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AN IMPROVED SYSTEM FOR ESTIMATING WATER FLOWS AT THE
BOUNDARIES OF A SUB-NETWORK OF A WATER DISTRIBUTION NETWORK

FIELD OF THE INVENTION

[0001] The present invention relates to the management of a water distribution
system. More specifically, it relates to the estimation of input and output water flows

of a sub-network of a water distribution system.

BACKGROUND PRIOR ART

[0002] A system for distributing water is notably made of pipes between one or more
water head and consumers, along with control devices such as valves and pumps.
Such system can be subject to numerous anomalies. Anomalies belong to a plurality
of types. Hydraulic anomalies comprise leaks, abnormal variation of pressure, fast
drop of the water level of a storage tank, incoherent mass balance of storage.
Operation anomalies define an element in the system which is in an incorrect state,
for example a valve in an opening state different from the one stored in the
information system. These anomalies, especially leaks, can dramatically reduce the
performance of the water distribution system. For example, leaks in the pipes and
service connections are the cause of a loss of a significant part of the water between
water head and consumers, and can cause structural damages. The detection and
correction of anomalies in a water distribution system is therefore a permanent
concern of the operators of such systems in order to mitigate the economic cost of
water loss and damages. Moreover, the detection of leaks in a water distribution
system is a key objective for limiting the global water consumption and waste, which
is of particular interest in regions subject to water stress, and in view of promoting
sustainable development.

[0003] Estimation of input and output water flow of a sub-network of a water
distribution system has a number of important applications for the management of a
water distribution system. It is used at several levels of decision: at the assessment
and strategic level, for example, as a key factor to determine the asset renewal
strategy on a monthly to yearly basis; at the monitoring level, to follow hydraulic

conditions, the water demand and level of losses in the network, on a weekly to
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monthly basis, and adapt the network management; finally, at the operational level
(daily to weekly basis), it is used to organize the operation of the network (leak
detection and repair, maintenance activities, etc.)...

[0004] A straightforward solution to estimate the input and output flows for a sub-
network of a water distribution network is to close valves in order to physically limit
the number of pipes between a sub-network and the rest of the water distribution
network to a very low number, possibly down to a single open pipe, and measure the
water flow only at the open pipes using a flow measurement device called flow meter.
This solution is for example used by so-called District Metered Areas (DMA). The
traditional size of a DMA usually ranges from 500 to 4000 service connections. This
solution has several drawbacks. Amongst other drawbacks, it is very expensive to
implement, because of the number of valves and flow meters to install / operate. It is
also very difficult to modify the sub-networks, because it requires operating valves
physically. It also reduces water quality due to water stagnation in the closed pipes,
increases the risk for interruption of supplies and/or the risk of valve blockage in case
of emergency, and reduces the hydraulic efficiency of the network, especially in case
of high demand.

[0005] The SG193083 patent discloses a method to estimate input and output flows
for different sub-networks of a water distribution network, without the need to operate
the valves physically. The solution disclosed by SG193083 relies on a water
distribution network organized around a main pipe, with secondary pipes around the
main pipe. Remote sensors are placed in different locations of the main pipe, and,
when a drop of pressure is detected between two successive sensors, a possible
leak is detected, in a sector between the two sensors. This method advantageously
allows the detection of leaks without the need to close valves in the sub-network.
However, the method disclosed in the patent SG193083 is limited to a specific
topology of networks, organized around a main pipe. Thus, the only possible
limitation of sub-networks corresponds to a separation of sub-networks around the
main pipe.

[0006] The are many use cases, wherein it may be useful to calculate the input and
output flow for a given sub-network, for example on an administrative or contractual
breakdown, without the need to physically place and close valves. None of the prior
art solution is able to achieve this result. Indeed, solutions such as DMA rely on a

physical operation of valves, while the solution disclosed by SG193083 is only
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operative if the sub-networks are disposed around a main pipe, has a limited scope
of application.

[0007] There is therefore the need for a method to reliably calculate input and output
flows of any sub-network of a water distribution system, without the need to

physically place flow meters or close valves at the arcs of the sub-network.

SUMMARY OF THE INVENTION

[0008] To this effect, the invention discloses a method for estimating, for a water
distribution network composed of a network of nodes, one or more water flow rates at
boundaries of a sub-network of the water distribution network, said method
comprising: parameterizing a hydraulic model of the water distribution system with a
set of values of control variables characterizing the network and its output at the
nodes; using sensors on the water distribution network to acquire observations of a
subset of state variables of the water distribution network at successive time
references; determining the set of values of control variables which minimize
differences between prediction and observations of the subset of state variables by
applying an optimization procedure; calculating, based on the determined set of
values of control variables, said one or more water flow rates at boundaries of the
sub-network, for a period of time.

[0009] Advantageously, the water distribution network is modeled as a graph, and
the sub-network is defined as a connected subgraph of the graph.

[0010] Advantageously, the sensors on the network acquire measurements at least
relative to water pressure at a subset of nodes of the network.

