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1. INTRODUCTION

The search for leaks in water distribution systems is an
issue that affects water companies and their customers
around the world, causing significant economic losses,
third-party damage and health risks (Chan et al., 2018). A
first survey work conducted by Thornton (2002) revealed
that almost 20% of the US water supply was lost through
leaking pipes. More recently, Saqib et al. (2017) reports
how in the Kingdom of Saudi Arabia water losses in cities
account for around 35% of the total water supply. In Italy,
where this work is based, according to the Italian National
Institute of Statistics (ISTAT), the amount of water losses
corresponds to 37.3% of the country water consumption.
These wastes are mainly due to systems ageing, errors
in meter measurements and abusive connections, see the
ISTAT (2020) report.

It is therefore not surprising how the search for leaks in
Water Distribution Networks (WDNs) has attracted a lot
of attention from the research community. To tackle the
leak detection and isolation task, WNDs are usually sub-
divided into smaller subnetworks, called District Metered
Areas (DMAs). Then, flow and pressure sensors are in-
stalled to monitor the network behaviour, typically during
night time when water demand is at its minimum (Pérez
et al., 2014).

The leak isolation problem in DMAs has been extensively
faced in the literature, see e.g. the surveys of Chan et al.
(2018); Adedeji et al. (2017); Li et al. (2014). Adedeji et al.
(2017) divide the diagnosis methods into externally-based
(i.e. with sensing actions from the outside) and internally-
based (i.e. with sensors placed internally in the pipes).
Chan et al. (2018) propose a classification into passive and
active methods. The former ones require a direct visual
inspection or monitoring of sites. Active system are based

on some measurements (flow, pressure, acoustic, vibration)
processing. They can be further classified into transient-
based (Colombo et al., 2009), data-driven (Wu and Liu,
2017) and model-based approaches.

The automatic control community vastly contributed to
the development of model-based approaches for leak iso-
lation. However, standard techniques of model-based di-
agnosis, see e.g. Varga (2017); Ding (2013), cannot be
straightforwardly applied since the hydraulic model would
be composed by a set of nonlinear equations with no
explicit solutions. Thus, the hydraulic system at the base
of the DMA is often simulated through modeling software
such as EPANET (Rossman et al., 2000).

The performance of leak isolation depends on the num-
ber of available sensors and their placement in the DMA
(Daniel et al., 2022). Thus, the choice of the sensors config-
uration (their number and placement) is a key issue, con-
sidering the trade-off between isolation performance and
sensors number (that depends on budget constraints). In
this view, pressure sensors are more commonly employed
with respect to flow ones due to their cheaper nature.
Thus, the typical approach to leak isolation consists of two
distinct phases: (i) choice of the sensors configuration (ii)
development of a leak isolation algorithm given the chosen
sensors configuration.

This two-stage design is advocated by many authors.
Pérez et al. (2011) proposed a model-based method based
on pressure measurements and leaks sensitivity analysis,
where the monitored pressures at certain nodes of the
DMA are compared with the simulated pressures. The
optimal sensor configuration is obtained by minimizing
an isolation error, via Genetic Algorithms (GAs). This
approach has been improved in Casillas et al. (2013),
where a varying water demand, leak magnitude and a new
sensitivity index are considered. Later, Miquel A. Cuguero
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simulation on a Discrict Metered Area (DMA) of a small town in northern Italy.
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1. INTRODUCTION

The search for leaks in water distribution systems is an
issue that affects water companies and their customers
around the world, causing significant economic losses,
third-party damage and health risks (Chan et al., 2018). A
first survey work conducted by Thornton (2002) revealed
that almost 20% of the US water supply was lost through
leaking pipes. More recently, Saqib et al. (2017) reports
how in the Kingdom of Saudi Arabia water losses in cities
account for around 35% of the total water supply. In Italy,
where this work is based, according to the Italian National
Institute of Statistics (ISTAT), the amount of water losses
corresponds to 37.3% of the country water consumption.
These wastes are mainly due to systems ageing, errors
in meter measurements and abusive connections, see the
ISTAT (2020) report.

It is therefore not surprising how the search for leaks in
Water Distribution Networks (WDNs) has attracted a lot
of attention from the research community. To tackle the
leak detection and isolation task, WNDs are usually sub-
divided into smaller subnetworks, called District Metered
Areas (DMAs). Then, flow and pressure sensors are in-
stalled to monitor the network behaviour, typically during
night time when water demand is at its minimum (Pérez
et al., 2014).

