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Abstract

The instrumentation and supervision of water distribution networks (WDN) are challenging 
tasks as the use of monitoring devices imply a high cost including installation and 
maintenance. One of the emerging issues is the definition of the best possible layout of the 
measurements to be recorded. Considering the sampling costs and budget limitations on the 
number of sensors to be distributed, to determine a trade-off is mandatory. The trade-off may 
highly depend on the final use of these sensors. This work presents a methodology to support 
practitioners to decide which is the optimal pressure sensor placement and the appropriate 
number of pressure sensors to install on a WDN. Two main applications for demand 
calibration and leak detection and localisation are considered. A sensor placement 
methodology is applied to find the most sensible locations with respect to demand groups. 
Additionally, as the sensor placement methodology does not define an optimal number of 
sensors to be distributed in the WDN, an approach to formulate a trade-off is developed. This 
approach generates an indicator that quantifies the degree of relevance of the information 
recorded by a given sensor layout. The methodology presented is applied on a real WDN to 
select the most appropriate pressure measurement layout as part of an instrumentation 
project plan. 

Keywords
Water Distribution Networks, Sampling design, Sensors. 

1 INTRODUCTION

Water Distribution Networks (WDNs) generally are large and complex systems formed by 
thousands of pipes and nodes and its instrumentation and supervision are challenging tasks as 
the use of monitoring devices imply a high cost including installation and maintenance. One of the 
emerging issues is the definition of the best possible layout of the measurements to be recorded, 
as the number of measurement devices is far smaller than the potential measurement points [1]. 
The use of models is crucial in this process, even if the final application using these measurements 
might not be based on WDN models. However, the suitability of the layout of the sensors may 
depend on the final application using these sensors [2]. 

Within the framework of an industrial thesis, the municipal water company of Terrassa (TAIGUA) 
intends to calibrate its WDN models. An industrial thesis consists in a strategic research project 
of a company where a doctoral student develops his research training in collaboration with a 
university. Following the seven-step general calibration procedure proposed by Ormsbee and 
Lingireddy [3], considering the intended use of the models, three model use types were identified 
whose differences arise in the precision of the demand model [4]. Models of type one are used for 
planning purposes within a ten year horizon. Models of type two are intended to perform short 
term predictions in peak days and need a more precise demand model. Models of type three would 
allow leakage detection and localization and need telemeter measurements to be fed constantly. 
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To generate a type three model a microcalibration process has to be performed. This 
microcalibration process requires more instrumentation to be installed in the WDN. As one 
objective is to generate and calibrate different groups of demand in the same DMA [5] and 
pressure monitoring is much less expensive than flow monitoring [6], it is chosen to install 
pressure sensors within the DMAs. Furthermore, results presented in [7] show that for meshed 
networks measuring pressure seems to be the best option when calibrating geographical groups 
of demand.  

The pressure sensors that will be installed are the remote transmission units with data loggers 
ADT1 [8]. Despite the usual versatility of the pressure loggers which allows to place them at 
hydrants or blow off valves and move them to other locations without the need of a construction 
project, the company has decided to install the pressure sensors directly at the distribution pipes 
by means of small valve boxes avoiding possible vandalism damage. However, by means of 
pressure drilling, also referred to as hot tapping, line tapping or pressure tapping, the pressure 
sensors will be directly installed at pressurized pipelines without having to drain down the system 
or interrupt the service. Therefore, the pressure sensors will be installed at fixed locations. This 
fact gives relevance to carry out a sampling design (SD). 

When considering the sampling costs and budget limitations on the number of sensors to be 
distributed to determine a trade-off is mandatory.  Generally, the trade-offs analysed in literature 
the balance the need for better-calibrated models with the SD costs to justify the expenses on 
sampling efforts and data collection [9], [10], [11], [12], [13], [14], [15]. However, Kang and Lansey 
[16] point out that considering the trade-off between model accuracy and precision is more
appropriate for the optimal meter placement than considering and minimize the metering costs.

There is not a definitive guidance to practitioners on how to balance the SD costs and there is not 
much evidence that SD methodologies are being used in practice [17]. Therefore, it is necessary 
to develop a methodology that supports practitioners to decide which is the appropriate number 
of sensors to install on a WDN.  

