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to the urgency created by water unavailability to customers, commercial premises, hospitals and industry
and resulting traffic chaos, repairs are often rushed and can fail repeatedly. In some cases, a section of
water main may be replaced after several uncontrolled breaks have been experienced. Should current
reactive practices continue, the number of uncontrolled water main breaks will likely increase as water

pipeline infrastructure ages.

[0007] Water utilities worldwide are looking for solutions to reduce uncontrolled water main break rates
and improve their service to the public. In recent years, continuous pressure monitoring systems (for
transient and/or steady-state pressure management) involving a sensor network have been used and
corresponding analysis techniques have been developed to detect and locate pipe main breaks after their
occurrences. However, such continuous transient monitoring for main break detection is still a reactive
practice and most main breaks are first brought to the attention of the water utility via public reporting

rather than through the sensor network.

[0008] It would be desirable to provide a more proactive approach which prevents, or at least reduces,
the occurrence of uncontrolled pipe main breaks by detecting and fixing the developing pipe cracks

before uncontrolled failures.

SUMMARY

[0009] In a first aspect, the present disclosure provides a method for detecting a structural anomaly in a
pipeline supply network, the pipeline supply network configured to supply fluid to multiple receiving
locations, comprising:

receiving acoustic signal data from a selected location in the pipeline supply network;

generating a first time window of acoustic signal data based on the acoustic signal data;

benchmarking the first time window of acoustic signal data with respect to historical background
acoustic signal data characterising the pipeline supply network to generate a corresponding background
benchmarked first time window of acoustic signal data; and

determining an anomaly measure for the background benchmarked first time window of acoustic

signal data, wherein the anomaly measure indicates a presence of the structural anomaly.

[0010] In another form, benchmarking the first time window of acoustic signal data with respect to
historical background acoustic signal data characterising the pipeline supply network includes:
determining an estimated spectral content difference between the first time window of acoustic
signal data and the historical background acoustic signal data; and
removing the spectral content difference from the first time window of acoustic signal data to

generate the corresponding background benchmarked first time window of acoustic signal data.
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[0011] In another form, determining an estimated spectral content difference between the first time
window and the background acoustic signal data includes:
determining the spectral content of the historical background acoustic signal data;
determining the spectral content of the first time window of acoustic signal data; and
determining in frequency space the difference between the spectral content of the background

acoustic signal data and the spectral content of the first time window of acoustic signal data.

[0012] In another form, removing the spectral content difference from the first time window of acoustic
signal data includes:

applying in frequency space the spectral content difference to the spectral content of the first time
window of acoustic signal data to generate a spectrally modified first time window; and

transforming the spectrally modified first time window to the time domain to generate the

corresponding background benchmarked first time window of acoustic signal data.

[0013] In another form, the method further comprises on determining the presence of the structural
anomaly in the background benchmarked first time window of acoustic signal data then:

generating a subsequent second time window of acoustic signal data;

benchmarking the subsequent second time window of acoustic signal data with respect to the first
time window of acoustic signal data to generate a corresponding comparison benchmarked second time
window of acoustic signal data;

determining the anomaly measure for the comparison benchmarked second time window of
acoustic signal data; and

characterising the structural anomaly by comparing the anomaly measure determined for the
background benchmarked first time window of acoustic signal data with the anomaly measure determined

for the comparison benchmarked second time window of acoustic signal data.

[0014] In another form, characterising the structural anomaly includes determining whether the structural
anomaly is increasing, reducing or remains unchanged for a time period between the first and second time

windows.

[0015] In another form, benchmarking the subsequent second time window of acoustic signal data with
respect to the first time window of acoustic signal data includes:

determining the spectral content difference between the second time window of acoustic signal
data and the first time window of acoustic signal data; and

removing the spectral content difference from the second time window of acoustic signal data to

generate the corresponding comparison benchmarked second time window of acoustic signal data.
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[0016] In another form, determining the spectral content difference between the second time window and
the first time window includes:

determining the spectral content of the first time window of acoustic signal data;

determining the spectral content of the second time window of acoustic signal data; and

determining in frequency space the difference between the spectral content of the first time
window of acoustic signal data and the spectral content of the second time window of acoustic signal

data.

[0017] In another form, removing the spectral content difference from the second time window of
acoustic signal data includes:
applying in frequency space the spectral content difference to the spectral content of the second
time window of acoustic signal data to generate a spectrally modified first time window; and
transforming the spectrally modified second time window to the time domain to generate the

corresponding background benchmarked second time window of acoustic signal data.

[0018] In another form, the method comprises:

benchmarking the second time window of acoustic signal data with respect to background
acoustic signal data characterising the pipeline supply network to generate a corresponding background
benchmarked second time window of acoustic signal data; and

determining the anomaly measure for the background benchmarked second time window of

acoustic signal data.

[0019] In another form, the method further comprises on determining that the background benchmarked
first time window of acoustic signal data does not indicate the presence of the structural anomaly then
supplementing the background acoustic signal data with the first time window of acoustic signal data to

further characterise the pipeline supply network.

[0020] In another form, measuring acoustic signal data at the selected location includes measuring at the
selected location fluid-borne vibro-acoustic energy transferred by fluid moving through the pipeline

supply network to generate fluid-borne acoustic signal data.

[0021] In another form, generating the first time window of acoustic signal data includes enhancing the

fluid-borne acoustic signal data with other simultaneously measured synchronised acoustic signal data.

[0022] In another form, enhancing the fluid-borne acoustic signal data with other simultaneously
measured synchronised acoustic signal data includes:
simultaneously measuring environmental vibro-acoustic energy proximal to the selected location

to generate synchronised environmental acoustic signal data; and
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processing the fluid-borne acoustic signal data to remove from the fluid-borne acoustic signal
data, a coherent acoustic signal present in both the fluid-borne and the synchronised environmental

acoustic signal data for the time window.

[0023] In another form, processing the fluid-borne acoustic signal to remove the coherent acoustic signal
includes adaptively filtering the fluid-borne acoustic signal data with respect to the synchronised
environmental acoustic signal data by a LMS filter that seeks to minimise an error between an output

signal and a desired signal comprising the fluid-borne acoustic signal data.

[0024] In another form, processing the fluid-borne acoustic signal to remove the coherent acoustic signal
includes determining a non-coherent output power of the fluid-borne acoustic signal data with respect to

synchronised environmental acoustic signal data.

[0025] In another form, simultaneously measuring environmental vibro-acoustic energy proximal to the
selected location includes simultaneously measuring air-borne vibro-acoustic energy in the space
proximal to the selected location to generate synchronised environmental acoustic signal data comprising

air-borne acoustic signal data.

[0026] In another form, simultaneously measuring environmental vibro-acoustic energy proximal to the
selected location includes simultaneously measuring ground-borne vibro-acoustic energy in the ground
proximal to the selected location to generate synchronised environmental acoustic signal data comprising

ground-borne acoustic signal data.

[0027] In another form, enhancing the fluid-borne acoustic signal data with other simultaneously
measured acoustic signal data includes:

simultaneously measuring fluid-borne vibro-acoustic energy at a different location to the selected
location to generate synchronised additional fluid-borne acoustic signal data; and

processing the fluid-borne acoustic signal to reinforce in the fluid-borne acoustic signal data, a
coherent acoustic signal present in both the fluid-borne and synchronised additional fluid-borne acoustic

signal data for the time window.

[0028] In another form, processing the fluid-borne acoustic signal to reinforce a coherent acoustic signal
present in both the fluid-borne and synchronised additional fluid-borne acoustic signal data includes
adaptively filtering the fluid-borne acoustic signal data with respect to the synchronised additional fluid-
borne acoustic signal data by a LMS filter that seeks to minimise an error between an output signal and a

desired signal comprising the fluid-borne acoustic signal data.
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[0029] In another form, processing the fluid-borne acoustic signal to reinforce the coherent acoustic
signal includes determining a coherent output power of the fluid-borne acoustic signal data with respect to

synchronised additional fluid-borne acoustic signal data.

[0030] In another form, the first and second time windows of acoustic data are selected from a time
when the corresponding background acoustic noise of the pipeline supply network is below a minimum

threshold.

[0031] In another form, the first and second time windows of acoustic data are sclected from acoustic

signal data measured at the same time of day.

[0032] In another form, the structural anomaly comprises a leak in the pipeline supply network.

[0033] In another form, the pipeline supply network comprises a cast iron pipe, and wherein the

structural anomaly includes a circumferential or longitudinal crack in the cast iron pipe.

[0034] In another form, the method further comprises measuring the acoustic signal data at the selected

location.

[0035] In a second aspect, the present disclosure provides a detection system for detecting a structural
anomaly in a pipeline supply network, the pipeline supply network configured to supply fluid to multiple
receiving locations, comprising:

a sensor network including a plurality of measurement stations for measuring acoustic signal data
at a plurality of locations in the pipeline supply network;

one or more data processors operatively connected to the sensor network and configured to carry

out the method in accordance with the first aspect of the disclosure.

[0036] In a third aspect, the present disclosure provides a measurement station for measuring vibro-
acoustic energy in a pipeline supply network, comprising:

a fluid-borne vibro-acoustic sensing arrangement for measuring fluid-borne acoustic energy
transferred by fluid moving through the pipeline supply network at a selected location to generate fluid-
borne acoustic signal data; and

an environmental acoustic sensing arrangement for simultaneously measuring environmental
vibro-acoustic energy proximal to the selected location to generate synchronised environmental acoustic

signal data.

[0037] In another form, the fluid-borne vibro-acoustic sensing arrangement comprises one or more of:
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an internal fluid acoustic sensor immersed in the fluid to directly measure fluid-borne acoustic
energy; or
an external fluid acoustic sensor coupled to the pipeline supply network to indirectly measure

fluid-borne acoustic energy.

[0038] In another form, the environmental acoustic sensing arrangement comprises one or more of:

a ground acoustic sensor for measuring ground-borne vibro-acoustic energy transferred through
the ground proximal to the selected location; or

an air acoustic sensor for measuring air-borne vibro-acoustic energy in the space proximal to the

selected location.

[0039] In a fourth aspect, the present disclosure provides a method for generating acoustic signal data
from a pipeline supply network, the pipeline supply network configured to supply fluid to multiple
receiving locations, comprising:

receiving fluid-borne acoustic signal data from a fluid-borne vibro-acoustic sensing arrangement
for measuring fluid-borne acoustic energy transferred by fluid moving through the pipeline supply
network at a selected location,;

receiving synchronised environmental acoustic signal data from an environmental acoustic
sensing arrangement for simultaneously measuring environmental vibro-acoustic energy proximal to the
selected location; and

enhancing the fluid-borne acoustic signal data with the synchronised environmental acoustic

signal data.