[0011] Advantageously, the sub-network is predefined, and the sensors of the
networks are iteratively placed in order to limit, at each iteration, one the maximum
distance and the maximum pseudo-distance between any sensor and any node.
[0012] Advantageously, said optimization procedure comprises a stepwise
adjustment of the set of values of control variables and a break criterion based on
residue values of the state variables.

[0013] Advantageously, the stepwise adjustment of the control variables comprises:
A) changing the set of values of the control variables; B) using the hydraulic model to
calculate predicted values of a set of state variables characterizing at least water

velocity at the arcs and pressure at the nodes at the time references; C) computing
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residue values of the set of state variables as a difference between predicted values
and observed values at the time references; D) changing the set of values of the
control variables and going back to step B) if said difference does not satisfy a break
criterion.

[0014] Advantageously, the method further comprises adding control variables in the
set of control variables, and going back to step B, if said difference does not satisfy a
refinement criterion.

[0015] Advantageously, wherein computing residue values comprises calculating
values of one of a least square, Bayesian objective function or absolute error
function, and changing the set of values of control variables is determined by an
iterative method comprising calculating one of a gradient or a Hessian.

[0016] Advantageously, the control variables comprise one or more of constant or
time-based consumption profiles of users.

[0017] Advantageously, consumption profiles of users are defined for a plurality of
different categories of users.

[0018] Advantageously, control variables further comprise an estimation of water loss
coefficient in the sub-network.

[0019] Advantageously, control variables further comprise an estimate of a water
loss coefficient for at least one area, an area comprising at least a node based on a
distance or a pseudo-distance to the sensors.

[0020] The invention also discloses a system comprising a water distribution
network, the system adapted to estimate one or more water flow rates at boundaries
of a sub-network of the water distribution network, said system further comprising:
sensors of at least one of pressure, flow rate or water level of water tanks in the
water distribution network; a computing device comprising a processor;
communication links between sensors and one of the computing device or a
measurement acquisition system; a storage media; wherein the computing device is
configured for: retrieving a set of values of control variables characterizing the
network and its output at the nodes from the storage media and using it to
parametrize a hydraulic model of the water distribution system; acquiring
observations of a subset of state variables of said water distribution network, said
observations having time references, by either: using communication links between
sensors and the computing device, or retrieving observations in the measurement

acquisition system; executing a method of the invention.
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[0021] The invention also discloses a computer program product, stored on a non-
transitory computer-readable medium, for estimating, for a water distribution network,
one or more water flow rates at boundaries of a sub-network of the water distribution
network, said computer program product comprising code instructions for executing a

method of the invention.

[0022] The invention provides a reliable estimation of input and output water flow for
any sub-network of a water distribution network, because the water flows are
calculated based on accurate values of control variables of a model of the network.
[0023] The method is general and is not restricted to a specific network topology or
distribution scheme, because calculating the values of control variables of a hydraulic
model of the water distribution network renders the method applicable for different
positions of the sensors on the network and natures of distribution system.

[0024] It can be used for distribution systems fed by gravity from a storage tank, by
pumping, by a combination of one or more of each source type, because it is
possible to model any water feed with a water distribution network modelling
software.

[0025] The invention allows estimating input and output water flows of any sub-
network of the network, without impact on the behavior of the network itself, because
calculating the values of control variables of a hydraulic model of the water
distribution network allows estimating water flow in an arc of the network, without
needing physically having a water flow sensor in the arc, and without closing valves.
[0026] The method of the invention has a limited computational and instrumentation
cost, due to the use of one of a gradient and a Hessian, which limits the number of
iterations required to calculate accurate values of control variables.

[0027] The method of the invention does not require any hydraulic modification of the
water distribution network. The method does not require physical boundaries
between the sub-network and the remaining network, because an estimation of water
flow is available for each arc of the network, and sub-networks for which calculating
water flows can be freely designed.

[0028] The method reduces the cost of operating a water distribution network,
because it does not require physical or hydraulic modifications of the network, and
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because it is possible to use it with only pressure sensors, which have a lower
relative cost than water flow sensors.

[0029] The method can be used to estimate simultaneously the inflow of two or more
sub-networks. In such a case, sub-networks are allowed to overlap partially or totally,
because estimations of water flow for an arc can be used for a plurality of sub-
networks connected to said arc.

[0030] The method of the invention allows to efficiently detect and pre-locate leaks in
a water distribution network, due to the correlation between inconsistencies between
input and output water flows, and leaks in the network.