The leak isolation problem in DMAs has been extensively
faced in the literature, see e.g. the surveys of Chan et al.
(2018); Adedeji et al. (2017); Li et al. (2014). Adedeji et al.
(2017) divide the diagnosis methods into externally-based
(i.e. with sensing actions from the outside) and internally-
based (i.e. with sensors placed internally in the pipes).
Chan et al. (2018) propose a classification into passive and
active methods. The former ones require a direct visual
inspection or monitoring of sites. Active system are based

on some measurements (flow, pressure, acoustic, vibration)
processing. They can be further classified into transient-
based (Colombo et al., 2009), data-driven (Wu and Liu,
2017) and model-based approaches.

The automatic control community vastly contributed to
the development of model-based approaches for leak iso-
lation. However, standard techniques of model-based di-
agnosis, see e.g. Varga (2017); Ding (2013), cannot be
straightforwardly applied since the hydraulic model would
be composed by a set of nonlinear equations with no
explicit solutions. Thus, the hydraulic system at the base
of the DMA is often simulated through modeling software
such as EPANET (Rossman et al., 2000).

The performance of leak isolation depends on the num-
ber of available sensors and their placement in the DMA
(Daniel et al., 2022). Thus, the choice of the sensors config-
uration (their number and placement) is a key issue, con-
sidering the trade-off between isolation performance and
sensors number (that depends on budget constraints). In
this view, pressure sensors are more commonly employed
with respect to flow ones due to their cheaper nature.
Thus, the typical approach to leak isolation consists of two
distinct phases: (i) choice of the sensors configuration (ii)
development of a leak isolation algorithm given the chosen
sensors configuration.

This two-stage design is advocated by many authors.
Pérez et al. (2011) proposed a model-based method based
on pressure measurements and leaks sensitivity analysis,
where the monitored pressures at certain nodes of the
DMA are compared with the simulated pressures. The
optimal sensor configuration is obtained by minimizing
an isolation error, via Genetic Algorithms (GAs). This
approach has been improved in Casillas et al. (2013),
where a varying water demand, leak magnitude and a new
sensitivity index are considered. Later, Miquel A. Cuguero

et al. (2017) introduced a clustering method as in Soldevila
et al. (2016) to improve the leak isolation performance, and
a new cost function to evaluate the diagnosis results.

In this paper, we extend the approach of Pérez et al. (2011)
by introducing more robust cost functions for the sensor
placement optimization problem, that take into account
the measurements noise and varying water demands. We
note that Casillas et al. (2013) considers measurements
noise only as a post-treatment analysis (i.e. after the
sensors configuration has been chosen). In contrast, we
embed the measurements noise directly in the sensors
configuration cost function. The idea of integrating a
varying water demand has been investigated in Casillas
et al. (2013) and in Cugueró-Escofet et al. (2015), where
an approach based on zonotopes is proposed. Here, we
evaluate the robustness of the method by considering both
noise measurements and varying demand in the sensors
configuration design problem.

The evaluation of leaks isolation is not straightforward
since it depends on the employed sensors configuration.
Thus, we define three evaluation tests for assessing the
performance of leak isolation, in the following cases:

(1) single leak in a fixed node under varying Signal-to-
Noise Ratios (SNRs) on the pressure measurements;

(2) single leak in each node under varying SNRs;
(3) single leak in each node under varying SNRs and

varying water demands.

The effect of varying SNRs is only briefly investigated
in Casillas et al. (2013). Here, we explicitly investigate
its effect on the isolation performance that follows the
optimized sensors configuration. Simulation results of the
proposed cost functions for sensors placement and the
proposed evaluations schemes are based on a DMA in
northern Italy.

The paper is organized as follows. The leak isolation
strategy is described in section 2. The sensor placement
optimization problem is presented in Section 3. Section 4
highlights the applicative example used as the basis for this
work and shows the proposed results evaluations. Section
5 concludes the paper.

2. LEAKS ISOLATION

The model-based leak isolation presented in Pérez et al.
(2011) relies on pressure measurements at network demand
nodes and their estimates (performed by the network
hydraulic model). Consider a DMA with m nodes and n
pressure sensors, with n ≤ m. We define the residual vector
r ∈ Rn×1 as

r = [p1 − p̂1 , · · · , pn − p̂n]
⊤
, (1)

where pi represents the measurement of the i-th pressure
sensor, i = 1, . . . , n, and p̂i is the corresponding model
output from a leakless simulation (e.g. from the EPANET
model).