[0040] In another form, enhancing the fluid-borne acoustic signal data with the synchronised
environmental acoustic signal data includes processing the fluid-borne acoustic signal data to remove
from the fluid-borne acoustic signal data a coherent acoustic signal present in both the fluid-borne and the

synchronised environmental acoustic signal data.

[0041] In a fifth aspect, the present disclosure provides a method for generating acoustic signal data from
a pipeline supply network, the pipeline supply network configured to supply fluid to multiple receiving
locations, comprising:

receiving fluid-borne acoustic signal data from a first fluid-borne vibro-acoustic sensor for
measuring fluid-borne acoustic energy transferred by fluid moving through the pipeline supply network at
a selected location;

receiving synchronised additional fluid-borne acoustic signal data from a second fluid-borne
vibro-acoustic sensor for measuring fluid-borne acoustic energy transferred by fluid moving through the

pipeline supply network proximal to the selected location; and
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enhancing the fluid-borne acoustic signal data with the synchronised additional vibro-acoustic

signal data.

[0042] In another form, enhancing the fluid-borne acoustic signal data with the synchronised additional
vibro-acoustic signal data includes processing the fluid-borne acoustic signal to reinforce in the fluid-
borne acoustic signal data, a coherent acoustic signal present in both the fluid-borne and synchronised

additional fluid-borne acoustic signal data.

BRIEF DESCRIPTION OF DRAWINGS

[0043] Embodiments of the present disclosure will be discussed with reference to the accompanying

drawings wherein:

[0044] Figure 1 is a figurative view of a pipeline supply network 100 in accordance with an illustrative

embodiment;

[0045] Figure 2 is a flowchart of a method for detecting a structural anomaly in a pipeline supply

network in accordance with an illustrative embodiment;

[0046] Figure 3 is a system overview diagram of a detection system for detecting a structural anomaly in

a pipeline network in accordance with an illustrative embodiment;

[0047] Figure 4 is a figurative view of a measurement station in accordance with an illustrative

embodiment;

[0048] Figure 5 is a flowchart of a method for measuring acoustic signal data at a selected location to

generate a first time window of acoustic signal data in accordance with an illustrative embodiment;

[0049] Figure 6 is a system overview diagram of a coherent signal removal system in accordance with an

illustrative embodiment;

[0050] Figure 7 is a plot of environmental acoustic signal data in accordance with an illustrative

embodiment;

[0051] Figure 8 is a plot of fluid-borne acoustic signal data in accordance with an illustrative

embodiment;

[0052] Figure 9 is a plot of the generated time window of filtered acoustic signal data showing the

removal of the coherent acoustic signal in accordance with an illustrative embodiment;
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[0053] Figure 10 is a flowchart of a method for measuring acoustic signal data at a selected location to

generate a first time window of acoustic signal data in accordance with an illustrative embodiment;

[0054] Figure 11 is a system overview diagram of a coherent signal enhancement system in accordance

with an illustrative embodiment;

[0055] Figure 12 is a flowchart of a method for benchmarking a time window of acoustic signal data in

accordance with an illustrative embodiment;

[0056] Figure 13 is a flowchart of a method for determining a spectral content difference in accordance

with an illustrative embodiment;

[0057] Figure 14 is a flowchart of a method for removing the spectral content difference from the first

time window of acoustic signal data in accordance with an illustrative embodiment;

[0058] Figure 15 is a flowchart of a method for further processing of acoustic signal data in accordance

with an illustrative embodiment;

[0059] Figure 16 shows first and second plots of acoustic signal data determined in accordance with an

illustrative embodiment;

[0060] Figure 17 shows first and second plots of acoustic signal data determined in accordance with an

illustrative embodiment;

[0061] Figure 18 shows first and second plots of acoustic signal data determined in accordance with an

illustrative embodiment;

[0062] Figure 19 shows first and second plots of acoustic signal data determined in accordance with an

illustrative embodiment;

[0063] Figure 20 shows first and second plots of acoustic signal data determined in accordance with an

illustrative embodiment;

[0064] In the following description, like reference characters designate like or corresponding parts

throughout the figures.
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DESCRIPTION OF EMBODIMENTS

[0065] Referring now to Figure 1, there is shown a figurative view of a pipeline supply network 100
configured to supply fluid to multiple receiving locations according to an illustrative embodiment. In this
example pipeline supply network system 100 consists of a network of pipes 110 designed to deliver water
to receiving locations such as buildings and homes and the like and where the pipes 110 are located below
ground and generally align with the road and street system for traffic. In accordance with the present
disclosure, the pipeline supply network system 100 is instrumented to include one or more measurement
stations 400 located at selected locations in the pipeline supply network 100 where the measurement

stations 400 each measure acoustic signal data at the respective location.

[0066] As would be appreciated, while the present disclosure is described in the context of a utility
scale pipeline network for the supply of water, the methods and systems disclosed may also be applied to
any pipeline supply network which is designed to supply fluid to multiple receiving locations. Examples
include, but are not limited to, petroleum refinery, storage and supply, processing factories, wine making
and storage, minerals processing, gas supply networks, hot water heating supply networks, or airport fuel

systems.

[0067] Referring now to Figure 2, there is shown a flowchart of a method 200 for detecting a structural
anomaly in a pipeline supply network according to an illustrative embodiment. In this example method

200 may be applied to a pipeline supply network 100 such as illustrated in Figure 1.

[0068] By way of overview, method 200 comprises at step 210 receiving acoustic signal data at a
selected location in the pipeline supply network 100 and then at step 220 generating a first time window
of acoustic signal data. This window of acoustic signal data at step 230 is benchmarked with respect to
historical background acoustic signal data that characterises the operation of the pipeline supply network
100 to generate a corresponding background benchmarked first time window of acoustic signal data. As
will be seen below, the background acoustic noise signal may be based on previous measurements at the
selected location, or at a related location or a composite measure characterising the background behaviour
of the pipeline supply network 110. At step 240, an anomaly measure is determined based on this
background benchmarked acoustic signal data where the anomaly measure is selected to indicate the

presence of a structural anomaly in the pipeline supply network 100.

[0069] Referring now to Figure 3, there is shown a system view of a detection system 300 operable in
one example to implement detection method 100. Again by way of overview, detection system 300
includes one or more measurement stations 400 deployed throughout the pipeline network 100 and
configured to measure acoustic signal data at respective locations in the pipeline network 100. This

information is then transferred to a data processor 320 and processed in accordance with method 100 and
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results may be deployed on optional display 340 and input may be provided by optional user input 330 as
required. In one example embodiment, one or more of the measurements stations 400 may be time

synchronised to one or more of the other measurement stations 400.

[0070] Referring back to Figure 2, at step 210, acoustic signal data is measured at or received from a
selected location in the pipeline network 100. In one example, the acoustic signal data is measured by a
measurement station 400 as depicted in Figure 3. Referring now to Figure 4, there is shown a figurative
view of a measurement station 400 according to an illustrative embodiment. In this example,
measurement station 400 is located at an underground access valve chamber 410 which could be for, as
an example, a fire hydrant valve, an air valve or a control valve which is located below the surface 480
(eg, a road, path or the like) providing access to valve 411 of the pipe or pipe component 110 of the
pipeline network 100.

[0071] As would be appreciated, valves are generally an important component of a pipeline network 100
as they provide an isolation capability to limit water to flow in certain zones, sometimes referred to as
pressure zones or demand management zones, and may be employed when there is a burst or leak or
when maintenance is required. As such, valves are generally regularly distributed throughout a pipeline
network and provide a convenient access point especially where all or part of the pipeline network is
below ground. It would be understood, however, that measurement station 400 may be deployed at any
suitable location providing access to a pipe 110 of the pipeline network including, but not limited to,
pipeline components such as a fire hydrant, fire plug, valve chamber, air valve, inspection point or flow
meter, fire service connection or water supply connection. In other examples, a customised access point

may be constructed in order to provide access to the pipe 110 at a desired location.

[0072] Measurement station 400 comprises a number of sensors including, but not limited to, a fluid
acoustic sensor configured to measure at the selected location fluid-borne vibro-acoustic energy
transferred by fluid moving through the pipeline network 100 at the selected location at pipe 110 to

generate fluid-borne acoustic signal data.

[0073] This fluid-borne vibro-acoustic energy may arise from a number of sources including, but not
limited to:
e the flow of the fluid through the pipeline network including the interaction of the liquid with
various components of the pipeline, eg pipe wall, valves, distribution points, water meters etc;
e the interaction of fluid flowing through the pipeline network with any structural anomaly such as
a leak resulting in additional flows of fluid departing the network; or
e any source of acoustic energy that is operably connected to the pipeline network and transferrable

by the fluid moving through the pipeline network, eg, general environmental noise such as traffic,
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plant equipment, night clubs, tram operation, bus operation, train operation, functions, excavation

work, construction site activities, concerts, car races and industrial water use.

[0074] In one example, a fluid acoustic sensor is configured as an internal fluid acoustic sensor 435 in
the form of a hydrophone that may be situated in the fluid that is flowing through pipe 110 to directly
measure the fluid-borne vibro-acoustic energy transferred by fluid moving through the pipeline supply
network 100. In this example, the hydrophone type sensor is mounted on a flexible or rigid insertion
tube that is inserted into the pipe or pipe connection through a specifically manufactured plate or cap on
an air valve or fire hydrant or fire plug. In one non-limiting example, a suitable hydrophone type sensor
could be a Teledyne Reson hydrophone TC4037 spherical reference hydrophone with a useable frequency

range from 1Hz to 100 kHz and a receiving sensitivity -193 dB re 1V/p at 250 Hz.

[0075] An internal fluid acoustic sensor 435 of this type is responsive to the acoustic pressure or the
pressure gradient or the acoustic particle velocity and as a result to the vibro-acoustic energy of water or
fluid moving in pipe 110. In another example, the internal fluid acoustic sensor 435 may comprise an
optical fibre based hydrophone array that is configured to be responsive to the acoustic pressure or the
pressure gradient or the acoustic particle velocity and as a result to the vibro-acoustic energy of water or

fluid moving in pipe 110.

