pipe Networks, J. Hydraul. Eng. 118 (1992) 1031-1046.

[31] R. Prez, V. Puig, J. Pascual, J. Quevedo, E. Landeros, A. Peralta, Methodology for leakage detection using pressure sensitivity analysis in water
distribution networks, Control Engineering Practice19(2011)11571167.

[32] M. Scibetta, F. Boano, R. Revelli, L. Ridolfi, Community detection as a tool for complex pipe network clustering, EPL, 103 (2013) 48001.

[33] A. Savic, K. Banyard, Water Distribution Systems, Ice publishing, London, (2011).

[34] Z. Poulakis, D. Valougeorgis, C. Papadimitriou, Leakage detection in water pipe networks using a Bayesian probabilistic framework, Proba-
bilistic Engineering Mechanics 18 (2003) 315327.

[35] H. Zhang, L. Wang, Leak Detection in Water Distribution Systems Using Bayesian Theory and Fisher’s Law, Trans. Tianjin Univ., 17 (2011),
181-186.

[36] J. Rieckermann, M. E. Borsuk, D. Sydler, W. Gujer and P. Reichert, Bayesian experimental design of tracer studies to monitor wastewater
leakage from sewer networks, Water Resources Research, 46 (2010) W08513.

[37] J. Gong, A. C. Zecchin, A. R. Simpson, M. F. Lambert, Frequency Response Diagram for Pipeline Leak Detection: Comparing the Odd and
Even Harmonics, J. Water Resour. Plann. Manage. 140 (2014) 65-74.

[38] J. Yang, Y. Wen and P. Li, The genetic-algorithm-enhanced blind system identification for water distribution pipeline leak detection, Meas. Sci.
Technol. 18 (2007) 21782184.

[39] M. Ferrante, B. Brunone, S. Meniconi, Wavelets for the Analysis of Transient Pressure Signals for Leak Detection, J. Hydraul. Eng. 133 (2007)
1274-1282.

[40] S. Q. Zhang, S. J. Jin, F. L. Yang, X. Q. Wang and Q. Y .Bai, Crucial technologies of oil-transporting pipe leak detection and location based on
wavelet and chaos, Meas. Sci. Technol. 17 (2006) 572-577.

[41] D. Covas and H. Ramos, Case Studies of Leak Detection and Location in Water Pipe Systems by Inverse Transient Analysis, J. Water Resour.
Plann. Manage. 136 (2010) 248-257.

[42] , A. Cataldo, E. De Benedetto, G. Cannazza, N. Giaquinto, M. Savino, F. Adamo, Leak detection through microwave reflectometry: From
laboratory to practical implementation, Measurement 47 (2014) 963970.

[43] C. T.C. Arsene, B. Gabrys, D. Al-Dabass, Decision support system for water distribution systems based on neural networks and graphs theory
for leakage detection, Expert Systems with Applications 39 (2012) 1321413224.

[44] J. P. Vitkovsky, A. R. Simpson and M. F. Lambert, Leak Detection and Calibration Using Transient and Genetic Algorithms, J. Water Resour.
Plann. Manage. 126 (2000) 262-265.

[45] M. S. Islam, R. Sadiq, M. J. Rodriguez, A. Francisque, H. Najjaran, M. Hoorfar, Leakage detection and location in water distribution systems
using a fuzzy-based methodology, Urban Water Journal, 8 (2011) 351365.

[46] G. Sanz, R. Prez, A. Escobet, Leakage Localization in Water Networks using Fuzzy Logic, 20th Mediterranean Conference on Control &
Automation (MED), Barcelona, Spain, (2012).

[47] A. Jalalkamali and M. Eftekhari, Estimating Water Losses in Water Distribution Networks Using a Hybrid of GA and Neuro-Fuzzy Models,
World Applied Sciences Journal 18 (2012) 528-537.