The isolation is performed by comparing the residual
vector (1) with the sentitivity vectors sj ∈ Rn×1

sj =

[
p̂
fj
1 − p̂1
fj

, · · · , p̂
fj
n − p̂n
fj

]⊤

, j = 1, . . . ,m. (2)

The quantity p̂
fj
i denotes the simulated pressure value in

the i-th node when a leak of magnitude fj is simulated on
the j-th node. We denote the simulation of the fault fj on
the j-th node as a fault scenario or simply scenario.

Leak isolation is performed by finding the vector (2) which
is “most similar” with (1) (see Figure 1). One possible way
to compare the residual vector with the sensitivity ones is
to use the correlation between the residual and sensitivity
vectors. For each fault j = 1, . . . ,m, we compute the
projection indexes

ψj =
r⊤sj

∥r∥ · ∥sj∥
, (3)

where ∥ · ∥ denotes the Euclidean norm.

A leak is then localized in the node j∗ ∈ {1, . . . ,m} when
ψj∗ = max (ψ1, . . . , ψm) . (4)
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Fig. 1. Leak isolation algorithm. Gray box depicts inputs
for other modules.

Remark 1. The discussed approach allows to isolate a
single leak at a time in the network.

3. SENSORS PLACEMENT SCHEMES

The performance of the leak isolation ultimately depends
on the pressure sensors configuration. The sensors config-
uration, in turns, has to be robust to variations of: (i) leak
magnitude fj ; (ii) measurements noise; (iii) water demand.
In this section, we: (i) review the sensors placement prob-
lem proposed in Pérez et al. (2011); Casillas et al. (2013);
(ii) propose sensors placement schemes that are robust to
measurements noise and water demand variations.

3.1 Standard sensors placement

The aim of sensors placement is to find the best placement
of a fixed number of sensors, in order to locate a leak
in the network as precisely as possible. Since, in this
design phase, the pressure sensors are not yet available,
a possible strategy is to compute the simulated residual
vector r̂j ∈ Rm×1

r̂j =
[
p̂
vj
1 − p̂1 , · · · , p̂vj

m − p̂m
]⊤

, j = 1, . . . ,m (5)

where p̂
vj
z , z = 1, . . . ,m, represents a simulated pressure

measurement in the z-th node due to a leak of magnitude
vj in the j-th node. Notice that in (5) we supposed a
(simulated) measurement at every node of the network.



 M. Mazzoleni  et al. / IFAC PapersOnLine 55-33 (2022) 48–53 49

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license  
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

et al. (2017) introduced a clustering method as in Soldevila
et al. (2016) to improve the leak isolation performance, and
a new cost function to evaluate the diagnosis results.

In this paper, we extend the approach of Pérez et al. (2011)
by introducing more robust cost functions for the sensor
placement optimization problem, that take into account
the measurements noise and varying water demands. We
note that Casillas et al. (2013) considers measurements
noise only as a post-treatment analysis (i.e. after the
sensors configuration has been chosen). In contrast, we
embed the measurements noise directly in the sensors
configuration cost function. The idea of integrating a
varying water demand has been investigated in Casillas
et al. (2013) and in Cugueró-Escofet et al. (2015), where
an approach based on zonotopes is proposed. Here, we
evaluate the robustness of the method by considering both
noise measurements and varying demand in the sensors
configuration design problem.

The evaluation of leaks isolation is not straightforward
since it depends on the employed sensors configuration.
Thus, we define three evaluation tests for assessing the
performance of leak isolation, in the following cases:

(1) single leak in a fixed node under varying Signal-to-
Noise Ratios (SNRs) on the pressure measurements;

(2) single leak in each node under varying SNRs;
(3) single leak in each node under varying SNRs and

varying water demands.

The effect of varying SNRs is only briefly investigated
in Casillas et al. (2013). Here, we explicitly investigate
its effect on the isolation performance that follows the
optimized sensors configuration. Simulation results of the
proposed cost functions for sensors placement and the
proposed evaluations schemes are based on a DMA in
northern Italy.

The paper is organized as follows. The leak isolation
strategy is described in section 2. The sensor placement
optimization problem is presented in Section 3. Section 4
highlights the applicative example used as the basis for this
work and shows the proposed results evaluations. Section
5 concludes the paper.

2. LEAKS ISOLATION

The model-based leak isolation presented in Pérez et al.
(2011) relies on pressure measurements at network demand
nodes and their estimates (performed by the network
hydraulic model). Consider a DMA with m nodes and n
pressure sensors, with n ≤ m. We define the residual vector
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where pi represents the measurement of the i-th pressure
sensor, i = 1, . . . , n, and p̂i is the corresponding model
output from a leakless simulation (e.g. from the EPANET
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the j-th node. We denote the simulation of the fault fj on
the j-th node as a fault scenario or simply scenario.