[0076] In another example, a fluid acoustic sensor is configured as an external fluid acoustic sensor 430
attached to the exterior of pipe 110 at valve 411 and configured to measure indirectly the fluid-borne
acoustic energy transferred by fluid moving through the pipeline supply network 100 as further
propagated through and/or along the wall of pipe 110. In one embodiment, external fluid acoustic sensor
430 is an accelerometer. A non-limiting example of this type of external fluid acoustic sensor includes the
use of an ultralow frequency seismic accelerometer from Wilcoxon Sensing Technologies with a
sensitivity of 10 V/g and an acceleration range of 0.5 g peak and a frequency response from 0.2 -1300 Hz.
In one example, a specifically constructed plate or cap is employed and fitted to the valve 411 or in other
examples to a fire hydrant or fire plug. In another example, the external fluid acoustic sensor may be

fitted with a magnetic mounting arrangement for attachment.

[0077] External and internal fluid acoustic sensors 430, 435 may be deployed optionally or
supplementing each other depending on requirements. As an example, significant local noise generation

may impede hydrophone operation.

[0078] An example may include the deployment near a water meter or a pump that generates such
significant acoustic noise that a hydrophone type internal sensor will be overwhelmed and clip the
hydrophone measured signal. As another example, the measurement may commonly occur in a branch off

the main pipe. Such branches can act as filters or resonators which may modify the actual signal being
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observed in the pipe and measurement in the main pipe will need to be undertaken to determine the extent
of the modification of the fluid-borne acoustic signal. In another example, a heavily trafficked bus or
truck route may produce too much ground induced fluid vibration that a hydrophone type internal fluid

acoustic sensor will clip and be unable to effectively measure the acoustic signal.

[0079] Where both acoustic sensors 430, 435 are deployed then one of the sensors, say as an example,
external fluid acoustic sensor 430 will provide a fluid-borne acoustic signal data at the selected location
and internal fluid acoustic sensor 435 will provide additional synchronised fluid-borne acoustic signal

data simultaneously measured at a different location. In the example depicted in Figure 4, both acoustic

sensors 430, 435 are located proximal to each other.

[0080] Measurement station 400 may also include an environmental acoustic sensor configured to
simultaneously measure environmental vibro-acoustic energy proximal to the selected location to
generate synchronised environmental acoustic signal data. In one example, environmental acoustic
sensor includes an air acoustic sensor 440 configured to simultaneously measure synchronised air-borne
vibro-acoustic energy in the space proximal to the selected location such as in valve chamber 410 to

generate air-borne acoustic signal data.

[0081] While in Figure 4, air acoustic sensor 440 is shown located in valve chamber 410, in other
configurations air acoustic sensor 440 may be located outside of chamber 410. In another example, air
acoustic sensor 440 includes baffling or other isolation arrangements to further prevent the sensor from
measuring vibrations from the pipe or the ground. In one non-limiting example, a suitable air acoustic
sensor includes a GRAS 40PH CCP free-field array microphone with a frequency range of 10 to 20 KHz,
a dynamic range of 32 dB(A) to 135 dB and a sensitivity of 50 mV/Pa.

[0082] TIn another non-limiting example, air acoustic sensor 440 may include an accelerometer attached
to a plate but isolated from the pipe and the valve chamber. Such an accelerometer may include, but not
be limited to, an ultralow frequency seismic accelerometer from Wilcoxon Sensing Technologies with a

sensitivity of 10 V/g and an acceleration range of 0.5 g peak and a frequency response from 0.2 -1300 Hz.

[0083] Air acoustic sensor 440 is configured to measure air-borne environmental acoustic sounds. In the
case of a utility scale water supply network, this will include background noise arising from traffic which
will vary in intensity and other sounds including, but not limited to: population noise such as people
talking, high heeled shoes or pets; functions such as wedding or other gatherings; locations such as night
clubs or construction sites; audible traffic signalling operations, vehicle noise such as engine noise, trams,

tyre road interaction, brake noise; or plant equipment such as air conditioners or generators.
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[0084] In another example, environmental acoustic sensor includes a ground acoustic sensor 450 which
is configured to measure simultaneously ground-borne vibro-acoustic energy transferred through the
ground 481 proximal to the selected location to generate synchronised ground-borne acoustic signal data.
Suitable examples of a ground acoustic sensor 450 include, but are not limited to vibration sensors such
as accelerometers or seismic sensors (eg geophone), strain gauges or optical fibres that are configured to
measure ground-borne noise. In various examples, ground acoustic sensor 450 may be magnetically
attached to the valve chamber wall, glued there, or fastened with a bolt. In other embodiments, ground
acoustic sensor 450 may be located in the ground outside the chamber, accessed through a hole in the

chamber wall, or placed there when the chamber is constructed.

[0085] Measurement station 400 in this example further includes a data processor in the form of a data
acquisition (DAQ) module 460 for receiving and processing the measured acoustic signal data. In one
example, the DAQ simultaneously receives and applies appropriate time stamps to synchronise the
acoustic signal data from each of the sensors for later processing based on their synchronised
measurement. In another example, the sensors may incorporate an appropriate timer synchronised to the
other sensors and the locally synchronised data may be transferred without requiring further time-
stamping. In one example, one or more of the sensors include a GPS module capable of providing this
time synchronisation capability. An example GPS module that may be employed includes, but is not
limited to, a National Instruments™ NI-9467 C Series Synchronization Module which is able to provide

accurate time synchronisation and data time stamping.

[0086] As would be appreciated, the various sensors or DAQ module 460 may be configured to measure
or store acoustic signal data commencing at a predetermined time for a predetermined time period and
either store the data locally at the respective sensor or DAQ module 460 and/or transfer this data to a
central location by wireless or other means as will be discussed below. In another example, one or more

of the sensors are configured to buffer and wirelessly send data for further storage and processing.

[0087] In one example, generating the first time window of acoustic signal data includes enhancing the
fluid-borne acoustic signal data with other simultaneously measured acoustic signal data based on
environmental or additional fluid-borne acoustic signal data that has been simultaneously measured and

synchronised with the fluid-borne acoustic signal data.

[0088] Referring now to Figure 5, there is shown a flowchart of a method 500 for measuring acoustic
signal data and then generating a first time window of acoustic signal data according to an illustrative
embodiment corresponding to steps 210 and 220 of Figure 2. At step 510, the fluid-borne vibro-acoustic
energy is measured by a fluid acoustic sensor 430, 435 such as described previously to generate fluid-

borne acoustic signal data. As referred to previously, the fluid-borne vibro-acoustic energy may arise
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from a number of potential sources and not only result from the flow of fluid in the immediate vicinity of

the location of the acoustic sensor.

[0089] At step 520, the environmental vibro-acoustic energy is simultancously measured by a sensor
such as air acoustic sensor 440 and/or ground acoustic sensor 450 to generate synchronised environmental

acoustic signal data.

[0090] At step 530, the fluid-borne acoustic signal is processed to remove a coherent acoustic signal
present in both the fluid-borne and the synchronised environmental acoustic signal data from the fluid-

borne acoustic signal data for the relevant time window.

[0091] Referring now to Figure 6, there is shown a system overview diagram of a coherent signal
removal system 1500 for removing the coherent acoustic signal that is present in both the fluid-borne and
synchronised environmental vibro-acoustic energy measurements according to an illustrative
embodiment. Coherent signal removal processing system 1500 includes a signal processing module 1530
receiving as inputs the fluid-borne acoustic signal data 1510 and the synchronised environmental acoustic
signal data 1520 and which functions to output a time window of acoustic signal data 1540 where the

coherent acoustic signal has been removed from the fluid-borne acoustic signal data.

[0092] In one example, the acoustic signal data 1510, 1520, 1550 may be configured in a “WAV” file
format. As would be appreciated, the WAV file format is a lossless raw audio format (typically
uncompressed) configured to store acoustic or audio data and includes fields specifying the sample rate
and bit rate. As such, a WAV file is a convenient representation of a time window of acoustic signal data.
As would be appreciated, other lossless audio format may be adopted depending on requirements
including, but not limited to, Windows Media Audio (WMA), Apple Lossless Audio Codec (ALAC) or
Free Lossless Audio Codec (FLAC).

[0093] In one embodiment, signal processing module 1530 is based on adaptive noise suppression where
a filter is dynamically configured to filter or remove the coherent acoustic signal from the fluid-borne
acoustic signal data 1510. In one example, a least means square (LMS) filter is employed where the
environmental acoustic signal data 1520 comprises the input which may be represented as a vector of
values u(n) where n is the current time index with n ranging from 1,---, N defining a time window. In
this example, fluid-borne acoustic signal data 1510 may similarly be represented as a vector of values

d(n) comprising the desired response at given time step n.

[0094] In this embodiment, the LMS filter implements a finite impulse response (FIR) filter that seeks to
minimise an error e(n) between the output signal y(n) and the desired signal, d(n), ie e(n) = d(n) —

y(n). In this configuration, the vector of values e(n) will correspond to a time window of acoustic signal



WO 2020/215117 PCT/AU2020/000036
16
data 1550 where the coherent acoustic signal present in both inputs 1510, 1520 has been removed. In
another embodiment, the LMS filter may comprise a normalised LMS filter. In another example, the LMS

filter may implement an infinite impulse response (IIR) filter.

[0095] As would be appreciated, the removal may be implemented “online” and in real time to process
the fluid-borne acoustic signal data locally at a given measurement station 400, say by DAQ module 460,
to remove the coherent acoustic signal present in both the fluid-borne and the synchronised environmental
acoustic signal data. In other embodiments, the relevant synchronised acoustic signal data streams may be
transferred by wireless or wired network arrangement to a central data store for subsequent processing

offline.

[0096] Referring now to Figure 7, there is shown a plot 1600 of environmental acoustic signal data 1520
according to an illustrative example. In this example, environmental acoustic signal data 1520 is
measured by a ground acoustic sensor and plot 1600 depicts a time window having a duration of 600
seconds. Similarly, referring now to Figure 8, there is shown a plot 1700 of fluid-borne acoustic signal
data 1510 as measured by a fluid acoustic sensor again having a duration of 600 seconds. In one example,

the environmental acoustic signal data is measured at the barrel of a fire hydrant.

[0097] Referring now to Figure 9, there is shown a plot 1800 of the generated time window of filtered
acoustic signal data 1810 depicting the removal of the coherent acoustic signal from the fluid-borne
acoustic signal data according to an illustrative embodiment. In this example implementation, signal
processing module 1530 reads the WAV files corresponding to the fluid-borne acoustic signal data 1510
and environmental acoustic signal data 1520 having a sampling rate of 4681 Hz and comprising 16 bit
values and buffers this data into 32 element blocks which are then processed by the adaptive filter to
generate continuously the filtered acoustic signal data 1550 which once the input acoustic signal data
1510, 1520 has been processed will correspond to the time window of acoustic signal data. As can be
seen in Figure 9, there is an initial period 1820 in the filtered acoustic signal data 1810 corresponding to

the time it takes for the weighting coefficients of the adaptive filter to “adapt”.