In this paper, with the aim to perform demand calibration with pressure sensors, a sensor 
placement methodology is applied to find the most sensible locations with respect to demand 
groups [5]. 

Additionally, as the sensor placement methodology does not define an optimal number of sensors 
to be distributed in the WDN, an approach to obtain a trade-off is developed. This approach 
generates an indicator that quantifies the degree of relevance of the information recorded by a 
given sensor layout.   

As a leak-detection and localization approach can be coupled with the demand calibration 
methodology [18], the proposed indicator does not only consider or depend on a single final 
application. The procedure to generate this indicator is based on analysing the magnitude of the 
pressure changes that the sensors would measure when variations in the demand occur. Thus, 
comparing the values of the indicator for several layouts of sensors with different numbers of 
sensors distributed in the network, the optimal number of sensors can be defined. 

The methodology presented in this paper is applied on a real WDN to select the most appropriate 
pressure measurement layout as part of an instrumentation project plan. The studied WDN 
supplies the northern urban area of Terrassa and consists of four District Metered Areas (DMAs) 
gravity-fed from a single tank. The two lower DMAs are separated by a pressure reducing valve 
(PRV) from the two upstream DMAs. 
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2 PROBLEM FORMALIZATION

Given a WDN and its EPANET model with all the physical behaviour well defined and validated in 
a macrocalibration phase (Water Distribution Network Model calibration and Continuous 
Maintenance: Terrassa, a real application), the expected nodal pressures can be obtained 
simulating this model. The simulation of a WDN model depend on the demands and the boundary 
conditions, as for instance the levels of the tanks or the status of the pumps and valves status. 
Equation (1) represents the process of obtaining the estimated nodal pressures vector 𝐩̂ ∈ ℝ𝑁𝑛 
through the simulation of the WDN model at the boundary conditions 𝐵𝐶𝑜𝑛𝑑 and nodal demands 
vector 𝐝 ∈ ℝ𝑁𝑛. Being 𝑁𝑛 the number of nodes of the WDN model.

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒 𝑀𝑜𝑑𝑒𝑙(𝐵𝐶𝑜𝑛𝑑, 𝐝) = 𝐩̂ (1) 

The relationship between pressures and demands is non-linear. However, given a working point 
(𝐵𝐶𝑜𝑛𝑑, 𝐝) a linear approximation can be obtained as shown in equation (2). 

Δ𝐩̂ = 𝐒(𝐵𝐶𝑜𝑛𝑑, 𝐝) ·  Δ𝐝 (2) 

Where 𝐒 ∈ ℝ𝑁𝑛×𝑁𝑛  is the sensitivity matrix which contains information interrelating the variation
of pressures in all the nodes caused by a variation of the demand. 

A sensor placement approach, based on the analysis of the sensitivity matrix [5] must be applied 
to find the locations where the pressure is more sensible to the demand. Equation (3) represents 
a sensor placement process to find the optimal sensor ubications given the sensitivity matrix 𝐒 
and the number of sensors 𝑁𝑠.  

𝑆𝑒𝑛𝑠𝑜𝑟 𝑃𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡(𝐒(𝐵𝐶𝑜𝑛𝑑 , 𝐝), 𝑁𝑠) = 𝐈𝐝∗ (3)

Where 𝐈𝐝∗ ∈ ℕ𝑁𝑠  is the index of the nodes of the optimal sensor locations.

The number of sensors distributed on the WDN in these layouts must be below a budget limit 
defined as 𝑁𝑠 ≤ 𝑁𝑠𝑀𝑎𝑥.

Once the possible sensors layouts with different number of sensors 𝑁𝑠 have been determined, the 
optimal number of sensors 𝑁𝑠

∗ must be stablished.  To determine the optimal number of sensors,
an indicator must be defined and used to quantify the degree of relevance of the information 
recorded by a sensor layout. This indicator is defined as Δ𝐩̂𝒎𝒆𝒂𝒔 ∈ ℝ𝑁𝑛 as presented in Equation
(4). Its computation will be presented in the methodology section.  

𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟(𝐈𝐝∗) = Δ𝐩̂𝒎𝒆𝒂𝒔
(4) 

To determine the optimal number of sensors 𝑁𝑠
∗, the indicator Δ𝐩̂𝒎𝒆𝒂𝒔 will be computed and

evaluated for all the feasible layouts of sensors such that 𝑁𝑠 ≤ 𝑁𝑠𝑀𝑎𝑥 until the increase of the
number of sensors does not increase the indicator quantifying the relevance of the information 
recorded by them. Equation (5) represents the trade-off used to find optimal number of sensors 
𝑁𝑠

∗ from which the weighted increase of the indicator does not compensate the increase in the
cost of the sampling design 𝐶𝑆𝑒𝑛𝑠𝑜𝑟. 

𝑊(𝑚𝑒𝑎𝑛(Δ𝐩̂𝒎𝒆𝒂𝒔(𝑁𝑠
∗ + 1)) −  𝑚𝑒𝑎𝑛(Δ𝐩̂𝒎𝒆𝒂𝒔(𝑁𝑠

∗))) < 𝐶𝑆𝑒𝑛𝑠𝑜𝑟
(5) 

3 CASE STUDY

Terrassa’s WDN is divided into eight pressure floors. The division is performed by minimizing the 
altitude variation within these pressure floors to ease the management and efficiency. As the 
altitude variations within these floors are reasonable, the floors can be supplied mainly by gravity 
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from tanks. The company have generated eight hydraulic models of these pressure floors and 
intends to calibrate these models.  

The results presented in [4](Water Distribution Network Model calibration and Continuous 
Maintenance: Terrassa, a real application) validated the physical model of the pressure floor of 
Sulleva to generate models of type one and type two. To generate a type three model a 
microcalibration process will be performed. This microcalibration process requires more 
instrumentation installed in the WDN.  

The WDN of Sulleva consist of 32,2 km of pipes and supplies approximately 530.000 m3/year to 
4.500 users. The pressure floor is gravity-fed from a single tank and is instrumented with five flow 
meters dividing the WDN in its four DMAs. The two lower DMAs are separated by a pressure 
reducing valve (PRV) from the two upstream DMA. Figure 1 presents the hydraulic model of the 
pressure floor of Sulleva. The water source is the reservoir signalled with a blue square. The 
boundaries of the four DMAs are defined by the flowmeters, signalled by green squares, and by 
closed valves, signalled by black squares. The PRV separating the two upper DMAs from the two 
lower DMAs is signalled with a red square. The pipes of the two upper DMAs are signalled in black 
and the pipes of the two lower DMAs are signalled in magenta. 

Figure 1. WDN model of Sulleva pressure floor.

As one of the flow meters and a pressure sensor are located at the outlet of the PRV, the WDN 
model is divided in two models to avoid including the PRV in the sensitivity matrices computation. 
In the upstream of the PRV model, the PRV is substituted by a consumption node and the demand 
of the node is fixed according to the flow measured by the flow meter located at the outlet of the 
PRV. In the downstream of the PRV model, the PRV is substituted by a reservoir whose hydraulic 
head is fixed according to the measurements of the pressure sensor located at the outlet of the 
PRV. 

In this work the sampling design methodology is applied only to the upstream of the PRV model 
and the results obtained are displayed to illustrate the procedure for applying the methodology 

847



van Eeckhout, Cugueró & Pérez (2022) 

2022, Universitat Politècnica de València 
2nd WDSA/CCWI Joint  Conference 

to a specific WDN model. This WDN model contains 18,7 km of pipes, 573 links, 543 nodes and 
115 consumption nodes. 

4 METHODOLOGY AND RESULTS

4.1 Simulation for the Sampling Design

Usually, to model the demands the users of the same type are assumed to have similar diurnal 
pattern and the consumption of each user is computed by multiplying the pattern coefficients with 
the baseline demand as presented in [19]. However, user diurnal patterns are not always available 
in practice. Quite often, water companies only manage information with low temporal resolution, 
the monthly or quarterly billing of each consumer. This information can be used to compute the 
baseline demand or base demand of each user. Additional information collected from flow-meters 
recording all the water entering and leaving the DMAs may be used to estimate each user 
consumption at every instant. The basic model presented in Equation (6) uses the nodal base 
demand, together with the total DMA consumption metered at the DMA inlets to calculate the 
demand of each node at each sample. 