Leak isolation is performed by finding the vector (2) which
is “most similar” with (1) (see Figure 1). One possible way
to compare the residual vector with the sensitivity ones is
to use the correlation between the residual and sensitivity
vectors. For each fault j = 1, . . . ,m, we compute the
projection indexes
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where ∥ · ∥ denotes the Euclidean norm.
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ψj∗ = max (ψ1, . . . , ψm) . (4)
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Fig. 1. Leak isolation algorithm. Gray box depicts inputs
for other modules.

Remark 1. The discussed approach allows to isolate a
single leak at a time in the network.

3. SENSORS PLACEMENT SCHEMES

The performance of the leak isolation ultimately depends
on the pressure sensors configuration. The sensors config-
uration, in turns, has to be robust to variations of: (i) leak
magnitude fj ; (ii) measurements noise; (iii) water demand.
In this section, we: (i) review the sensors placement prob-
lem proposed in Pérez et al. (2011); Casillas et al. (2013);
(ii) propose sensors placement schemes that are robust to
measurements noise and water demand variations.

3.1 Standard sensors placement

The aim of sensors placement is to find the best placement
of a fixed number of sensors, in order to locate a leak
in the network as precisely as possible. Since, in this
design phase, the pressure sensors are not yet available,
a possible strategy is to compute the simulated residual
vector r̂j ∈ Rm×1

r̂j =
[
p̂
vj
1 − p̂1 , · · · , p̂vj

m − p̂m
]⊤

, j = 1, . . . ,m (5)

where p̂
vj
z , z = 1, . . . ,m, represents a simulated pressure

measurement in the z-th node due to a leak of magnitude
vj in the j-th node. Notice that in (5) we supposed a
(simulated) measurement at every node of the network.
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Remark 2. The leak magnitudes fj in (2) and vj in (5)
may differ. Both are user-defined when simulating fault
scenarios: a leak magnitude vj is used when optimizing
the sensors placement, while fj is used when sensors have
been placed to perform fault isolation. One can set fj = vj .

Similarly to (5), we can compute the sensitivity vectors for
every node of the networks, so that the quantity in (2) will
now be the vector ŝj ∈ Rm×1

ŝj =

[
p̂
fj
1 − p̂1
fj

, · · · , p̂
fj
m − p̂m
fj

]⊤

, j = 1, . . . ,m. (6)

However, as discussed in Section 2, the number of total
nodes m and the number of measured ones n could differ
in practice. To this end, define the binary indicator vector
q ∈ Rm×1 as

q = [q1, . . . qm]
⊤
, (7)

such that qz = 1 if the pressure at node z is measured,
and qz = 0 otherwise, with z = 1, . . . ,m. The indicator
vector (7) selects only the components of (5) that will
be measured by sensor. Let n be the number of deployed
sensors. Then

m∑
z=1

qz = n. (8)

If all nodes will be measured, then n = m. From (7), define
the indicator matrix Q ∈ Rm×m as

Q (q) = diag (q) , (9)
where diag (q) indicates the diagonal matrix with the
vector q on the diagonal.

Then, it is possible to compute the projection (3) of the
k-th simulated residual in (5) on the j-th sensitivity vector
in (2) as

ψkj (q) =
r̂⊤k ·Q (q) · ŝj

∥r̂kQ (q) ∥ · ∥ŝjQ (q) ∥
, k, j = 1, . . .m. (10)

To evaluate the performance of a specific sensors configura-
tion q in isolating a single leak in any node of the network,
the following cost is introduced, (Casillas et al., 2013):

ε (q) =
1

m

m∑
k=1

εk (q) , (11)

where

εk (q) =

{
0 if ψkk (q) = max

(
[ψk1 (q) , . . . , ψkm (q)]

)
1 otherwise.

(12)
The rule (12) does not contribute to the error cost when a
leak in node k is perfectly located, i.e. when the sensitivity
vector ŝk is maximally correlated with the simulated
residual vector r̂k. The solution to the “standard” sensor
placement problem is obtained by solving (see Figure 2)

min
q

ε (q) . (13)

Remark 3. If all possible leaks can be perfectly located by
a sensors configuration, then ε (q) = 0.

The performance of the leak isolation, equipped with the
sensor configuration q, decrease due to the presence of
noise in the pressure measurements and uncertainty of
demand in the nodes. For this reason, we propose two
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Fig. 2. Standard sensors placement scheme. Gray box
depicts inputs for other modules.

enhancement of the cost (11) in order to obtain more
robust sensors configurations against these uncertainties.