[0098] While the above approach is applicable in the time domain, in another embodiment an approach

based on coherence in frequency space may be adopted.

[0099] The coherence between two signals x(t) and y(t) may be defined as:

|6 (DI .
c - Equation 1
> GG, D
[00100] where Gy, (f) is the cross-spectral density between x and y, and Gy (f) and Gy, (f) are

the autospectral densities of x and y respectively and magnitude of the spectral density is denoted as |G|.
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The coherence function then estimates the extent to which y(t) may be predicted from x(¢t) by an

optimum linear least squares function.

[00101] If Cx,, (f) is less than one, but greater than zero, then this may indicate either that noise is
entering the measurements, that the assumed function relating x(t) and y(t) is not linear, or that y(t) is
producing output due to input x(t) as well as other inputs. If the coherence is equal to zero, it is an
indication that x(t) and y(t) are completely unrelated. In the case of acoustic waves or energy travelling
in a pipeline supply network of the type, as contemplated by the present disclosure, these systems may be
treated as being linear to a good approximation provided oscillations are small enough not to evoke
substantial non-linear friction terms or non-linear transfer functions which is the case here. In any event,
the process described above may be extended to higher order spectral terms. In one example, partial

coherences for higher order terms may be generated.

[00102] As such, the coherence of a linear system represents the fractional part of the output
signal power that is produced by the input at that frequency. The quantity 1 — C,, may then be viewed as
an estimate of the fractional power of the output that is not contributed by the input at a particular

frequency. This leads to the definition of the coherent output spectrum:

Gyy = CiyGyy Equation 2

[00103] where G, provides a spectral quantification of the output power that is correlated with

the input but uncorrelated with noise or other inputs.

[00104] It follows that if two signals are partially correlated with one another, the energy in each
signal which is correlated may be estimated. As an example, the coherent energy in the autospectral

density in signal x is given by COP,y = GyxCy, and the coherent energy in the autospectral density in

signal y is given by COP,,, = G,,,Cy,,.

[00105] The complement to this, is that energy arising from noise and other sources is given by
the non-coherent output power; for the x signal this is defined as NCOP,y = Gy (1 — Cyy) and for signal

y itis defined by NCOP,,,, = Gy, (1 — Cyy).

[00106] The corollary of the previous example is the removal of noise from undesirable sources.
For example, consider two signals, the first signal, x,, is from an accelerometer attached to a hydrant (ie,
measuring fluid-borne acoustic signal data) and the second signal, y,, is from a microphone near the
hydrant (ie, measuring environmental acoustic signal data). As discussed previously, the accelerometer is

representative of the acoustic signal travelling in the pipeline which will include an undesirable
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environmental component contributing to the accelerometer signal which in this example will be

measured by the microphone.

[00107] It follows from the coherence approach that NCOP, = Gy x (1 — Cy 4 ) will
represent the power spectral density of the accelerometer that is uncorrelated with the microphone
effectively removed any coherent noise that is common to both. As an example, after the acoustic signal
data has been digitally acquired, the time series is divided into sequences of 2™ samples and then
windowed, for example by employing a Hanning window, and the FFT applied to each sequence. These
Fourier transforms are then averaged and then used to obtain the functions referred to above, eg

NCOP, ..

[00108] This approach may be extended further to where there are two environmental acoustic
signals, eg, a ground acoustic sensor (eg, an accelerometer) on the ground measuring ground-borne
acoustic signal data x,, and x,,, which represents a microphone near the hydrant measuring air-borne
acoustic signal data. In this example, the fluid acoustic sensor (eg, hydrophone in the hydrant) measures
fluid-borne acoustic signal data yy,. Then, if ground-borne acoustic signal data x, , and air-borne acoustic
signal data x,,, are not correlated with one another, then the component of the signal in the fluid-borne
acoustic signal data yy, associated with the environmental noise is given by COP,, 5, = Gy, 5, (Cx, 5, +
Cx_y,) and the component in the signal in the fluid-borne acoustic signal data not associated with

environmental noise, that is the enhanced signal where the coherent noise has been removed is given by

NCOPYhyh = GJ/th 1- meYh - Can/h) :

[00109] As would be appreciated, removing the coherent noise in fluid-borne vibro-acoustic
energy measurements will filter out general environmental noise in the fluid-borne acoustic signal data
and as a result increase the sensitivity of this acoustic signal data to detect effects originating from the
interaction of the water or fluid flowing through the pipe such as structural anomalies that have occurred

or may be occurring in the pipe.

[00110] Referring now to Figure 10, there is shown a flowchart of a method 3500 for measuring
acoustic signal data and then generating a first time window of acoustic signal data according to an
illustrative embodiment corresponding to steps 210 and 220 of Figure 2. At step 3510, the fluid-borne
vibro-acoustic energy is measured by, in this example, external fluid acoustic sensor 430 to generate

fluid-borne acoustic signal data.

[00111] At step 3520, the fluid-borne vibro-acoustic energy is simultaneously measured in a

different location by internal fluid acoustic sensor 435 to generate synchronised additional fluid-borne
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acoustic signal data. In this illustrative embodiment, internal fluid acoustic sensor 435 is located proximal

to external fluid acoustic sensor 430.

[00112] At step 3530, the fluid-borne acoustic signal is processed to reinforce a coherent acoustic
signal present in both the fluid-borne and the synchronised additional acoustic signal data in the fluid-

borne acoustic signal data for the relevant time window.

[00113] Referring now to Figure 11, there is shown a system overview diagram of a coherent
signal enhancing system 3600 for enhancing the coherent acoustic signal that is present in both the
original fluid-borne and the additional fluid-borne acoustic energy measurements according to an
illustrative embodiment. Coherent signal enhancing system 3600 includes a signal processing module
3630 receiving as inputs the fluid-borne acoustic signal data 1510 and the synchronised additional fluid-
borne acoustic signal data 3620 and which functions to output a time window of acoustic signal data 1550
where the coherent acoustic signal present in both sets of fluid-borne acoustic signal data has been

enhanced in the fluid-borne acoustic signal data.

[00114] As discussed previously, the acoustic signal data 1510, 3620, 1550 may be configured in
a “WAV” file format. In one embodiment, signal processing module 3630 is based on adaptive noise
suppression where a filter is dynamically configured to enhance the coherent acoustic signal from the
fluid-borne acoustic signal data 1510. In one example, a least means square (LMS) filter is employed
where the additional fluid-borne acoustic signal data 3620 comprises the input which may be represented
as a vector of values u(n) where n is the current time index with n ranging from 1, -+, N defining a time
window. In this example, fluid-borne acoustic signal data 1510 may similarly be represented as a vector

of values d(n) comprising the desired response at given time step n.

[00115] In this embodiment, the LMS filter implements a finite impulse response (FIR) filter that
seeks to minimise an error e(n) between the output signal y(n) and the desired signal, d(n), ie e(n) =
d(n) — y(n). In this configuration, the vector of values y(n) will correspond to a time window of
acoustic signal data 1550 where the coherent acoustic signal present in both inputs 1510, 3620 has been
enhanced. In another embodiment, the LMS filter may comprise a normalised LMS filter. As referred to

previously, the LMS filter may implemented as an IIR filter where appropriate.

[00116] As would be appreciated, the enhancement of the acoustic signal data may be
implemented “online” and in real time to process the fluid-borne acoustic signal data locally at a given
measurement station 400 to enhance the coherent acoustic signal present in both the fluid-borne and the
synchronised additional fluid-borne acoustic signal data. In other embodiments, the relevant synchronised
acoustic data streams may be transferred by wireless or wired network arrangement to a central data store

for subsequent processing offline.
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[00117] In another embodiment, an approach based on coherence in frequency space may be
adopted. In one example, where there are two or more measurements of the fluid-borne acoustic signal
these may be processed to generate a time window of acoustic signal data where the fluid-borne acoustic

signal data is reinforced due to it being strongly correlated.

[00118] As an example, consider two signals, x, which represents an accelerometer on a hydrant
configured to measure the fluid-borne acoustic signal data, and y,which represents a hydrophone located
in the hydrant which measures additional fluid-borne acoustic signal data. Then if both signals are
representative of the fluid-borne acoustic signal travelling in the pipeline, then COPy x, = Gy x, Cx oy,
represents the power spectral density of the accelerometer that is correlated with the hydrophone

effectively removing any noise that is not common to both and reinforcing the signal.

[00119] As would be appreciated, the above enhancement processes based on simultaneous and
synchronised measurement of additional acoustic signal data may be cascaded or run together as
appropriate to progressively reinforce the desired fluid-borne acoustic signal or to remove undesired
signal components that are commonly measured. It will also be understood that the above techniques may

be interchangeably applied in the time domain or frequency domain depending on requirements.

[00120] Referring back to Figure 2, at step 230 the first time window of acoustic signal data is
benchmarked with respect to historical background acoustic signal data that characterises the pipeline
supply network to in turn generate a corresponding “background benchmarked” first time window of

acoustic signal data.

[00121] Referring now to Figure 12, there is shown a flowchart of a method 2500 for
benchmarking a time window of acoustic signal data according to an illustrative embodiment. In this
example, a first time window of acoustic signal data 2520 is benchmarked with respect to historical
background acoustic signal data 2510. As will be seen in the discussion below, a benchmarking process in
accordance with the present disclosure may be applied to any two sets of acoustic signal data. As would
be appreciated, in one example the time window of acoustic signal data may have been enhanced or
“cleaned” in accordance with the above methods where appropriate additional acoustic signals have been

measured by environmental acoustic sensors or further fluid acoustic sensors as the case may be.

[00122] In one example, the historical background acoustic signal data is based on acoustic signal
data measured at the selected location in the pipeline supply network 100 corresponding to the location of
the sensors. In another example, the historical background acoustic noise data may be based on one or
more measurements taken from sensors located throughout the pipeline supply network 100. In another

example, the historical background acoustic signal data is selected from a predetermined time period
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relative to the first time window. Examples of this selection of historical background acoustic signal data
may include, but not be limited to:
e background acoustic signal data chosen from a period 30 days prior to the current time of the first
time window as a result taking into account potential monthly variations in the background; or
e background acoustic signal data chosen from a period 7 days prior to the current time of the first

time window as result taking into account potential weekly variations in the background.

[00123] In one example, the historical background acoustic signal data is taken from a time period
substantially matching the time of day that corresponds to the first time window of acoustic signal data as
a result taking into account potential daily variations in the background. In another example, the acoustic
signal data is formed from a number of days of historical background acoustic signal data. Examples
include, but are not limited to:

e background acoustic signal data formed from the first 7 days or otherwise comprising a weekly

characterisation of the pipeline supply network; or
¢ background acoustic signal data formed over the last 30 days or from the first 15 days of the last

30 days as a result providing a longer term characterisation of the pipeline supply network.