[0031] The method of the invention can be used on any topology of a water
distribution network, and any type of hydraulic operation (for example pumping,
gravity feed, etc...) of a water distribution network, because control variables the

hydraulic model can be set to match the behavior of any network.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The invention will be better understood and its various characteristics and
advantages will emerge from the following description of a number of exemplary
embodiments and its appended figures in which:

- Figures 1a and 1b displays two examples of topologies of water distribution
networks in the prior art, respectively a water distribution network physically
separated into sub-networks for estimating input and output water flows of the
sub-networks, and a water distribution network organized around a main pipe;

- Figure 2 displays an architecture of a system for implementing the invention;

- Figure 3 displays a method of the invention;

- Figure 4 displays a method for changing the values of control variables
characterizing a water distribution network in a number of embodiments of the
invention ;

- Figures 5a and 5b display two different separations of a water distribution
network into sub-networks, in different embodiments of the invention ;

- Figure 6a and 6b display results of an estimation of sub-networks inflows in an
embodiment of the invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0033] In this specification, the invention will be described by way of examples
related to the estimation of inflows time series for pre-defined sub-networks.
However, the invention is not restricted to these examples and can be applied to the

inflow estimation of any sub- networks breakdown in a water distribution system.

[0034] Figures 1a and 1b displays two examples of topologies of water distribution
networks in the prior art, respectively a water distribution network physically
separated into sub-networks for estimating input and output water flows of the sub-
networks, and a water distribution network organized around a main pipe.

[0035] Figure 1a displays a first example of topology of water distribution network in
the prior art, with a DMA breakdown of a distribution system into three sub-systems.
The water distribution network 100a is physically split into three sub-networks 110a,
111a, and 112a. The boundaries of each sub-system with the remaining part of the
network are either equipped with a flow meter 120a, 121a, 122a, 123a, 124a or a
closed valve 130a, 131a, 132a. The inflow of each sub-system is computed at any
time as the algebraic sum of flow metered by the flow meters located on the
boundaries.

[0036] As already highlighted, this solution has several drawbacks: it is very
expensive to implement, because of the number of valves and flow meters to install /
operate. It is also very difficult to modify the sub-networks, because it requires
operating valves physically. It also reduces water quality due to water stagnation in
the closed pipes, increases the risk for interruption of supplies and/or the risk of valve
blockage in case of emergency, and reduces the hydraulic efficiency of the network,
especially in case of high demand.

[0037] Figure 1b displays a second example of topology of water distribution network
in the prior art, wherein the water distribution network is organized around a main
pipe. This solution is for example disclosed in the patent SG19308.

[0038] The water distribution network 100b is used to deliver water from a service
reservoir 110b. The water flows through a main pipe 120b, around which are
disposed secondary pipes, for example pipes 121b, 122b, 123b and 124b. The water
generally flows in the direction 130b, in the main and secondary pipes. It is possible,

using this topology of network, to define successive sub-networks in the course of

i



10

15

20

25

30

water, for example separated by the virtual borders 140b, 141b, 142b. This specific
topology of networks also allows calculating the input and output flows of the
successive sub-networks using a limited number of sensors, for example the flow
meters 150b, 151b, 152b, 153b, 154b, 155b, 156b, 157b, 158b, 159b, 160b, 161b
and 162b, and without closing valves.

[0039] The method disclosed in SG19308 allows estimating input and output flows
for different sub-networks of a water distribution network, without the need to operate
the valves physically. However, it is restricted to network with a topology like the
network 100b, which are organized around a main pipe 120b. It is thus applicable to

few water distribution networks, specifically designed for the use of this method.

[0040] Figure 2 displays an architecture of a system for implementing the invention.
[0041] Figure 2 displays a system 200 for estimating, for a water distribution network
210, one or more water flow rates at boundaries of a sub-network of the water
distribution network.

[0042] The system 200 comprises sensors 220, 221 in the network comprising at
least one sensor of pressure, at least one sensor of flow rate, or at least one sensor
of water level of water tanks. Pressure sensors have the advantage of having a
relative lower cost. Sensors of water levels of water tanks have the advantage of
performing very precise measurements. More generally, any suitable sensor can be
used. The system 200 further comprises a computing device 230 comprising a
processor 231, and communication links 250 and 251 between sensors and one of
the computing device and a measurement acquisition system, for example a SCADA
(Supervisory Control And Data Acquisition) platform. In a number for embodiments of
the invention, communication links 250, 251 are a radio link to a receiver 252. Many
other implementations of the communication links are possible. For example, the
sensors 220, 221 may send values to a concentrator, which is connected by a radio
link or a cellular phone link to a modem in the computing device. Some parts of the
communication link s may be formed by wire links, etc... A skilled man may define,
without effort, the relevant communication links in any case, for example by selecting
one of the communication links which are well known in the field of water distribution
system management. For example, measurements may be collected using a SCADA
(Supervisory Control And Data Acquisition) platform.