3.2 Robust sensor placement against measurements noise

Suppose that an additive gaussian noise e ∼ N
(
0, σ2

)
is present on the measurement, where σ2 is the noise
variance. Then, the simulated residual vectors (5) read as

r̂j (e) =
[(
p̂
vj
1 + e1

)
− p̂1, · · · , (p̂vjm + em)− p̂m

]⊤
,

e = [e1, · · · , em]
⊤
, j = 1, . . . ,m (14)

where ez, z = 1, . . . ,m, denotes the simulated error on the
z-th node measurement. The projections can be computed
by considering (14) in place of (5) as

ψkj (q; e) =
r̂⊤k (e) ·Q (q) · ŝj

∥r̂k (e)Q (q) ∥ · ∥ŝjQ (q) ∥
, k, j = 1, . . .m.

(15)

The cost function with robustness against measurements
noise can be defined as

ε (q; e) =
1

M ·m

M∑
w=1

m∑
k=1

εk (q; ew) , (16)

where, using (15) for the projections ψkj , we define

εk (q; ew) =

{
0 if ψkk (q; ew) = max

(
[ψk1, . . . , ψkm]

)
1 otherwise,

and M denotes the number of Monte Carlo noise realiza-
tions. The solution to the “robust against noise” sensor
placement problem is obtained by solving

min
q

ε (q; ew) . (17)

Remark 4. The sensitivity vectors ŝj in (15) do not depend
on the measurements noise vector e. The noise is added
after the simulation only to the residual vectors r̂j in (14).

3.3 Robust sensor placement against demand variations

The simulated pressure measurements used in (5) and (14)
derive from a single consumption value, typically corre-
sponding to a “standard” or “average” demand. However,
since such demand vary over time, it is convenient to
find a sensors configuration that is robust with respect
to variations of water demand, that causes a change in the
pressures. A look at common water consumptions reveals
how there are different demands depending on the hour of
the day, the day of the week and the season of the year.

Suppose that the water demand varies across T time
periods. The simulated noisy residual vectors at a certain
time t = 1, . . . , T can be computed as

r̂j (et, t) =
[(
p̂
vj

1,t + e1,t
)
− p̂1,t, · · · ,

(
p̂
vj

m,t + em,t

)
− p̂m,t

]⊤

et = [e1,t, · · · , em,t]
⊤
, j = 1, . . . ,m; t = 1, . . . T (18)

where p̂
vj
z,t, p̂z,t represent respectively the simulated pres-

sure value at the z-th node, at time t, when a leak of
magnitude vj is present on the j-th node, and the when
no leak is present. The quantities ez,t are the measurement
noises on the z-th node at time t, with z = 1, . . . ,m.

Similarly, we can refine the sensitivity vectors (6) to take
into account the time variability, for j = 1, . . . ,m and
t = 1, . . . , T , as

ŝj(t) =

[
p̂
fj
1,t − p̂1,t

fj
, · · · ,

p̂
fj
m,t − p̂m,t

fj

]⊤

. (19)

The improved projections at time t can be computed as

ψkj (q; et, t) =
r̂⊤k (et, t) ·Q (q) · ŝj (t)

∥r̂k (et, t)Q (q) ∥ · ∥ŝj (t)Q (q) ∥
, (20)

k, j = 1, . . .m; t = 1, . . . , T

The cost function with robustness against measurements
noise and demand variations is thus

ε (q; e, t) =
1

T ·M ·m

T∑
t=1

M∑
w=1

m∑
k=1

εk (q; ew, t) , (21)

where, using (20) for the projections ψkj , we define

εk (q; ew, t) =

{
0 if ψkk (q; ew, t) = max

(
[ψk1, . . . , ψkm]

)
1 otherwise,

and t ∈ RT×1 contains all considered time instants. The
solution to the “robust against noise and varying demand”
sensor placement problem is obtained by solving

min
q

ε (q; e, t) . (22)

3.4 Optimization with Genetic Algorithms

The best sensors configuration can be obtained by solving
the problems (13), (17) or (22). The sensors placement
problem is based on the definition of the binary vector q,
that defines the number and the location of the pressure
sensors, that, in turn, are used to compute the projections
and thus the value of the cost function.