[00124] At step 2530, the spectral content difference is determined between the first time window

of acoustic signal data 2520 and the historical background acoustic signal data 2510.

[00125] Referring now to Figure 13, there is shown an example method 2530 for determining the

spectral content difference corresponding to step 2530 of Figure 12 according to an illustrative

embodiment.

[00126] At step 2531, the spectral content of the historical background acoustic signal data is
determined.

[00127] In one embodiment, historical background acoustic signal data x,(t) may comprise a

vector X, (n) having time index n and containing N; samples as would be acquired by the sensors and
associated DAQ system corresponding to a time period [0, T1] and where the spectral content is determined

by forming a spectrogram or spectrum. As such, the relevant sampling frequency Fy is then N; /T;.

[00128] In one example, the vector x;, (1) comprises multiple different segments of historical acoustic
signal data that characterise the pipeline supply network as discussed above which are then concatenated
together to form an overall vector whose spectral content is to be determined. As an example, x,(n) may be
formed to characterise the pipeline supply network over a particular time of day, a whole day, a week, a

month or even a year.
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00129 The spectrogram SX;, of x}, is formed by first taking the discrete Fourier Transform
p g b y g
M-1
21tk .
X, (k) = be(n)e_LM"where k=1, M Equation 3
n=1
[00130] of the consecutive short windows of the data which might be [x,(1), x,(2),x,(3), -,

xp(M)] and then the window [x,(1 + As), x,(2 + As),x,(3 + As), -, xp(M + As)] and so on, with M
being the length of the sliding window, and As being the step between consecutive windows. Then the
absolute value of X, (k) is squared for all the consecutive short windows to yield the spectrogram SX,.
Accordingly, the spectrogram SX,, of x;, with window size M is then a matrix whose columns are the DFT
of the windows x;, where the rows of SX}, are indexed by frequency and the columns are indexed by time.
A window size is determined that allows the spectral content to be characterised in time and depends on
the sample frequency. In one non-limiting example, a window size of 1024 may be adopted where a
sampling frequency of 4681 Hz has been originally employed. As this process is not a coherent method,
long windows are not necessarily required to capture the impulse response function and as such the

window size is only required for resolving broad frequency structures in the spectrum.

[00131] At step 2532, the spectral content of the first time window of acoustic signal data is
determined. By analogy, the first time window of acoustic signal data x,,(¢) may comprise a vector x;,(1n)
having time index n and containing N, samples as would be acquired by the sensors and associated DAQ
system corresponding to a time period [0, T;] and the spectral content is determined by forming a
spectrogram or spectrum. In this case, the relevant sampling frequency F is then N, /T,. As would be
appreciated, interpolation techniques may be used to vary the size of vectors and the associated sampling

frequencies as required.

[00132] The spectrogram SX,, of x,, is then formed by first taking the discrete Fourier Transform
M-1
_2mk, .
X, (k) = Z xp(m)e "M “where k=1,-,M Equation 4
n=1
[00133] of the consecutive short windows of the data which might be [xp(l), x,(2),xp(3), -,

xp(M)] and then the window [xp(l + 4s), x,(2 +45),x,(3+ As), -+, x, (M + As)] and so on, with M
being the length of the sliding window, and As being the step between consecutive windows. Then the
absolute value of X, (k) is squared for all the consecutive short windows to yield the spectrogram SX,,.
Accordingly, the spectrogram SX,, of x,, with window size M is then a matrix whose columns are the DFT

of the windows x;, where the rows of SX,, are indexed by frequency and the columns are indexed by time.
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[00134] At step 2533, the difference between the spectral content of the background acoustic
signal data 2510 and the spectral content of the first time window of acoustic signal data 2520 is
determined. In one example, the expected background spectrum X, is first calculated by normalising
SX,. In one embodiment, this involves calculating the complex magnitude of the spectrogram SX,, after
which the mean of each column is determined which is then used to scale the values in each of the
columns of SXj,. In another example, a low pass filter such with an auto-regressive filter may be applied

to the values.

[00135] Once puX, has been determined, then the spectral content difference D (k) may be

determined as follows:

1Xp (k)
D(k) = —— X, (k) Equation 5
X, ()| 7
[00136] Referring back to Figure 12, once the spectral content difference has been determined at

step 2530, at step 2540 of Figure 12 this determined spectral content difference is then removed from the
first time window of acoustic signal data to generate the corresponding background benchmarked first

time window of acoustic signal data 2550.

[00137] Referring now to Figure 14, there is shown an example method 2540 for removing the
spectral content difference from the first time window of acoustic signal data corresponding to step 2540

of Figure 12 according to an illustrative embodiment.

[00138] At step 2541, the spectral content difference D(k) is applied in the frequency space to the
spectral content of the first time window of acoustic signal data to generate a spectrally modified first

time window X (k) as follows:

Xs(k) = max(X,(k) — D(k),0) Equation 6

[00139] As the removal of spectral energy from X, (k) cannot result in energy levels that drop

below 0 the “max” function is used to set an effective floor for X (k).

[00140] At step 2542, the spectrally modified first time window is transformed to the time domain
to generate the background benchmarked first time window of acoustic signal data, ie x. In one example,
the inverse discrete Fourier Transform is applied to each column in the X (k) to reconstruct in the time
domain the background benchmarked first time window, x, as follows by adopting the windowing used

previously:
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M-1
1 2mn, .
x5(n) = MZ X, (k)e" ™M “where n=1,---,M Equation 7
k=1
[00141] Referring back to Figure 2, at step 240, following generation of the background

benchmarked acoustic signal data, an anomaly measure is determined where the anomaly measure is

indicative of a structural anomaly in the pipeline supply network.

[00142] In one example, the anomaly measure involves determining a noise measure for the
background benchmarked first time window acoustic signal data and then determining whether this noise

measure is different to a noise measure of the historical background acoustic signal data.

[00143] In the discussion below, the term “noise measure”, z, when considered in the context of a
time window of acoustic signal data is a statistical measure that corresponds to the degree of variability in
the time dependent signal comprising the acoustic signal data and includes, but is not limited to, RMS
noise, crest factor, kurtosis, band limited measurements relating to the spectral content of the acoustic

signal data, L10 and L90 values, or persistence in time.

[00144] In one embodiment, the anomaly measure is taken to indicate the presence of a structural
anomaly if the noise measure of the background benchmarked time window of acoustic signal data is
identified as being outside of a predetermined band. In this example, the outlier region (OR), which is the

area beyond the band, is defined as:

OR(A) = {z:z > Q3 + AIQR} Equation 8

[00145] where Q5 and IQR are the 75" percentile and interquartile range of in one example the
historical background acoustic signal data or other selected historical acoustic signal data. The percentile
and IQR in this example are chosen to define the band as they are more robust than mean and the standard
deviation. In one example, the background acoustic signal is compiled from the same time window as the

first time window for the previous 30 days.

[00146] In this example, 4 is a multiplier which controls the area of outlier region. In this case, 4

is a user-defined parameter which may be varied depending on the type of structural anomaly.

[00147] It is instructive here to review the multiple time scales that are of relevance to the

detecting a structural anomaly for the case of a utility scale pipeline supply network for water.
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e The variation in acoustic signal data associated with a structural anomaly such as a leak is at
frequencies typically in the range 1 — 10 kHz, ie individual pressure oscillations are in the order
of milliseconds.

e The variation in acoustic signal data associated with the transient environmental noise typically
ranges from seconds to minutes.

e The time windows of acoustic signal data required for processing in accordance with the present
disclosure will have a duration ranging from seconds to hours.

e The variation in acoustic signal data associated with diurnal patterns will naturally occur over the
time period of a day.

e A structural anomaly such as a leak may, once established, be stable for a period of hours, days or

months.

[00148] As would be appreciated, important objectives of a method for detecting structural
anomalies in pipeline supply network include that a leak related anomaly is detected as early as possible
and further to minimise the number of false detections. These objectives can demand contradictory
parameter settings. For the purpose of early detection, it is preferable to use a short length of the time
window and a low threshold value. However, these parameter settings can result in a large number of

false alarms at the same time.

[00149] In one example, directed to a utility scale pipeline network for delivering water involving
cast iron pipes, in order to achieve a balance between the rapidity of detection and the number of false
alarms, two different settings are used for different types of structural anomalies. Where the anomaly is a
developing circumferential or longitudinal crack, it is expected that the signal will increase and be
sustained for a few days or even a few months before there is a burst of the pipe and as such the response

time is less critical.

[00150] In one non-limiting example, a time window of L = 24 hours may be used for this type of
structural anomaly. Lower threshold values are used to increase the detectability. Given the longer time
window and resultant less noise measures, the number of false alarms is limited even if lower threshold
values are used. For a structural anomaly corresponding to a fast developing pipe crack such as a
corrosion patch blowout it may only take only a few minutes or hours from the first noticeable increase in
the signal to the occurrence of the pipe burst incident. Accordingly, for this type of structural anomaly the
detection needs to be as quick as possible so that the maintenance team has a chance to repair before pipe
bursts. As a result, a relatively short time window is used and the threshold for detection of a structural
anomaly is set to be high to account for the fast and significant changes introduced by the fast developing

incidents. In addition, a high threshold is helpful to reduce the number of false alarms.
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[00151] In one example, a parameters setting of (L = 24, A = 1.5) is used for detection of
developing cracks and a parameter setting of (L = 1, A = 15) is used for detection of fast developing

blowout incidents.

[00152] In another embodiment, the anomaly measure is taken to indicate the presence of a
structural anomaly if the cumulative sum of the difference between the noise measure of the background
benchmarked or comparison benchmarked time window of acoustic signal data (see below) and a

reference value is above a predetermined threshold.

[00153] Define the CUSUM C;" to be the cumulative differences between the noise measure of
the time window of the background benchmarked or comparison benchmarked acoustic signal data and

the reference value as follows:

Ct = max[0,C" | + z; — K] Equation 9

[00154] where z; is the respective noise measure, and K is the reference value, so that z; — K is
the deviation from the reference value. The choice of T; is based on the magnitude of the change in noise

measure introduced by a structural anomaly.

[00155] In this example, when C;" is greater than a user-defined threshold T}, then the anomaly

measure indicates the presence of a structural anomaly.