𝒅𝑖(𝑡) =
𝑏𝑑𝑖

∑ 𝑏𝑑𝑗
𝑁𝑛
𝑗=1

· 𝒒𝒊𝒏,𝑫𝑴𝑨 𝒌(𝑡) (6) 

Where 𝑏𝑑𝑖 is the base demand of node 𝑖; and 𝒒𝒊𝒏,𝑫𝑴𝑨 𝒌(𝑡) is the total DMA water consumption
metered at sample 𝑡. 

As no prior information about the diurnal pattern of consumption of the users is available, the 
information of the flowmeters measuring the inflows and outflows of the DMAs is used to model 
the demands of the users by means of equation (6) and generate a simulation that will be analysed 
to compute the sensitivity matrix at each working point and carry on the sampling design based 
on the model simulation. 

4.2 Sensor Placement

Due to the large number of unknown values or parameters, it is impossible to calibrate the model 
of a real system precisely [20]. Kang and Lansey [21], [22] have emphasized the importance to 
make the model parameters identifiable by reducing the number of calibrated parameters to make 
the system overdetermined or at least even determined, as not sufficient measurements are 
available. The same conclusion was drawn from the Battle of the Water Calibration Networks, 
organized in 2010, pointing out that calibration size problem reduction is an important factor to 
consider to avoid model overfitting and unnecessary simulations reducing the search space [23]. 
Too much aggregation leads to few parameters that are easy to calibrate, but it also entails worse 
model predictions with significant errors. Increasing the number of calibrated parameters 
improves the agreement between model predictions and measurements, but parameter 
uncertainty increases too. Thus, the trade-off between model error due to aggregation of 
parameters and parameter uncertainty should be taken into account [24]. 

As the demands are intended to be calibrated by means of pressure measurements, the Singular 
Value Decomposition (SVD) to generate the right-singular vectors 𝐕 is applied to the sensitivity 
matrix of the nodal pressures versus the demands presented as 𝐒 in equation (2). Equation (7) 
show the SVD of 𝐒, where 𝚺 ∈ ℝ𝑁𝑛×𝑁𝑛 is a diagonal matrix containing the singular values of matrix
𝐒 and 𝐔 ∈ ℝ𝑁𝑛×𝑁𝑛  and 𝐕 ∈ ℝ𝑁𝑛×𝑁𝑛 are the left and right singular vectors of matrix 𝐒.

𝑆𝑉𝐷(𝐒) = 𝐔 · 𝚺 · 𝐕T (7) 

Using 𝐕 the resolution matrix 𝐑 can be defined as equation (8). 
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𝐑 = 𝐕 · 𝐕T (8) 

Applying the delta vector generation process to the parameter resolution matrix 𝐑 the demands 
can be grouped depending on their resolvability [25], [26], [5]. This demand grouping approach 
tends to generate geographical groups as topological information is included in the sensitivity 
matrix [5].   

The sampling design is performed according to a budget limit that sets a bound 𝑁𝑠𝑀𝑎𝑥 on 𝑁𝑠. Thus, 
the sensor placement methodology is applied for all the possible number of sensors satisfying 
𝑁𝑠 ≤ 𝑁𝑠𝑀𝑎𝑥.

In the particular case of application 𝑁𝑠𝑀𝑎𝑥 = 6. To illustrate the sensor placement methodology,
the results for 𝑁𝑠 = 4 are shown. To obtain an even determined system of equations guaranteeing
the system identifiability the number of parameters must be equal to the number of sensors. 
Therefore, for 𝑁𝑠 = 4 the demands are parametrized in four geographical groups of demands.
Figure 2 represents the membership of each node to each of the demand groups obtained from 
applying the demand grouping approach at a particular working point of the EPS. Thus, the 
demand groups displayed are obtained analysing the sensitivity matrix computed at that specific 
working point (see Equation (2)). 

a) 1st Demand group b) 2nd Demand group                 c) 3rd Demand group d) 4th Demand group

Figure 2. Nodal membership to demand groups.

Maximizing the sensitivity is important in inverse problems because if the measurements are 
insensitive to the parameters, a large change in those parameters will change very little the 
measurements, perhaps within the error of measurement, and the parameters will be determined 
with low confidence [27].  