Suppose to have a DMA with m nodes and n sensors.
Then, the total number of combinations of n sensors is

m!
n!(m−n)! . An exhaustive search will soon be prohibitive as
m and n grows. In these cases, Genetic Algorithms (GAs)
are a competing alternative (Banzhaf et al., 1998), where
a gene corresponds to the possible presence or absence of
a sensor at a given node. Thus, a GA is naturally suited to
optimizing over the binary vector q. This approach is also
advocated in Casillas et al. (2013); Soldevila et al. (2016);
Miquel A. Cuguero et al. (2017).
Remark 5. The use of GA for optimizing sensors place-
ment provides a greedy suboptimal solution with respect
to deterministic branch and bound strategies. However,

this allows GA to be applied also to cases with hundreds
of nodes, as in Pérez et al. (2011).

4. NUMERICAL SIMULATIONS

4.1 Applicative context

The proposed rationales for determining the sensors con-
figuration are motivated by a smart metering project on
a WDN in small town in the northern Italy. The project
aims at improving the metering ability of the area via the
installation of smart meters and algorithms for automatic
leaks localization. The town is characterized by a minimum
altitude of 172m and a maximum one of 205m. A DMA
has been selected from the WDN, see Figure 3. The DMA
model has been created with the EPANET software. This
DMA has a single inlet pipe that supplies water to the
district. In this way, the water behavior of the DMA is
separated from that of the upstream network (modeled as
a reservoir). A leak is simulated by adding an emitter on
the node, as suggested in (Rossman et al., 2000, Section
3.1). An emitter is characterized by the discharge Emitter
Coefficient (EC) and by the Emitter Exponent (EE). The
former can be used to regulate the intensity of the leak and
the latter depends on the type of network. In this work,
the EE is always set to the default value of 0.5.
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> 32
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Fig. 3. The considered DMA with m = 46 nodes, where
18 of them are terminal nodes. Pressure (in meters,
assuming a fluid density of 1000 kg/m3) and flow
range (cubic meters per hour) are depicted.

The outgoing water pressure from the reservoir is set to
3 bar, the typical pressure level present in a pipe of a
water system (Tian and Zhang, 2006). The DMA has
m = 46 nodes. Let the vector δ ∈ R18×1 contain the
water demands for the 18 terminal nodes (where, in total,
1500 people are connected). The values of δ are set to the
average daily measured demands for each of the terminal
node, collected during the winter season. The total demand
is

∑18
d=1 δd = 14m3/h, where δd is the d-th component of
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Suppose that the water demand varies across T time
periods. The simulated noisy residual vectors at a certain
time t = 1, . . . , T can be computed as

r̂j (et, t) =
[(
p̂
vj
1,t + e1,t

)
− p̂1,t, · · · ,

(
p̂
vj
m,t + em,t

)
− p̂m,t

]⊤

et = [e1,t, · · · , em,t]
⊤
, j = 1, . . . ,m; t = 1, . . . T (18)

where p̂
vj
z,t, p̂z,t represent respectively the simulated pres-

sure value at the z-th node, at time t, when a leak of
magnitude vj is present on the j-th node, and the when
no leak is present. The quantities ez,t are the measurement
noises on the z-th node at time t, with z = 1, . . . ,m.

Similarly, we can refine the sensitivity vectors (6) to take
into account the time variability, for j = 1, . . . ,m and
t = 1, . . . , T , as

ŝj(t) =

[
p̂
fj
1,t − p̂1,t

fj
, · · · ,

p̂
fj
m,t − p̂m,t

fj

]⊤

. (19)

The improved projections at time t can be computed as

ψkj (q; et, t) =
r̂⊤k (et, t) ·Q (q) · ŝj (t)

∥r̂k (et, t)Q (q) ∥ · ∥ŝj (t)Q (q) ∥
, (20)

k, j = 1, . . .m; t = 1, . . . , T

The cost function with robustness against measurements
noise and demand variations is thus

ε (q; e, t) =
1

T ·M ·m

T∑
t=1

M∑
w=1

m∑
k=1

εk (q; ew, t) , (21)

where, using (20) for the projections ψkj , we define

εk (q; ew, t) =

{
0 if ψkk (q; ew, t) = max

(
[ψk1, . . . , ψkm]

)
1 otherwise,

and t ∈ RT×1 contains all considered time instants. The
solution to the “robust against noise and varying demand”
sensor placement problem is obtained by solving

min
q

ε (q; e, t) . (22)

3.4 Optimization with Genetic Algorithms

The best sensors configuration can be obtained by solving
the problems (13), (17) or (22). The sensors placement
problem is based on the definition of the binary vector q,
that defines the number and the location of the pressure
sensors, that, in turn, are used to compute the projections
and thus the value of the cost function.