[00156] Considering the example of utility scale pipeline network involving cast iron pipes as
referred to above, a parameter setting (L =24, T; = 1) is used for detection of developing cracks, and
another setting (L = 1, T; = 10) is used for detection of fast developing blowout incidents. As would be
appreciated, the elevation in the noise measure can only be detected if the magnitude is greater than
threshold values. A greater threshold value may result in a pipe crack event remaining undetected while

smaller threshold values may result in a greater false alarm rate.

[00157] In yet another embodiment, the anomaly measure is taken to indicate the presence of a
structural anomaly if the background benchmarked or comparison benchmarked time window of acoustic

signal data exceeds the Kalman filter estimation of the expected signal by a predetermined threshold.

[00158] Kalman filtering provides a complete statistical characterisation of the current state of
knowledge of a dynamic system, including the influence of all past measurements. In one example,
Kalman filtering is employed to determine an estimate or prediction for the noise measure of the

background benchmarked or comparison benchmarked time window of acoustic signal data and the
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determination of the presence of a structural anomaly, such as a developing pipe crack, can be determined

if the noise measure is greater than Kalman filter estimation by a predetermined threshold.

[00159] Adopting the Kalman filtering approach, the current state X (k) of the system is computed

using the state equation

Xk)y=Xk-1)+4¢Q Equation 10

[00160] Where X (k — 1) is the previous state, @ is a random variable representing the process
noise. This state equation assumes that the current state is equal to the previous state. In one embodiment,
the previous state is determined based on the same time window but for the previous day recognising that
many aspects of the background acoustic signal will occur at the same time of day, ie, have a period of 24
hours, eg, the signal is low in the early morning and late night and high during working hours. As an
example, it is reasonable to assume that the noise measure between 0:00 am to 1:00 am today should be

very similar to the noise measure between 0:00 am to 1:00 am yesterday, if all other conditions remain

unchanged.

[00161] The measurement of noise Z with a Gaussian measurement noise R can be modelled by
Z(ky=Xk)+R Equation 11

[00162] Kalman filtering is conceptualised as two phases: a prediction and an update phase. The

prediction phase uses the state estimate at the previous time step to produce an estimate at the current

time step. The update phase updates and refines the state estimate using current observation information.

[00163] Predict phase 1. Predict state estimate
Xklk—-1)=X(k-1k-1) Equation 12
[00164] Predict phase 2. Predict error covariance
plklk —1) =plk— 11k — 1) + q(k) Equation 13
[00165] where g (k) is the covariance of Q.
[00166] Update phase 1. Calculate Kalman Gain
klk—1
glk) = pk] ) Equation 14

p(klk — 1) +r(k)

[00167] where r(k) is the covariance of R.
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[00168] Update phase 2. Update state estimation
X(klk) =X(k|lk—1) +gkK)[Z(k) — X(k|k — 1)] Equation 15
[00169] Update phase 3. Update parameter covariance
p(klk) =[1—-g®)]plklk — 1) Equation 16
[00170] In this example, when z — X (k|k) is greater than a user-defined threshold T, then the

anomaly measure indicates the presence of a structural anomaly. The choice of T, is based on the

magnitude of the change in noise measure introduced by a structural anomaly.

[00171] In this example, parameter setting (L = 24, T, = 1) is used for detection of developing

cracks, and another setting (L = 1, T, = 10) is used for detection of fast developing blowout incidents.

[00172] Other types of anomaly measures may be employed in accordance with the detection
method and system of the present disclosure including those disclosed in Australian Provisional
Application No 2019901401 titled “DETECTION OF STRUCTURAL ANOMALIES IN A PIPELINE
NETWORK?”, filed in the name of the present Applicants on 24 April 2019 and which is incorporated by

reference in its entirety in this disclosure.

[00173] Referring now to Figure 15, there is shown a flowchart of a method 600 for further
processing of acoustic signal data according to an illustrative embodiment. In this example, the presence
of a structural anomaly has been detected in the background benchmarked first time window of acoustic

signal data.

[00174] At step 620 a subsequent second time window of acoustic signal data is generated based
on acoustic signal data measured after the acoustic signal data that the first time window of acoustic
signal data is based on. In one example, the second time window corresponds to acoustic signal data that
is measured immediately after the acoustic signal data forming the basis for the first time window. In
another embodiment, the second time window corresponds to acoustic signal data that is measured after a
predetermined time interval after the time corresponding to the first time window that is selected based on
the type of structural anomaly that is detected and whether that structural anomaly is expected to develop

quickly or over an extended period.

[00175] As discussed with respect to Figures 5 and 6, the generation of the second time window
of acoustic signal data may include removing a coherent signal that is present in both the fluid-borne and
synchronised environmental acoustic signal data as measured by water and and/or ground acoustic

sensors from the fluid-borne acoustic signal data in order to generate the second time window. Similarly,
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and as discussed with respect to Figures 10 and 11, the generation of the second time window may
include reinforcing a coherent acoustic signal present in both the fluid-borne and synchronised additional

fluid-borne acoustic signal data in the fluid-borne acoustic signal data.

[00176] At step 630, the subsequent second time window of acoustic signal data is benchmarked
with respect to the first time window of acoustic signal data to determine a corresponding “comparison
benchmarked” second time window of noise reduced acoustic signal data. In this specification, the term
“comparison benchmarked” signifies that the associated acoustic signal data has been benchmarked in
comparison to a selected earlier time window of acoustic signal data as compared to the term
“background benchmarked” which signifies that the associated acoustic signal data has been
benchmarked relative to the acoustic signal data that is indicative of the background behaviour of the
pipeline supply network 100. In accordance with the present disclosure, the benchmarking process may
be carried out in line with the method described with respect to Figures 12 to 14, excepting that in this
case the benchmarking is with respect to the first time window of acoustic signal data which takes the

place of the background acoustic signal data 2510 as illustrated in Figure 12.

[00177] At step 640, the anomaly measure is then determined for the comparison benchmarked
second time window of acoustic signal data and at step 650 the structural anomaly is characterised by
comparing the anomaly measure that has been determined for the background benchmarked first time
window of acoustic signal data and the comparison benchmarked second time window of acoustic signal

data.

[00178] As would be appreciated, by benchmarking the second time window of acoustic signal
data relative to the first time window of acoustic signal data, the acoustic signal corresponding to the
structural anomaly that was detected in the first time window will set a baseline level against which the
second time window of acoustic signal data may then be compared to. As a result, a comparison of the
anomaly measure that has been determined for the background benchmarked first time window and the
comparison benchmarked second time window which has been benchmarked against the first time
window will characterise the structural anomaly. In one example, the structural anomaly may be
determined to be increasing in effect or remaining unchanged for the time period between when the first

and second time windows were respectively generated.

[00179] In another embodiment, depicted at steps 660 and 670, the subsequent second time
window of acoustic signal data is benchmarked with respect to the background acoustic signal data to
generate a background benchmarked second time window of acoustic signal data and the anomaly
measure is determined at step 670 based on this background benchmarked second time window of
acoustic signal data. This process is similar to steps 230 and 240 referred to in Figure 2 above

incorporating the benchmarking process described with reference to Figures 12 to 14.
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[00180] As can be seen by inspection, the left hand (ie steps 630, 640 and 650) and right hand
branches (ie steps 660 and 670) perform different comparison functions. The left branch compares the
current acoustic signal (ie, the second time window) to a previously determined acoustic signal (ie, the
first time window) as compared to the right branch which compares the current acoustic signal (ie, the
second time window) with the background acoustic signal. In this manner, the left hand branch
characterises the dynamic behaviour or gradient of the structural anomaly as compared to the right hand

branch which signifies the presence or otherwise of the structural anomaly.

[00181] This process may then be repeated as required by generating third, fourth, fifth time,
windows of acoustic signal data taken at subsequent later times and then processing these with respect to
acoustic noise data corresponding to one or more of the previous time windows of acoustic signal data or

to the background acoustic noise data as required.

[00182] Referring now to Figure 16, there are shown first and second plots 700, 750 of acoustic
signal data determined according to an illustrative embodiment. First plot 700 shows a time window of
background acoustic signal data 710 and a subsequent first time window of acoustic signal data 720. In
this example, the time window of background acoustic signal data 710 comprises a 10 second window of
acoustic signal data taken from “Day One” and second time window 720 comprises a subsequent 10
second window of acoustic signal data taken from “Day Two” at a corresponding time. In this example,
time window 710 is taken to be background acoustic signal data that characterises the background
behaviour of pipeline supply network 100 (see step 230 of Figure 2). In this example, an initial six second
window 711 of time window 710 is employed but as would be appreciated, and in accordance with the
present disclosure, the background acoustic signal data may be formed of any time window or
composition of time windows of acoustic signal data that characterises the pipeline supply network. This
includes selecting the “background” time window to correspond to the time window in which

measurements are to be taken on an ongoing basis.

[00183] Referring now to plot 750, there is shown background benchmarked first time window of
acoustic signal data 770 resulting from benchmarking the first time window of acoustic signal data 720
with respect to the background acoustic signal data corresponding to time window 710. In this example, it
can be seen from visual inspection that there is no indication of a structural anomaly in the background
benchmarked first time window of acoustic signal data 770. Plot 750 also shows reference time window
760 which is the result of the background acoustic signal data 710 being benchmarked with respect to

itself. As expected, reference time window 760 shows no indication of a structural anomaly.

[00184] Referring now to Figure 17, there are shown first and second plots 800, 850 of acoustic
signal data determined according to an illustrative embodiment. First plot 800 shows the time window of

background acoustic signal data 710 depicted in Figure 16 and a subsequent second time window of
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acoustic signal data 820. As with Figure 16, in this example, the time window of background acoustic
signal data 710 comprises a 10 second window of acoustic signal data taken from “Day One”. Second
time window 820 comprises a subsequent 10 second window of acoustic signal data taken from in this
example “Day Three” at a corresponding time. Time window 710 is once again taken to be background
acoustic signal data that characterises the background behaviour of pipeline supply network 100 (see step

230 of Figure 2).

[00185] Referring now to plot 850, there is shown a background benchmarked second time
window of acoustic signal data 870 resulting from benchmarking the second time window of acoustic
signal data 820 with respect to the background acoustic signal data corresponding to time window 710. In
this example, it can be seen from visual inspection, and by comparison with “Day 2” (eg, see acoustic
signal data 770 in Figure 16) that there is now an indication of a structural anomaly (ie, a crack/leak in
this example) in the form of a high frequency signal in the background benchmarked second time window
of acoustic signal data 870 corresponding to the second time window 820. As with plot 750, plot 850 also
shows time window 760 which is the result of the background acoustic signal data 710 being

benchmarked with respect to itself.