As the groups of demands are intended to be calibrated by means of pressure measurements, a 
new sensitivity matrix of the nodal pressures versus the demand groups 𝐒′ ∈ ℝ𝑁𝑛×𝑁𝑠  is computed.
Thus, SVD to generate the left-singular vectors 𝐔′ ∈ ℝ𝑁𝑛×𝑁𝑛 is applied to the sensitivity matrix 𝐒′
(equation (9)).  

𝑆𝑉𝐷(𝐒′) = 𝐔′ · 𝚺′ · 𝐕′T (9) 

Using 𝐔′ information density matrix 𝐈𝒅 can be defined as

𝐈𝒅 = 𝐔′ · 𝐔′T (10) 

Applying the delta vector generation process to the parameter information density matrix 𝐈𝒅 the 
most sensible sensor locations to each demand group can be determined [25], [5]. 

To make the sensor placement more robust  considering the temporal changes of the demands  
the sensor placement process is performed under unsteady hydraulic conditions by applying the 
process to each working point of an EPS (see equation (3)) [7], [16]. Thus, applying the sensor 
placement process to 𝑘 different working points, 𝑘 · 𝑁𝑠 possible locations of sensors are obtained,
from which  𝑁𝑠 sensos must be selected, being 𝑘 the number of steps of the EPS analysed to 
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perform the sensor placement. For the case presented in this paper 𝑘 = 96. In most of the cases, 
the network topology has the highest impact on the sensitivity matrix and the sensors are placed 
at nearby locations when analysing different working points [7].  

The procedure to select the 𝑁𝑠 final sensors consists of 4 steps: 

1. Select the set of possible locations of sensors that, having an hydraulic separation between
them of less than a predefined threshold according to the WDN dimensions, contain the
maximum number of repetitions. Repetitions are the number of times that a location has
been selected as one of the 𝑘 · 𝑁𝑠 possible locations of sensors.

2. For each possible location of sensor 𝑠  in the set, a weight 𝑤𝑠 is calculated depending on
its number of repetitions and the distance 𝑑 to other possible locations of the set and
repetitions 𝑟𝑖 of other possible 𝑁𝑆𝑒𝑡  locations in the set (equation (11)).

𝑤𝑠 = ∑
𝑟𝑖

10
𝑑𝑠,𝑖

𝑑𝑀𝑎𝑥(𝑠)

𝑁𝑆𝑒𝑡

𝑖=1

(11) 

Where: 𝑟𝑖is the number of repetitions of the possible locations of sensors 𝑖; 𝑁𝑆𝑒𝑡  is the 
number of sensors in the set; 𝑑𝑠,𝑖 is the distance between the possible locations of sensors 

𝑠 and 𝑖; and 𝑑𝑀𝑎𝑥(𝑠) is the maximum distance between the possible location of sensor 𝑠
and all other possible locations of sensors in the set. 

3. The location of sensors in the set with highest weight is selected. All the other sensors are
deleted from the possible locations of sensors and their number of repetitions is added to
the selected sensor.

4. Repeat the process until 𝑁𝑠 locations of sensors are selected.

Figure 3 presents the process of selection of the 𝑁𝑠 = 4 sensor locations among the  𝑘 · 𝑁𝑠  possible
locations obtained applying the sensor placement process to 𝑘 different working points. The 
possible locations of sensors are signalled in green, the sets of possible locations of sensors are 
signalled in cyan and the selected locations of sensors are signalled in red.  
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Figure 3. Process of selection of the locations of the sensors.

4.3 Optimal Number of Sensors

It has been stated that to determine the optimal number of sensors it is necessary to define an 
indicator Δ𝐩̂𝒎𝒆𝒂𝒔 that quantifies the relevance of the information recorded by a pressure sensor
layout (see equation (4)). An easily interpretable indicator can be based on the effect that a 
demand variation have on pressure measurements. The indicator Δ𝐩̂𝒎𝒆𝒂𝒔 is defined as the
maximum variation of pressure that can be measured in the network given a fixed demand 
variation 𝛥𝑑 occurring at each node separately. 