Suppose to have a DMA with m nodes and n sensors.
Then, the total number of combinations of n sensors is

m!
n!(m−n)! . An exhaustive search will soon be prohibitive as
m and n grows. In these cases, Genetic Algorithms (GAs)
are a competing alternative (Banzhaf et al., 1998), where
a gene corresponds to the possible presence or absence of
a sensor at a given node. Thus, a GA is naturally suited to
optimizing over the binary vector q. This approach is also
advocated in Casillas et al. (2013); Soldevila et al. (2016);
Miquel A. Cuguero et al. (2017).
Remark 5. The use of GA for optimizing sensors place-
ment provides a greedy suboptimal solution with respect
to deterministic branch and bound strategies. However,

this allows GA to be applied also to cases with hundreds
of nodes, as in Pérez et al. (2011).

4. NUMERICAL SIMULATIONS

4.1 Applicative context

The proposed rationales for determining the sensors con-
figuration are motivated by a smart metering project on
a WDN in small town in the northern Italy. The project
aims at improving the metering ability of the area via the
installation of smart meters and algorithms for automatic
leaks localization. The town is characterized by a minimum
altitude of 172m and a maximum one of 205m. A DMA
has been selected from the WDN, see Figure 3. The DMA
model has been created with the EPANET software. This
DMA has a single inlet pipe that supplies water to the
district. In this way, the water behavior of the DMA is
separated from that of the upstream network (modeled as
a reservoir). A leak is simulated by adding an emitter on
the node, as suggested in (Rossman et al., 2000, Section
3.1). An emitter is characterized by the discharge Emitter
Coefficient (EC) and by the Emitter Exponent (EE). The
former can be used to regulate the intensity of the leak and
the latter depends on the type of network. In this work,
the EE is always set to the default value of 0.5.
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> 32
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≤ 0.25
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Fig. 3. The considered DMA with m = 46 nodes, where
18 of them are terminal nodes. Pressure (in meters,
assuming a fluid density of 1000 kg/m3) and flow
range (cubic meters per hour) are depicted.

The outgoing water pressure from the reservoir is set to
3 bar, the typical pressure level present in a pipe of a
water system (Tian and Zhang, 2006). The DMA has
m = 46 nodes. Let the vector δ ∈ R18×1 contain the
water demands for the 18 terminal nodes (where, in total,
1500 people are connected). The values of δ are set to the
average daily measured demands for each of the terminal
node, collected during the winter season. The total demand
is

∑18
d=1 δd = 14m3/h, where δd is the d-th component of
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δ. Based on budget constraints, the number of sensors is
set to n = 17 by the company that manages the WDN.

4.2 Evaluation tests

We propose the following tests to evaluate the performance
of the sensors configurations in Sections 3.1, 3.2, 3.3, and
the relative leak isolation strategy of Section 2:

• Test 1: isolation of a single leak in a fixed node at dif-
ferent measurements Signal-to-Noise Ratios (SNRs);

• Test 2: isolation of a single leak in all nodes at
different measurements SNRs;

• Test 3: isolation of a single leak in all nodes at
different measurements SNRs and varying demand
levels.

Each test is characterized by two different phases: (i) the
sensors placement phase; (ii) the leak isolation phase.

Sensors placement phase. The sensors placement phase
determines the best sensors configuration, by solving the
optimization problems in (13), (17) and (22) for a fixed
number of n sensors. For all the tests, we assume an EC
coefficient vj = fj = 15 in (6) and, according to the
considered cost, also in (5), (14), and (18). In (17) and
(22) we set M = 1000 different noise realizations with
SNR = 100. We defined T = 4 seasonal demands in
(18), such that the basic demands at terminal nodes are
all multiplied by the following coefficients: 1.5 (spring), 2
(summer), 1.5 (autumn), 1 (winter), see ISTAT (2020).

Leak isolation phase. The leak isolation phase evaluates
the performance of the sensors configurations obtained
during the sensors placement phase, using the strategy of
Section 2. Since the measurements from pressure sensors
are simulated, in Test 1 and Test 2 we employ (14) in
place of (1), while in Test 3 the vector (18) is used in place
of (1). So, all the evaluations employs noisy (simulated)
pressure measurements, with SNR ∈ {10, 100, 1000}. In
fact, real pressure measurements are likely to be noisy.

Genetic algorithm configuration. The parameters of the
GA are as follows. We use a population of γ = 20 chro-
mosomes. The best 4 configurations (natural selection) are
mutated with 0.5 probability for each gene. All the con-
figurations go through a uniform crossover that maintains
the same number of 1 bits in the chromosome (i.e. number
of installed sensors). The GA runs for 250 iterations.