10

15

20

25

30

[0043] The system 200 further comprises a storage media 240. In the example
depicted in the figure, the storage media is located within the computing device. In
other embodiments of the invention, the storage media can be located outside the
computing device. For example, it may be a shared hard drive, or a remote database,
which is accessed through requests by the computing device. In the example
depicted in figure 2, the storage media comprises parameter settings 241, a
measurement database 242, and a model database 243. The parameter settings 241
comprise all the necessary parameters to execute and parameter the invention.
Measurement database 242 is used to store measurements from the sensors 220,
221. The measurements notably comprise values of physical parameters, and a
timestamp with the date/time of the measures. Model database 243 comprises a
model of the water distribution network 210. The model comprises control variables,
which define the behavior of the model. These control variables may comprise
variables such as the length or roughness of the pipes, issued for example from a
GIS (Geographical Information System), and predictions of water consumptions of
users, issued for example from a Customer Information System or an Automated
Meter Reading system. The storage media 240 may for example be a hard drive, a
Solid-State Drive, a Flash Memory, or any other known storage type. In alternate
embodiments, parameter settings 241, measurements database 242, and/or model
database 243 may be stored on different storage medias, within or outside the
computing device 230.

[0044] The computing device 230 is configured for retrieving a set of values of
control variables characterizing the network and its output at the nodes from the
storage media and using it to parametrize a hydraulic model of the water distribution
system, for example from the model database 243. It is further configured for
acquiring observations of a subset of state variables of said water distribution
network, said observations having time references. This may be done by directly
using the communication links between sensors and the computing device. In
preferred embodiments, this is done indirectly by reading values in the measurement
database 242, measurements being for example collected by a SCADA platform. The
computing device 230 is further configured to execute a method of the invention to
calculate water flows at boundaries of the sub-network, for example the method 300.
[0045] In a number of embodiments of the invention, the processor 231 is configured,

when loading a first set of instructions 232, to perform a stepwise adjustment of
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control variables, in order to diminish residue values between predictions and
observations of state variables of the network, using values from both parameter
settings 241, measurements database 242, and model database 243. In order to do
so, the processor 231 is further configured, when loading a second set of instructions
233, to predict values of state variables, and identify possible changes of the control
variables to reduce residue values of state variables. The processor 231 is further
configured, when loading a third set of instructions 234, to calculate water flows at
boundaries of a sub-network of the water distribution network 210, using the
previously modified set of values of control variables.

[0046] The functional architecture 200 is provided by means of non-limitative
example only, and a skilled man may easily identify other possible architectures. For
example, the architecture may comprise input/output units 260 of the computing

device, for example a screen, a keyboard and/or a router.

[0047] Figure 3 displays a method of the invention.

[0048] The method 300 is a method for estimating, for a water distribution network
composed of a network of nodes, one or more water flow rates at boundaries of a
sub-network of the water distribution network.

[0049] In the invention, the network can be modeled as a graph, and the sub-network
can be a connected subgraph of the graph. The sub-network is connected to the rest
of the network by a finite set of arcs. According to various embodiments of the
invention, the sub-network can be predefined, for example to match administrative
boundaries, or can be defined for a specific purpose, for example to determine the
presence or absence of a leak in a location wherein a leak is suspected.

[0050] The method 300 comprises a first step 320 for defining parameters of a
hydraulic model 311 using a set of control variables 310. The nature of the hydraulic
model and control variables has been presented in relation to figure 1. The hydraulic
model can notably be configured with control variables characterizing the structure of
the network and control variables characterizing a prediction of the inputs and
outputs of the network at nodes over a set of time references, notably a prediction of
water consumption in the network.

[0051] In a preferred embodiment, the values of the control variables related to the
structure of the network (e.g. the diameter and roughness of the pipes,

characteristics of equipments, etc...) have been calibrated after the creation of the
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hydraulic model. Indeed, theoretical values defined during the modeling of the
network do not always match real values. In order to obtain more accurate values of
control variables related to the structure of the network, a calibration step may
consist in adjusting the values of these control variables in order to provide the best
prediction of the behavior of the network. Typically, this adjustment may consist in:

- performing observations of the inputs, outputs and a subset of the state
variables of the network for a certain duration;

- configuring the hydraulic model of the network with values of the control
variables related to the inputs, outputs and structure of the network;

- calculating predicted values of the state variables of the network according to
the hydraulic model,

- calculating a difference between observed and predicted values of the state
variables of the network, and modifying the values of the control variables of
the network using an optimization algorithm in order to minimize the distance
between observed and predicted values of the state variables of the network.

[0052] On the other hand, control variables related to the input and output of the
network can be obtained for example using observations of the past inputs and
outputs. For example, the values of control variables characterizing water
consumption at different nodes can be calculated using historical metered data of
water consumption.

[0053] The control variables representative of the output of the water distribution
network at the nodes can also be modeled using both constant and time-based
consumption profiles. In order to have a good approximation of the actual
consumption profiles of the users, the consumption profiles can be defined for a
plurality of different categories of users. For example, a domestic user category can
be defined, with peaks of consumption in the morning and the evening. It is also
possible to define non-domestic categories of users, such as a professional category,
farmer category, industrial category, etc...A large number of different categories can
be defined, in order to obtain the most relevant classification of users.