[00186] Referring now to Figure 18, there are shown first and second plots 900, 950 of acoustic
signal data determined according to an illustrative embodiment. First plot 900 shows the time window of
background acoustic signal data 710 depicted in Figure 16 and a subsequent third time window of
acoustic signal data 920. As with Figure 16, in this example, the time window of background acoustic
signal data 710 comprises a 10 second window of acoustic signal data taken from “Day One”. Third time
window 920 comprises a subsequent 10 second window of acoustic signal data taken from in this
example “Day Four”. Time window 710 is once again taken to be background acoustic signal data that

characterises the background behaviour of pipeline supply network 100 (see step 230 of Figure 2).

[00187] Referring now to plot 950, there is shown a background benchmarked third time window
of acoustic signal data 970 resulting from benchmarking the third time window of acoustic signal data
920 with respect to the background acoustic signal data corresponding to time window 710. Once again, it
can be seen from visual inspection of the background benchmarked third time window of acoustic signal
data 970 corresponding to the third time window 920 that the structural anomaly identified for “Day 3” is
still present. As with plot 750, plot 950 also shows time window 760 which is the result of the

background acoustic signal data 710 being processed with respect to itself.

[00188] As can be seen from inspection, the scenarios depicted in Figures 16, 17 and 18
correspond to the right hand branch of Figure 15 as discussed above where the respective time windows
of acoustic signal data are compared to baseline or background acoustic signal data that characterises the

pipeline supply network.
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[00189] Referring now to Figure 19, there are shown first and second plots 1000, 1050 of acoustic
signal data determined according to an illustrative embodiment. First plot 1000 shows the first time
window of acoustic signal data 720 depicted in Figure 16 corresponding to “Day 2” and a subsequent
second time window of acoustic signal data 820 corresponding to “Day 3” as depicted in Figure 17. As
with Figure 16, the first time window of background acoustic signal data 720 comprises a 10 second
window of acoustic signal data taken from “Day Two” and the second time window 820 comprises a

subsequent 10 second window of acoustic signal data taken from in this example “Day Three”.

[00190] Referring now to plot 1050, there is shown a comparison benchmarked second time
window acoustic signal data 1070 resulting from benchmarking in this case the second time window of
acoustic signal data 820 with respect to first time window of acoustic signal data 720 (see step 630 of
Figure 15). This may be contrasted with the approach shown in Figure 17 where the benchmarking is with
respect to the background acoustic signal data which in this case corresponded to “Day 1”. In this case,
because there was no structural anomaly in the first time window 720 corresponding to “Day 2” and the
structural anomaly is present in the second time window 820 corresponding to “Day 37, the difference
between the de-noised “Day 2” 780 (ie, result of the first time window 720 being benchmarked with
respect to itself) and the corresponding comparison benchmarked second time window 1070 indicates the

formation of a structural anomaly.

[00191] Referring now to Figure 20, there are shown first and second plots 1100, 1150 of acoustic
signal data determined according to an illustrative embodiment. First plot 1100 shows the second time
window of acoustic signal data 820 first depicted in Figure 17 and also in Figure 19 corresponding to
“Day 3” and a subsequent third time window of acoustic signal data 920 corresponding to “Day 4 as

depicted in Figure 18.

[00192] Referring now to plot 1150, there is shown a comparison benchmarked third time
window of noise of acoustic signal data 1170 resulting from benchmarking in this case the third time
window of acoustic signal data 920 with respect to the second time window of acoustic noise data 820.
Again, this may be contrasted with the approach shown in Figure 18 where the de-noising is with respect
to the background acoustic noise data which in this case corresponded to “Day 1”. In this case, the third
comparison benchmarked third time window 1170 shows virtually no signal signifying that the structural
anomaly is still present but that it has not increased, ie the structural anomaly identified at “Day 3” is still
present at “Day 4”. Plot 1150 also shows time window 860 which is the result of the second time window
820 being processed with respect to its own noise data. In the case where the comparison benchmarked
third time window of acoustic data 1170 does show the presence of a signal then this will indicate that

there has been a further development in the structural anomaly between in this case “Day 3” and “Day 4”.
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[00193] As can be seen from inspection, the scenarios depicted in Figures 19 and 20 correspond
to the left hand branch of Figure 15 as discussed above where the respective time windows of acoustic
signal data are compared to preceding time windows of acoustic signal data in order to show the time

development or gradient of the structural anomaly over the time.

[00194] While the above examples have been described by reference to visual inspection of the
plots in Figures 16 to 20, it would be appreciated that relevant anomaly measures would be determined
for the respective time windows of noise reduced acoustic signal data in accordance with the present

disclosure and relevantly compared in order to characterise the structural anomaly.

[00195] Referring once to Figure 2, in the scenario at step 240 when it is determined that the first
time window of background noise reduced acoustic signal data does not include the presence of a
structural anomaly then in another embodiment the background acoustic signal data may be supplemented

with the first time window of acoustic signal data to further characterise the pipeline supply network 100.

[00196] Methods and systems for detecting a structural anomaly in a pipeline supply network
implemented in accordance with the present disclosure provide a number of substantive benefits over
previous techniques. It is often a feature of the structural anomalies that the associated acoustic signal will
present similarly to general background acoustic “noise” of the pipeline supply network. One example is
a through-wall crack induced discharge whose acoustic signal is typically small compared to the ambient

background acoustic benchmark noise.

[00197] In this case, any visual inspection of a trace of the acoustic signal data or listening to the
sensor noise will be unable to discern the small changes in magnitude or frequency caused by a structural
anomaly such as discharge through a pipe crack. By being able to benchmark the acoustic signal data
against the historical background acoustic data associated with the pipeline supply network, this will
substantially reduce the background noise component from the acoustic signal data and as a result
increase the ability of the present method and system to detect the present of a structural anomaly by

calculation of suitable anomaly measures.

[00198] Furthermore, as exemplified in one embodiment of the present disclosure, by
respectively benchmarking signals against each other over successive time periods, the gradient of a
signal corresponding to a structural anomaly may be characterised and analysed as small changes can be

discerned in the signal without being swamped by the presence of the structural anomaly.

[00199] In addition, embodiments of the present disclosure provide methods for enhancing water-
borne acoustic signal data prior to any benchmarking process by either removing signals that are both

present in water-borne acoustic signal data and associated environmental acoustic signal data or by



200 \

Figure 2

210

Receive Acoustic Signal Data

Generate First Time Window
of Acoustic Signal Data

220

A

230

Benchmark First Time
Window Based on Historical
Background Acoustic Signal
Data to Generate Background

Benchmarked First Time
Window

A

240

Determine Anomaly Measure
to Indicate Presence of the
Structural Anomaly




WO 2020/215117 PCT/AU2020/000036
35
predominantly fluid-borne, ground-borne or air-borne vibro-acoustic energy respectively. It is the nature
of these vibro-acoustic systems that the components of the system will be coupled in an acoustic sense
and, as an example, a sensor configured to measure fluid-borne vibro-acoustic energy will also sense

other forms of vibro-acoustic energy transmitted through the ground, air, pipe wall and the like.

[00204] In one example, the DAQ module may comprise a NI CRIO 9040 DAQ
processor/controller configured to receive one or more NI 9232 voltage input cards for acquiring the
output from the various sensors and also to receive a NI 9237 4 channel bridge module to receive the

outputs from acoustic sensors in the form of pressure transducers.

[00205] Each of the acoustic signal outputs from the sensors may be sampled at different rate.
Exemplary sampling rate ranges include, but are not limited to, greater than 0 kHz and less than 1 kHz, 1
kHz -2 kHz, 2 kHz - 3 kHz, 3 kHz — 4 kHz, 4 kHz — 5 kHz, 5 kHz — 6 kHz, 6 kHz — 7 kHz, 7 kHz —

8 kHz, 8 kHz — 9 kHz, 9 kHz — 10 kHz, or greater than 10 kHz. In another example embodiment, the
acoustic signal outputs of one or more of the sensors may be sampled synchronously, ie, at the same

frequency.

[00206] In this example, the DAQ module may be configured so that acoustic signal data may be
transmitted from the sensors (and DAQ module) and control requests (automated or otherwise) may be

sent to the DAQ module (eg, to adjust data type sampling rates).

[00207] In one example, the acoustic signal data received from the various acoustic sensors is

synchronised in time to an accuracy of approximately 1 microsecond or better.

[00208] As discussed above, in one example the synchronisation of acoustic signal data may be
achieved by a centralised GPS module forming part of the DAQ module that applies a synchronised time
stamp to each of the incoming data streams from the respective acoustic sensors. In another example, one
or more of the acoustic sensor may themselves include a local GPS module to provide this
synchronisation capability, ie to synchronise any sensor based on-board clocks to the GPS signal. In one
example, the on-board clocks may be aligned with the GPS PPS 1 Hz signal that is accurate to within 90
nano-seconds of the high resolution clocks on the relevant GPS satellites. In one example, the DAQ
module may update the timing every second while in GPS synchronised mode. As would be appreciated,

this time may be lengthened depending on the accuracy of the internal DAQ module or sensor clocks.

[00209] As would be appreciated, other synchronisation arrangements not necessarily involving

GPS systems may be adopted (ie, synchronisation in the order of 1 micro-second).
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[00210] In another example, the synchronisation of acoustic signal data that has been
simultaneously measured from different sensors may be achieved using suitable signal processing
techniques in either the frequency or time domain in which case the time synchronisation of the sensors

need only be in the 100s of micro-seconds.

[00211] In one example embodiment, the acoustic sensors may be distributed over an extended
distance and in this case the relevant acoustic signal data would be timing compensated based on the
distance of the sensor from the measurement station to allow relevant correlations and coherence between
the signal to be exploited as described above with respect to Figures 5-11 to produce enhanced signals

that may be distinguished from the background noise.

[00212] The acoustic signal data may be stored locally at the DAQ module and/or transmitted
from the DAQ to a cloud or other remote storage by any suitable communications means. In one example,
the transmission of data (and receipt of new control instructions) is achieved via a mobile GSM

communications module incorporated into the DAQ module.

[00213] In one example, the DAQ module is configured to generate and transmit summary
statistical information for each sensor at a selectable rate for each acoustic sensor (eg, 10 minutes). For
the accelerometers, hydrophones and microphones these statistics may include, but are not limited to:

e root mean square (RMS) magnitude;

e change in RMS;

e median frequency level;

e current frequency/spectral levels (magnitudes);

e peak magnitude; or

e entropy measures.

[00214] For the pressure transducers the statistics may include, but are not limited to:
e any selection of the values listed in relation to the sensors above; and/or
e mean pressure;
®  maximum pressure;
e  minimum pressure; or

e pressure flux level (sustained band size).