4.3 Test 1: single leak in a fixed node

In this test, a leak v14 with EC = 30m3/(h·
√
m) is injected

only in node 14, so that vi = 0, ∀i ̸= j, with i, j = 1, . . . , 46.
After the sensors placement phase, the leak isolation phase
is executed with M = 1000 noise realizations (different
from the ones used during the sensors placements), at
varying SNRs.

Table 1 reports the isolation performance, across the M
noise realizations, on the top three located nodes, using the
sensors configurations (13), (17), (22) with n = 17. Even
if the isolation performance decrease with at lower SNRs,
the robust placements outperform the standard one. The
correct leaking node is the most frequent answer for all the

methods, and when this is not the case, the nearby nodes
15 and 18 are located (see Figure 3). Even if, in this test,
there is not a varying demand during the leak isolation
phase, the robust placement against varying demand is
the best performing approach.

Table 1. Leak isolation performance on node
14, using n = 17 sensors with different SNRs

(top three located nodes).

Config. Node SNR = 1000 SNR = 100 SNR = 10

ε (q)
14 97% 63% 16%
15 - 21% 29%
18 - - 14%

ε (q; e)
14 98% 75% 35%
15 - 17% 28%
18 - - 19%

ε (q; e, t)
14 100% 81% 41%
15 - 12% 26%
18 - 6% 21%

4.4 Test 2: single leak in all nodes

In this test, a leak vj with EC = 30m3/(h ·
√
m) is

injected (one leak at a time), in all nodes of the network,
j = 1, . . . , 46. Specifically, Test 1 is executed for each
leaking node, and the performance are reported in Table 2.
Again, the proposed robust configurations performs better
than the standard one, in noisy measurements scenarios.

Table 2. Leak isolation performance on all
nodes, using n = 17 sensors with different

SNRs.

Config. SNR = 1000 SNR = 100 SNR = 10

ε (q) 97.3% 70.6% 30.9%
ε (q; e) 97.5% 74.2% 35.6%
ε (q; e, t) 98.5% 82.8% 44.3 %

4.5 Test 3: single leak in all nodes with varying demand

This test consists in running Test 2 for T = 4 different
water seasonal demands. The goal is to understand if the
placements maintain a good capacity to locate the leak in
the entire district under different demands.

Table 3 presents the simulation results. The performance
are lower than in Table 2 given the additional variability
in water consumptions. The standard approach is greatly
affected by water demand variations, while the robust
approaches are less affected and still performs better in
all situations.

In order to better evaluate the robustness of the solution
(22), we consider a case where the water demand δd
varies randomly in [0.1 · δd, 10 · δd] for each terminal node
d = 1, . . . , 18. Test 3 is applied with T = 100 extractions
of water demands and M = 100 noise realizations with
SNR = 500. Figure 4 presents the average leak location
percentage as function of the number of installed sensors.
Even in this more involved scenario, the proposed robust
approaches attains very good results. Furthermore, it can

Table 3. Leak isolation performance on all
nodes, using n = 17 sensors with different

SNRs and water demands.

Config. SNR = 1000 SNR = 100 SNR = 10

ε (q) 93.9% 62.6% 27.3%
ε (q; e) 96.3% 67.6% 33.8%
ε (q; e, t) 96.7% 76.8% 39.8 %

be noticed how using more than n = 17 sensors does
not significantly improve the isolation performance of the
robust methods.
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Fig. 4. Isolation performance as function of the number of
n sensors installed in the network.

5. CONCLUSIONS

In this paper, we proposed robust rationales for sensors
placement in WDN, along with three tests for evaluating
the performance of the corresponding leak isolation. The
approaches are assessed in simulation on a real DMA,
laying the foundations for the practical sensors installation
and the development of leak isolation. Next steps will in-
clude the evaluation of the methodology with real pressure
sensors data.
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Table 3. Leak isolation performance on all
nodes, using n = 17 sensors with different

SNRs and water demands.

Config. SNR = 1000 SNR = 100 SNR = 10

ε (q) 93.9% 62.6% 27.3%
ε (q; e) 96.3% 67.6% 33.8%
ε (q; e, t) 96.7% 76.8% 39.8 %

be noticed how using more than n = 17 sensors does
not significantly improve the isolation performance of the
robust methods.
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5. CONCLUSIONS

In this paper, we proposed robust rationales for sensors
placement in WDN, along with three tests for evaluating
the performance of the corresponding leak isolation. The
approaches are assessed in simulation on a real DMA,
laying the foundations for the practical sensors installation
and the development of leak isolation. Next steps will in-
clude the evaluation of the methodology with real pressure
sensors data.
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