[0054] The consumption profiles can be set using a comparison of parameters of a
profile with measurement, for example using telemetry or automated meter reading
(AMR). In an embodiment of the invention, consumption profiles are defined by timed
coefficients of water consumption. According to various embodiments of the

invention, consumption profiles may be defined at different level, for example for
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each area, for each type of consumer, or a combination thereof. Generally,
consumption profiles with a higher number of degrees of liberty (by area + by types of
user + other relevant criteria) provide a finer estimation of water consumption, but
require a higher number of sensors to be properly set.

[0055] In a number of embodiments of the invention, control variables further
comprise an estimation of water loss coefficients, for example in an entity, a sub-
network, or the network as whole. Water loss coefficients allow the overall weighting
of the entities losses. Water loss coefficients can also be defined with a water loss
coefficient for different area, the areas being defined by associating every point of the
network to the pressure sensor located at the smallest path (closest distance along
pipes). The areas can also be defined by using a pseudo-distance to sensors,
meaning that instead of using the pipe length the pseudo-distance makes use of
another positive characteristic associated to each link such as the average hydraulic
resistance, absolute head loss, demand density, or a weighted combination of two or
more of them.

[0056] The method 300 further comprises a step 330 of using sensors to acquire
observations of a subset of state variables, said observations having observations
time references. A state variable is a timed value of a physical parameter at an entity
of the network. State variables often relate to physical values at a node of the
network (for example, pressure or concentration of chlorine at a node of the network).
They may also relate to physical values at an arc of the network, for example water
velocity in a pipe. Parts of prior art methods and the invention rely on a comparison
of observations and predictions of state variables. Observations of state variables are
only possible if an adequate sensor is present. For example, an observation of
pressure at a node of the network can be performed only if a pressure sensor is
present at this node. On the other hand, it is possible to calculate predicted values of
state variables at nodes or other entities which are not equipped with sensors, using
a hydraulic model. The observations time references are associated to each sensor,
which is able to produce measurements at different times / rates. According to
various embodiments of the invention, the observations time references of each
sensor may be synchronized, or each sensor may have its own time references. In
both cases, execution of the next steps of the method of the invention will be the

same.
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[0057] A water distribution system is typically equipped with sensors, which measure
physical parameters such as velocity, flow rate, pressure, etc. at the nodes or the
arcs of the network, said physical parameters at a node or an arc being state
variables of the network. For practical reasons of cost, maintenance and easiness of
operation, not all nodes and arcs are equipped with sensors, and those equipped
with sensors are usually not equipped with a sensor for each physical parameter.
The number and distribution of sensors can be chosen in accordance with the
definition of sectors of the water distribution system. The acquisition of observations
can be performed remotely. For example, the sensors which are deployed along the
network can send the values of state variables to a remote platform through various
telecom means, usually wireless links.

[0058] The values of state variables vary over time, each value has a time reference
that represents the time at which the value has been measured. In an embodiment of
the invention, values of state variables are acquired using a predefined time period
and sent regularly, possibly but not necessarily, using another period. For example,
values of the state variables for which a sensor is present can be acquired and sent
every two minutes, 5 minutes, 15 minutes or every hour each 24 hours. In a preferred
embodiment of the invention, sensors are synchronized in order to acquire
measurements simultaneously. This allows the remote platform to acquire
observations of the values of the subset of state variables for which a sensor is
available at each time reference. Values can be sent immediately after being
measured. They can also be stored locally at transmission device level, and then
sent at regular intervals, for example by sending all values that have been captured
during 15 minutes, 1h or any other interval.

[0059] In a number of embodiments of the invention, the water distribution network is
equipped with pressure sensors. The network can also be equipped with other
sensors, for example water flow rate sensors in certain pipes. In some embodiments
sensors are placed in the network independently of the sub-network. For example the
sensors may be placed as homogeneously as possible in the network, at proximity of
the pipes with the highest water flow rate, or at the nodes with the easiest possible
access. In an embodiment of the method according to the invention, the sensors are
iteratively placed in order to limit, at each iteration, the maximal distance or pseudo-
distance between a sensor and a node. For example, sensors can be placed using

the following steps: first initialize a first set of sensors, for example a set of pressure
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sensors at each water tank or entry point of the network. Then, at each iteration, find
out the node with the largest distance or pseudo-distance to any sensor, and place a
sensor at this node, until a stop criterion is met. In an embodiment of the invention,
the stop criterion is @ maximum number of sensors. This embodiment allows, for a
given number of sensors, limiting the maximal distance between any node and any
sensor. In another embodiment of the invention, the stop criterion is a threshold of
maximal distance or pseudo distance between any node and any sensor: sensors
are iteratively added until the maximal distance between any node and any sensor is
below the threshold. This embodiment allows having the smallest possible number of
sensor in order that each node is the network has a sensor at a distance or pseudo
distance on or below the threshold. In other embodiments the sensors are placed
according to the sub-network. For example, the sensors can be placed in order to
allow a calculation of said one or more water flow rates at boundaries of the sub-
network with an error below a predefined threshold.