Once the indicator Δ𝐩̂𝒎𝒆𝒂𝒔 is defined, it is necessary to define which must be the magnitude of
these demand variation 𝛥𝑑 and which is an acceptable value for the pressure variations measured. 
To determine these magnitudes, an optimal scenario is defined in which the WDN is fully 
instrumented with pressure sensors located at all the nodes of the WDN model. In such scenario 
𝛥𝑑 is defined as the minimum variation of demand that, occurring at any node of the WDN, would 
always be detectable. Detectable means that the produced pressure variation at any of the 
measurement locations is larger than the accuracy of the pressure sensors Δpmin
Pseudocode shown in Table 1 presents the procedure applied to determine 𝛥𝑑, where 𝐩̂𝟎 ∈ ℝ𝑁𝑛

is the nodal pressure vector at 𝐝𝟎 ∈ ℝ𝑁𝑛  reference working point; and 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗ ∈ ℝ𝑁𝑛 is the vector

containing 𝑁𝑛 elements corresponding to the maximum variation of pressure measured when 
varying the demand of each node separately at the optimal scenario of a fully instrumentated 
WDN (𝑁𝑠 = 𝑁𝑛).

In line 3 of the pseudocode in Table 1, the first simulation at the 𝐝𝟎 reference working point is 
performed and the nodal pressures obtained are stored in vector 𝐩̂𝟎 (See Equation (1)). In lines 4 
to 13 sets of  𝑁𝑛 simulations are performed by increasing the demand of each node separately by 
𝛥𝑑. In line 9 the nodal pressures obtained from these simulations are stored in vector 𝐩̂𝐯𝐚𝐫. In line 
10 the maximum variations of pressure produced at each of the 𝑁𝑛 simulations varying the 
consumption of each node separately are stored in vector 𝚫𝐩̂𝒎𝒆𝒂𝒔

∗ at index of the node whose
demand is varied. The while loop applied in line 4 sets a terminating condition which consist in 
breaking the loop if each of the maximum variation of pressure caused by each of the variation of 

a) Possible locations of 
the sensors 

b) Possible locations of 
the sensors once 

1st sensor is selected 

c) Possible locations of the 
sensors once 2nd sensor is 

selected 

d) Possible locations of 
the sensors once 

3rd sensor is selected 

e) 1st sensors set and 
1st sensor selected 

f) 2nd sensors set and 
2nd sensor selected 

g) 3rd sensors set and
3rd sensor selected 

h) 4th sensors set and 
4th sensor selected 
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demand is larger than the sensor accuracy 𝛥𝑝𝑚𝑖𝑛 for all the 𝑁𝑛 simulations. Therefore, considering 
the sensor accuracy, a variation of demand of magnitude 𝛥𝑑 applied at any node would be 
detected in the hypothetical scenario of having sensors installed at all the nodes of the WDN 
model. If it is not the case, the magnitude of the variation of the demand 𝛥𝑑 is increased and more 
set of 𝑁𝑛 simulations are performed until the terminating condition is fulfilled. 

The functions 𝑚𝑖𝑛() and 𝑚𝑎𝑥() in tables 1 and 2 return the minimum and maximum element of a 
given vector respectively. The function 𝑎𝑏𝑠() in tables 1 and 2 returns a vector containing the 
absolute value of each element of a given vector and the operator 𝒗𝒆𝒄𝒕𝒐𝒓(𝑗) is accessing to the  𝑗th 
element of the given vector.  

Table 1. Pseudocode to determine the magnitude of the variation of the demand and the optimal information
of instrumentation indicator [Caption, Cambria, 10pt, Italic, centred]

Pseudocode to determine the magnitude of the variation of the
demand and the optimal information of instrumentation indicator

Require: WDN model, 𝐝𝟎, Δpmin Return: 𝛥𝑑, 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗

1: 𝑖 =  0 

2: 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗ = 𝟎

3: 𝐩̂𝟎 = 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒 𝑀𝑜𝑑𝑒𝑙(𝐝𝟎)

4: While min(𝚫𝐩̂𝒎𝒆𝒂𝒔
∗) ≤ Δpmin:

5:  𝑖 =  𝑖 + 1 

6:  𝛥𝑑 =  𝑖 · 𝛿 

7: For 𝑗 =  1: 𝑁𝑛 do

8: 𝐝𝐯𝐚𝐫  =  𝐝𝟎

9: 𝐝𝐯𝐚𝐫(𝑗)  =  𝐝𝟎(𝑗)  +  𝛥𝑑

10: 𝐩̂𝐯𝐚𝐫 = 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒 𝑀𝑜𝑑𝑒𝑙(𝐝𝐯𝐚𝐫)