[00215] In addition to the summary statistical information, acoustic and pressure magnitude data
(eg, RMS values) may be continuously transmitted for all sensors (accelerometers, hydrophones,
microphones and pressure transducers) at a selectable (and adjustable) rate. In various non-limiting

examples, the summary statistical information may be updated every minute, every 10 minutes, hourly or
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daily. In other examples, different subsets of the summary statistical information may be updated at
different rates dependent on requirements. As would be appreciated, these update rates may be varied by

the use of suitable control signals sent to the sensor or DAQ module.

[00216] The statistical and continuous acoustic magnitude data will be subject to anomaly
detection and characterisation analysis in accordance with the present disclosure. Some of this change
and fault detection may be undertaken locally at the DAQ module before data transmission. In one
example, on detection of an anomaly the DAQ module may adjust the type and rate of data collection
occurs such that additional data is rapidly transmitted to remote cloud and/or remote premises servers

where more extensive processing occurs to characterise the structural anomaly.

[00217] In one example, following the detection of a structural anomaly, commands may be sent
remotely to the DAQ module to change the type and rate of data collection and then store and transmit
this additional data for analysis. In one non-limiting example, following the detection of a structural
anomaly, the length and rate of sound file measurement might be increased from 10 seconds once per day
to 30 seconds every 30 minutes based on a change (increase) in the continuously measured and

transmitted acoustic signal data for a given location.

[00218] In one example, where the DAQ module is based on a National Instruments™

architecture, the user interface to the DAQ module employs the LabVIEW ™ software system.

[00219] Throughout the specification and the claims that follow, unless the context requires
otherwise, the words “comprise” and “include” and variations such as “comprising” and “including” will
be understood to imply the inclusion of a stated integer or group of integers, but not the exclusion of any

other integer or group of integers.

[00220] The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgement of any form of suggestion that such prior art forms part of the common general

knowledge.

[00221] It will be appreciated by those skilled in the art that the invention is not restricted in its
use to the particular application described. Neither is the present invention restricted in its preferred
embodiment with regard to the particular elements and/or features described or depicted herein. It will be
appreciated that the invention is not limited to the embodiment or embodiments disclosed, but is capable
of numerous rearrangements, modifications and substitutions without departing from the scope of the

invention as set forth and defined by the following claims.
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CLAIMS

1. A method for detecting a structural anomaly in a pipeline supply network, the pipeline supply
network configured to supply fluid to multiple receiving locations, comprising:

receiving acoustic signal data from a selected location in the pipeline supply network;

generating a first time window of acoustic signal data based on the acoustic signal data;

benchmarking the first time window of acoustic signal data with respect to historical background
acoustic signal data characterising the pipeline supply network to generate a corresponding background
benchmarked first time window of acoustic signal data; and

determining an anomaly measure for the background benchmarked first time window of acoustic

signal data, wherein the anomaly measure indicates a presence of the structural anomaly.

2. The method of claim 1, wherein benchmarking the first time window of acoustic signal data with
respect to historical background acoustic signal data characterising the pipeline supply network includes:
determining an estimated spectral content difference between the first time window of acoustic
signal data and the historical background acoustic signal data; and
removing the spectral content difference from the first time window of acoustic signal data to

generate the corresponding background benchmarked first time window of acoustic signal data.

3. The method of claim 2, wherein determining an estimated spectral content difference between the
first time window and the background acoustic signal data includes:

determining the spectral content of the historical background acoustic signal data;

determining the spectral content of the first time window of acoustic signal data; and

determining in frequency space the difference between the spectral content of the background

acoustic signal data and the spectral content of the first time window of acoustic signal data.

4, The method of claim 3, wherein removing the spectral content difference from the first time
window of acoustic signal data includes:

applying in frequency space the spectral content difference to the spectral content of the first time
window of acoustic signal data to generate a spectrally modified first time window; and

transforming the spectrally modified first time window to the time domain to generate the

corresponding background benchmarked first time window of acoustic signal data.

5. The method of any one of claims 1 to 4, further comprising on determining the presence of the
structural anomaly in the background benchmarked first time window of acoustic signal data then:

generating a subsequent second time window of acoustic signal data;
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benchmarking the subsequent second time window of acoustic signal data with respect to the first
time window of acoustic signal data to generate a corresponding comparison benchmarked second time
window of acoustic signal data;

determining the anomaly measure for the comparison benchmarked second time window of
acoustic signal data; and

characterising the structural anomaly by comparing the anomaly measure determined for the
background benchmarked first time window of acoustic signal data with the anomaly measure determined

for the comparison benchmarked second time window of acoustic signal data.

6. The method of claim 5, wherein characterising the structural anomaly includes determining
whether the structural anomaly is increasing, reducing or remains unchanged for a time period between

the first and second time windows.

7. The method of any one of claims 5 or 6, wherein benchmarking the subsequent second time
window of acoustic signal data with respect to the first time window of acoustic signal data includes:
determining the spectral content difference between the second time window of acoustic signal
data and the first time window of acoustic signal data; and
removing the spectral content difference from the second time window of acoustic signal data to

generate the corresponding comparison benchmarked second time window of acoustic signal data.

8. The method of claim 7, wherein determining the spectral content difference between the second
time window and the first time window includes:

determining the spectral content of the first time window of acoustic signal data;,

determining the spectral content of the second time window of acoustic signal data; and

determining in frequency space the difference between the spectral content of the first time
window of acoustic signal data and the spectral content of the second time window of acoustic signal

data.

9. The method of claim 8, wherein removing the spectral content difference from the second time
window of acoustic signal data includes:
applying in frequency space the spectral content difference to the spectral content of the second
time window of acoustic signal data to generate a spectrally modified first time window; and
transforming the spectrally modified second time window to the time domain to generate the

corresponding background benchmarked second time window of acoustic signal data.

10. The method of any one of claims 5 to 9, comprising:



WO 2020/215117 PCT/AU2020/000036
40
benchmarking the second time window of acoustic signal data with respect to background
acoustic signal data characterising the pipeline supply network to generate a corresponding background
benchmarked second time window of acoustic signal data; and
determining the anomaly measure for the background benchmarked second time window of

acoustic signal data.

11. The method of any one of claims 1 to 10, further comprising on determining that the background
benchmarked first time window of acoustic signal data does not indicate the presence of the structural
anomaly then supplementing the background acoustic signal data with the first time window of acoustic

signal data to further characterise the pipeline supply network.

12. The method of any one of claims 1 to 11, wherein measuring acoustic signal data at the selected
location includes measuring at the selected location fluid-borne vibro-acoustic energy transferred by fluid

moving through the pipeline supply network to generate fluid-borne acoustic signal data.

13. The method of claim 12, wherein generating the first time window of acoustic signal data
includes enhancing the fluid-borne acoustic signal data with other simultaneously measured synchronised

acoustic signal data.

14. The method of claim 13, wherein enhancing the fluid-borne acoustic signal data with other
simultaneously measured synchronised acoustic signal data includes:

simultaneously measuring environmental vibro-acoustic energy proximal to the selected location
to generate synchronised environmental acoustic signal data; and

processing the fluid-borne acoustic signal data to remove from the fluid-borne acoustic signal
data, a coherent acoustic signal present in both the fluid-borne and the synchronised environmental

acoustic signal data for the time window.

15. The method of claim 14, wherein processing the fluid-borne acoustic signal to remove the
coherent acoustic signal includes adaptively filtering the fluid-borne acoustic signal data with respect to
the synchronised environmental acoustic signal data by a LMS filter that seeks to minimise an error

between an output signal and a desired signal comprising the fluid-borne acoustic signal data.

16. The method of claim 14, wherein processing the fluid-borne acoustic signal to remove the
coherent acoustic signal includes determining a non-coherent output power of the fluid-borne acoustic

signal data with respect to synchronised environmental acoustic signal data.

17. The method of any one of claims 14 to 16, wherein simultaneously measuring environmental

vibro-acoustic energy proximal to the selected location includes simultaneously measuring air-borne
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vibro-acoustic energy in the space proximal to the selected location to generate synchronised

environmental acoustic signal data comprising air-borne acoustic signal data.

18. The method of any one of claims 14 to 16, wherein simultaneously measuring environmental
vibro-acoustic energy proximal to the selected location includes simultaneously measuring ground-borne
vibro-acoustic energy in the ground proximal to the selected location to generate synchronised

environmental acoustic signal data comprising ground-borne acoustic signal data.

19. The method of claim 13, wherein enhancing the fluid-borne acoustic signal data with other
simultaneously measured acoustic signal data includes:

simultaneously measuring fluid-borne vibro-acoustic energy at a different location to the selected
location to generate synchronised additional fluid-borne acoustic signal data; and

processing the fluid-borne acoustic signal to reinforce in the fluid-borne acoustic signal data, a
coherent acoustic signal present in both the fluid-borne and synchronised additional fluid-borne acoustic

signal data for the time window.

20. The method of claim 19, wherein processing the fluid-borne acoustic signal to reinforce a
coherent acoustic signal present in both the fluid-borne and synchronised additional fluid-borne acoustic
signal data includes adaptively filtering the fluid-borne acoustic signal data with respect to the
synchronised additional fluid-borne acoustic signal data by a LMS filter that seeks to minimise an error

between an output signal and a desired signal comprising the fluid-borne acoustic signal data.

21. The method of claim 19, wherein processing the fluid-borne acoustic signal to reinforce the
coherent acoustic signal includes determining a coherent output power of the fluid-borne acoustic signal

data with respect to synchronised additional fluid-borne acoustic signal data.

22. The method of any one of claims 2 to 17, wherein the first and second time windows of acoustic
data are selected from a time when the corresponding background acoustic noise of the pipeline supply

network is below a minimum threshold.

23. The method of any one claims 2 to 17, wherein the first and second time windows of acoustic

data are selected from acoustic signal data measured at the same time of day.

24. The method of any one of claims 1 to 23, wherein the structural anomaly comprises a leak in the

pipeline supply network.

25. The method of claim 24, wherein the pipeline supply network comprises a cast iron pipe, and

wherein the structural anomaly includes a circumferential or longitudinal crack in the cast iron pipe.
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26. The method of any one of claims 1 to 25, further comprising measuring the acoustic signal data at
the selected location.
217. A detection system for detecting a structural anomaly in a pipeline supply network, the pipeline

supply network configured to supply fluid to multiple receiving locations, comprising:

a sensor network including a plurality of measurement stations for measuring acoustic signal data
at plurality of locations in the pipeline supply network;

one or more data processors operatively connected to the sensor network and configured to carry

out the method of any one of claim 1 to 25.