[0060] The method 300 further comprises a third step 340 of determining the set of
values of control variables which minimize differences between prediction and
observations of the subset of state variables by applying an optimization method.
[0061] This step consists in determining values of control variables, that provide a
reliable description of the water distribution network, which result in low differences
between predictions and observations of state variables. According to various
embodiments of the invention, state variables for which differences, which are also
called residual values, are calculated belong to one or more types. For example, the
step 340 can minimize residual values of pressure, but also water flow. Residual
values can be calculated for all available sensors, in order to obtain the best global
modeling of the network, or for all sensors within the sub-network, in order to obtain
the most reliable result, within the sub-network.

[0062] Step 340 can be performed using different methods. For example, values of
control variables can be calculated using an evolutionary or genetic algorithm. These
algorithms provides a very reliable calculation of the values of control variables, but
require a huge amount of processing capabilities to be executed, in the order of ten
thousand to one hundred thousand hydraulic simulations. In other embodiments of
the invention, the optimization method comprises a stepwise adjustment of the set of
values of control variables, and a break criterion based on residue values of the state

variables. This allows obtaining good values of control variables, at a computing cost
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in the order of ten to twenty times the computing cost of a single hydraulic simulation.
An example of such a method is provided, with reference to figure 4.

[0063] The method 300 further comprises a fourth step 350 of calculating, based on
the determined set of values of control variables, said one or more water flow rates at
boundaries of the sub-network, for a period of time.

[0064] In a number of embodiments of the invention, step 350 of calculating, based
on the determined set of values of control variables, said one or more water flow
rates at boundaries of the sub-network, for a period of time, consists in using an
initial state of the network, and the value of control variables, to calculate, for a period
of time, state variables of the network comprising pressure and water flows. Then
water flows at the boundaries of the network can be summed, for the period of time.
[0065] As explained earlier, this calculation can be used in several applications. It is
used at several levels of decision: at the assessment and strategic level, for example,
as a key factor to determine the asset renewal strategy on a monthly to yearly basis;
at the monitoring level, to follow hydraulic conditions, the water demand and level of
losses in the network, on a weekly to monthly basis, and adapt the network
management; finally, at the operational level (daily to weekly basis), it is used to
organize the operation of the network (leak detection and repair, maintenance
activities, etc.)...

[0066] Figure 4 displays a method for changing the values of control variables
characterizing a water distribution network in a number of embodiments of the
invention.

[0067] In a number of embodiments of the invention this method is used at step 340
and comprises a step 410 of defining the entities and control variables to modify. In a
number of embodiments of the invention, control variables to modify are control
variables representative of water consumption and water loss, for example time
coefficients of the demand types described in the hydraulic model, and the
coefficients of water loss per area. In other embodiments of the invention, further
control variables may be used. For example, control variables representative of the
state of valves may be modified. This may be useful, for example if a change of state
of some valves has not been successfully transmitted. Thus, the method would be
able to modify the state of one or more valves in order to have a more accurate

model of the water distribution network.
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[0068] In a number of embodiments of the invention, the step 340 further comprises
a step 420 of using the hydraulic model to calculate predicted values of a set of state
variables characterizing entities, at least velocity at the arcs and pressure at the
nodes at simulation time references. This step consists in calculating a predicted
value of state variables of the entity (network, its subsets, ...), at the simulation time
references. The simulation time references can be chosen by the user independently
of the observations time references. For example, the simulation time references can
be separated by a predefined and constant interval (i.e. predicted values are
calculated every 1 min, 5 min, or any other duration) and are not necessarily
synchronized with the observations time references. Methods for using a hydraulic
model to calculate predicted values of the state variables of a hydraulic network are
well known by people skilled in the art of water system engineering. They typically
consist in, starting from the tank state at a time reference and the values of control
variables, using the physical law of hydraulics for computing values of all state
variables at the same time reference, and then computing values of the tank state at
the next time reference. It is then possible to calculate predicted values of the state
variables at all time references starting from initial values of the state variables and
values of the control variables. Methods for calculating predicted values of state
variables at a time reference are notably disclosed by O. Piller, “Modeling the
behavior of a network - Hydraulic analysis and sampling procedures for parameter
estimation”. PhD thesis in Applied Mathematics from the Mathematics and Computer
Science Doctoral School at the University of Bordeaux (PRES), 1995, 288 pages,
Talence, France.