11: 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗(𝑗) = 𝑚𝑎𝑥(𝑎𝑏𝑠(𝐩̂𝟎 − 𝐩̂𝐯𝐚𝐫))

12: End for

13: End while

14: Return: 𝛥𝑑, 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗
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The pressure sensors that are installed by applying the sampling design approach presented in 
this paper have an accuracy of ± 1 cmH2O. Thus, the sensor accuracy 𝛥𝑝𝑚𝑖𝑛 is set to 1 cmH2O. The 
procedure presented in pseudocode of table 1 to the studied WDN gives a magnitude of the 
variation of the nodal demand of 𝛥𝑑 = 0,17 L/s. Figure 4 illustrates how increasing the magnitude 
of 𝛥𝑑, the number of nodes whose demand variation is detectable increases for the studied WDN. 
The nodes signalled by green represent the nodes whose demand variation causes a detectable 
pressure variation. The nodes signalled by red represent the nodes whose demand variation 
causes too small pressure variations for being detectable. 

a) 𝛥𝑑 = 0.05 L/s b) 𝛥𝑑 = 0.1 L/s c) 𝛥𝑑 = 0.15 L/s d) 𝛥𝑑 = 0.17 L/s 

e) Percentage of nodal demand variation detectable depending on the magnitude of 𝛥𝑑

Figure 4. Nodal demand variation detectable depending on the magnitude of 𝛥𝑑. 

The second output of the pseudocode of table 1 is the nodal vector 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗ corresponding to the

maximum pressure variation caused by each nodal demand variation separately. Figure 5 is the 
plot of the 𝚫𝐩̂𝒎𝒆𝒂𝒔

∗. It associates each component of 𝚫𝐩̂𝒎𝒆𝒂𝒔
∗ to the node whose nodal demand

variation is causing that pressure variation. This figure displays the indicator that quantifies the 
relevance of the information recorded at optimal situation in which the WDN is fully instrumented 
with pressure sensors at each node (𝑁𝑠 = 𝑁𝑛). The indicator computed for the optimal scenario 
is useful to appreciate which areas of the network have room for improvement when comparing 
with the indicator computed for feasible layouts of sensors. 
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Figure 5. Maximum pressure variation measurable 𝜟𝒑̂𝒎𝒆𝒂𝒔
∗ for a fully instrumented WDN (𝑁𝑠 = 𝑁𝑛).

To generate the indicator 𝚫𝐩̂𝒎𝒆𝒂𝒔, only the pressure variations produced at the locations of the
sensors must be considered. 

The process to generate the indicator 𝚫𝐩̂𝒎𝒆𝒂𝒔 consists in performing 𝑁𝑛 + 1 simulations,. The first
simulation corresponds to the working point 𝐝𝟎 with respect to which the variation of pressures 
measured by the sensors will be analysed. The following 𝑁𝑛 simulations represent a variation of 
demand applied on each node separately. Thus, comparing the pressures obtained from the 𝑁𝑛 
simulations with respect to the pressures obtained from the first simulation considering that only 
the pressures at the locations of the sensors will be known, the maximum variations of pressures 
that could be measured can be obtained. 

Pseudocode presented in Table 2 corresponds to the process generating the indicator 𝚫𝐩̂𝒎𝒆𝒂𝒔 as 
the maximum pressure variations are searched only among the locations of the sensors. Notice 
that the execution of the first and the last 𝑁𝑛 simulations of the pseudocode presented in table 1 
are equivalent to the 𝑁𝑛 + 1 simulations executed in pseudocode presented in table 2 if the
magnitude of the variation of the nodal demand 𝛥𝑑 is fixed according to the output of pseudocode 
presented in table 1. 
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Table 2. Pseudocode to determine the maximum pressure variation detectable for a given layout of sensors
caused by each nodal demand variation separately

 𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 

Require: WDN model, 𝐝𝟎, Δd, 𝐈𝐝∗ Return: 𝚫𝐩̂𝒎𝒆𝒂𝒔

1: 𝚫𝐩̂𝒎𝒆𝒂𝒔 = 𝟎;

2: 𝐩̂𝟎 = 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒 𝑀𝑜𝑑𝑒𝑙(𝐝𝟎);