[0069] The method further comprises a step 430 of computing residue values of the
subset of the state variables as a difference between predictions and observations at
the simulation time references. In case the simulation time references and the
observations time references are not identical, values of observations can be
calculated at the simulation time references, for example by building a continuous
function of each observation at first time reference and picking values at desired
simulation time references. Such a continuous function can be built in several ways.
It may for example be built using an interpolation function or a regularization function.
Several functions are adapted here, for example a Gaussian kernel convolution
function. This step consists in computing differences between predicted and

observed values of the state variables, for state variables for which observations are
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available. The observations of state variables may be either raw observations or pre-
processed observations. Observed values of state variables may for example be pre-
processed by smoothing, missing data imputation, etc. to clean the signal. In cases
where the system is correctly modeled and calibrated, and the inputs and outputs of
the network are correctly defined, then, if there is no actual anomaly, observations
and predictions of the state variables are very close and the residue values are very
close to the values of the residues at calibration of the model. Conversely, the
residue values can be important, i.e. an anomaly occurs, like for example when a
spatial consumption of water is wrong. An objective function is used to compute the
importance of the residue values. The importance of the residue value may for
example be calculated as a weighted norm, or a weighted average of the absolute
value of each residue value. Weights associated with the different observations /
residue can be defined according to the nature of the observation (flow, pressure...),
the brand and accuracy of the sensor, the time into the day, the empirical variance of
the measurement. More generally, the weight can be automatically defined, or
defined by a user, according to an indication of confidence of the measurement. The
objective function can be for example a least square function, or a Bayesian objective
function.

[0070] The method 340 further comprises a step 440 of verifying if the residue values
satisfy a break criterion. This step consists in verifying if the residue values of state
variables are small enough for considering that values of control variables accurately
describe the behavior of the entity. The break criterion can be for instance a
combination of a threshold on the number of iterations, a threshold on the variation of
residue values, a threshold on the gradient of the objective function with respect to
the set of parameters.

[0071] When the break criterion 440 is not satisfied, the method 340 comprises a
loop step 450 to change the values of the problem parameters (for instance the
consumption profile) using a numerical descent method. In an embodiment, the
method can be a method comprising calculating a gradient, for example a gradient
algorithm, a conjugate gradient algorithm. In an embodiment, the method can be a
method comprising calculating one of a gradient and a Hessian, for example a
Newton algorithm, a Levenberg Marquardt algorithm, or another algorithm of the
same type. This step 450 feeds a new iteration of the step 420, using the hydraulic

model to calculate predicted values with modified values of problem parameters.

17



10

15

20

25

30

[0072] In other embodiments of the invention, when the break criterion 440 is
satisfied, the method 340 comprises a step 460 which is a test based on a refinement
criterion. While the value of the objective function decreases, a further refinement
step 470 is performed in the loop at step 420.

[0073] The method 340 further comprises a step 470 to add or redefine control
variables in the set of control variables to modify. This step 470 feeds a new iteration
of the step 420, using the hydraulic model to calculate predicted values on the
selected elements. Thus, there are, at the next iteration, more degrees of freedom or
more representative control variables to obtain a satisfying result.

[0074] In other embodiments of the invention, the method 340 comprises, instead of
step 470, a step to select a subset of at least an element (node or arc). The step
examines the gradient computed as the scalar product of an element (node or arc)
sensitivity vector by an element contribution vector. The method discards the
elements according to a selection criterion, based on sensitivity assessment. In an
embodiment, those having a positive sensitivity are discarded. This step feeds a new
iteration of the step 420, using the hydraulic model to calculate predicted values on
the selected elements.

[0075] The method 340 further comprises a step 480 to provide the outputs of the
model parameters. The model outputs include the adjusted parameters, the
successive values of the element sets and related objective function, and
characteristics which are processed at step 360 as shown in Figure 3. The model
outputs include therefore information on various entities, from specific node or arc to
subset of the network and the whole network.

[0076] Figures 5a and 5b display two different separations of a water distribution
network into sub-networks, in different embodiments of the invention.

[0077] Figure 5a displays a first separation 500a of a water distribution network, into
three sub-networks 510, 520, 530 in an embodiment or the invention. The water
distribution network is equipped with a plurality of pressure sensors 540a, 5413,
542a, 543a, 544a, 545a, 546a and 547a. The pressure sensors allow acquiring
observations, and use a method of the invention, for example the method 300.

[0078] Figure 5b displays a second separation 500b of the water distribution network
in a plurality of sub-networks. Each one of the sub-networks 510, 520, 530 is split

into a plurality of smaller sub-networks. For example the sub-network 510 is split into
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smaller sub-networks 511b, 512b, 513b, 514b, 515b, 516b, and 517b. The network is
equipped with a plurality of pressure sensors, represented by crosses within circles,
for example the pressure sensors 540b, 541b, and 542b.

[0079] These examples demonstrate that it is possible using the invention to
separate a water distribution network into sub-networks in different manners, without
closing valves. Meanwhile, the limits of the sub-networks can be adjusted at any

moment.

[0080] Figures 6a and 6b display results of an estimation of sub-networks inflows in
an embodiment of the invention.

[0081] Figure 6a displays the result 600a of an estimation of sub-networks inflows in
an embodiment of the invention. It represents, on an axis 610a, the relative
difference between the estimated inflow and the real inflow in the sub-network, for
different times, represented in the horizontal axis 620a. Each line represents the
evolution of the relative difference for a different sector.