3: For 𝑗 =  1: 𝑁𝑛 do

4: 𝐝𝐯𝐚𝐫  =  𝐝𝟎

5: 𝐝𝐯𝐚𝐫(𝑗)  =  𝐝𝟎(𝑗)  +  𝛥𝑑

6: 𝐩̂𝐯𝐚𝐫 = 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒 𝑀𝑜𝑑𝑒𝑙(𝐝𝐯𝐚𝐫);

7: 𝚫𝐩̂𝒎𝒆𝒂𝒔(𝑗) = 𝑚𝑎𝑥(𝑎𝑏𝑠(𝐩̂𝟎(𝐈𝐝∗) − 𝐩̂𝐯𝐚𝐫(𝐈𝐝∗)));

8: End for

9: Return: 𝚫𝐩̂𝒎𝒆𝒂𝒔

It is expected that for a reduced number of sensors distributed on the WDN increasing the number 
of sensors will significantly increase the magnitude of the maximum variation of pressures 
measured by the sensors. However, it is also expected to reach a certain number of sensors from 
which increasing the number of sensors distributed on the WDN does not significantly increase 
the magnitude of the maximum variation of pressures measured by the sensors.  

Finally, to determine the optimal layout of pressure sensors both processes, the sensor placement 
and optimal number of sensors definition, must be applied. Initially, the first methodology locating 
the sensors is applied for different number of sensors to obtain several possible layouts of sensors. 
Thus, the second methodology quantifying the optimality of a layout of sensors is applied to decide 
which of the previously obtained layout is the most appropriate for the specific WDN being 
studied. These sampling design methodologies can adapt according to a budget, as the maximum 
number of sensors distributed on the network can be limited. 

Figure 6 presents the results of applying the entire sampling design methodology. The sensor 
placement is applied for several predefined 𝑁𝑠 number of sensors from one to six according to the 
budget limit. The locations of the sensors are signalled by orange squares. Thus, the optimal 
number of sensor process is applied to generate the indicator 𝚫𝐩̂𝒎𝒆𝒂𝒔 given the six different 
layouts of sensors obtained from the sensor placement process. 
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a) 𝑁𝑠 = 1  b) 𝑁𝑠 = 2 c) 𝑁𝑠 = 3

a) 𝑁𝑠 = 4  b) 𝑁𝑠 = 5 c) 𝑁𝑠 = 6 

Figure 6. Maximum pressure variation measurable 𝜟𝒑̂𝒎𝒆𝒂𝒔 for feasible number of sensors 𝑁𝑠 ≤ 𝑁𝑠𝑀𝑎𝑥 .

Figure 7 displays the mean of all the maximum variation of pressures measurable by the sensors 
given the six different layouts of sensors. It can be appreciated that distributing five or six pressure 
sensors with the sensor placement procedure applied does not significantly increase the 
magnitude of the maximum variation of pressures that would be measured by the sensors with 
respect to the layout using four sensors. For this reason, the optimal number of sensors to be 
installed is set to four. 

Figure 7. Mean of maximum pressure variation measured 𝜟𝒑̂𝒎𝒆𝒂𝒔 for feasible number of sensors 𝑁𝑠 ≤ 𝑁𝑠𝑀𝑎𝑥 .
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5 CONCLUSIONS

This work has presented a complete model-based methodology to determine an optimal pressure 
sensor placement layout and the appropriate number of pressure sensors to install on a WDN.The 
methodology uses a sensor placement methodology from the literature that finds the most 
sensible locations with respect to demand groups. Additionally, to determine the optimal number 
of sensors a new methodology that can be interpretable by the company has been developed with 
the aim to overcome the gap between research and practice. The sampling design methodology is 
able to adapt to a budget as the maximum number of sensors distributed on the network can be 
limited. 

This methodology has been developed within an instrumentation project plan of TAIGUA. That 
has been successfully applied to several real WDN and the company is installing pressure sensors 
according to the layouts of sensors obtained. Results illustrating this application have been 
displayed. 

With the information recorded by the new sensors it is intended to microcalibrate the demand of 
the WDN models and implement a leak-detection and localization approach that can be coupled 
with the demand calibration methodology. Additionally, the calibrated WDN model and a precise 
demand model can be used to enhance the energetic and economic efficiency of the operational 
control of the WDN.  
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