[0082] Figure 6b displays the result 600b of an estimation of sub-networks inflows in
an embodiment of the invention. It represents, on the vertical axis, the absolute
difference, in m%nh, between the estimated inflow and the real inflow in the sub-
network, for different times, represented in the horizontal axis. Each line represents
the evolution of the absolute difference for a different sector.

[0083] These examples demonstrate that the invention allows, both in relative and
absolute terms, a precise estimation of water flows at boundaries of a sub-network,
at any time of the day.

[0084] The examples described above are given as illustrations of embodiments of

the invention. They do not in any way limit the scope of the invention which is defined

by the following claims.
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CLAIMS

1. A method for estimating, for a water distribution network composed of a
network of nodes and modeled as a graph, one or more water flow rates at
boundaries of a sub-network of the water distribution network, said sub-
network being a connected sub-graph of said graph, connected to the rest of
the network by a finite set of arcs defining the boundaries, said method
comprising:

- Parameterizing a hydraulic model of the water distribution system with a
set of values of control variables characterizing the network and its output
at the nodes;

- Using sensors on the water distribution network to acquire observations of
a subset of state variables of the water distribution network at successive
time references, said state variables comprising pressure and water flow
rates;

- Determining the set of values of control variables which minimize
differences between predictions of state variables by the hydraulic model
and observations of the subset of state variables by applying an
optimization procedure;

said method being characterized in that it further comprises:

- Using said parameterized hydraulic model with the determined set of
values of control variables, to calculate said one or more water flow rates
at said finite set of arcs, for a period of time;

- Summing said water flow rates at said finite set of arcs of the sub-network,

for the period of time.
2. The method of claim 1, wherein the sensors on the network acquire
measurements at least relative to water pressure at a subset of nodes of the

network.

3. The method of claim 1, wherein the sub-network is predefined, and the sensors

of the networks are iteratively placed in order to limit, at each iteration, one of
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the maximum distance and the maximum pseudo-distance between any sensor

and any node.

. The method of any one of claims 1 to 3, wherein said optimization procedure

comprises a stepwise adjustment of the set of values of control variables and a

break criterion based on residue values of the state variables.

. The method of claim 4, wherein the stepwise adjustment of the control

variables comprises:

- A) changing the set of values of the control variables;

- B) using the hydraulic model to calculate predicted values of a set of state
variables characterizing at least water velocity at the arcs and pressure at
the nodes at the time references;

- C) computing residue values of the set of state variables as a difference
between predicted values and observed values at the time references;

- D) changing the set of values of the control variables and going back to

step B) if said difference does not satisfy a break criterion.

. The method of claim 5, further comprising adding control variables in the set of

control variables, and going back to step B, if said difference does not satisfy a

refinement criterion.

. The method of any one of claims 5 and 6, wherein computing residue values

comprises calculating values of one of a least square, Bayesian objective
function or absolute error function, and changing the set of values of control
variables is determined by an iterative method comprising calculating one of a

gradient, or a gradient and a Hessian.

. The method of any one of claims 1 to 7, wherein the control variables comprise

one or more of constant or time-based consumption profiles of users.

. The method of claim 8, wherein consumption profiles of users are defined for a

plurality of different categories of users.
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10.The method of any one of claims 8 to 9, wherein control variables further

comprise an estimation of water loss coefficient in the sub-network.

11.The method of any one of claims 8 to 10, wherein control variables further

comprise an estimate of a water loss coefficient for at least one area, an area

comprising at least a node based on a distance or a pseudo-distance to the

Sensors.

12.A system comprising a water distribution network composed of a network of

nodes and modeled as a graph, the system being adapted to estimate one or

more water flow rates at boundaries of a sub-network of the water distribution

network, said sub-network being a connected sub-graph of said graph,

connected to the rest of the network by a finite set of arcs defining the

boundaries, said system further comprising:

Sensors of at least one of pressure, flow rate or water level of water tanks
in the water distribution network;

a computing device comprising a processor;

communication links between sensors and one of the computing device or
a measurement acquisition system;

a storage media;

wherein the computing device is configured for:

Retrieving a set of values of control variables characterizing the network
and its output at the nodes from the storage media and using it to
parametrize a hydraulic model of the water distribution system;
Acquiring observations of a subset of state variables of said water
distribution network, said state variables comprising pressure and water
flow rates, said observations having time references, by either

using communication links between sensors and the computing

device,

or retrieving observations in the measurement acquisition system;

Executing a method according to any one of claims 1 to 11.

13.A computer program product, stored on a non-transitory computer-readable

medium, for estimating, for a water distribution network composed of a network
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of nodes and modeled as a graph, one or more water flow rates at boundaries
of a sub-network of the water distribution network, said sub-network being a
connected sub-graph of said graph, connected to the rest of the network by a
finite set of arcs defining the boundaries, said computer program product
comprising code instructions for executing a method according to any one of
claims 1 to 11.
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