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(57) Abstract: The invention concerns a manufacturing process monitor, in particular a machining process, and a method of multi-
parameter data acquisition and analysis for process diagnostics. Multiple sensors (14, 16, 18, 20, 22) are attached to a machine
tool (2) to monitor a plurality of machining parameters including machine power consumption, acoustic emissions, vibration, power
and force. During each operation the sensor outputs (24, 26, 28, 30, 32, 34, 38, 40) are repeatedly sampled (36) and processed
(46) to provide a signature (54) characteristic of the operation. The data is analysed to determine the limits of a normal machining
operation, including the condition and status of the tools (6) and equipment (2). By storing the signatures (50) for a large number of
operations of known "normal" and "abnormal" outcomes a data population is created with which new signatures can be compared
and a diagnostic indication (54) produced. Warnings of abnormalities and abnormal events, such as tool damage, may be produced
automatically and in real-time.
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MACHINING PROCESS MONITOR

The invention relates to a method of process monitoring a component manufacturing

operation and process monitor apparatus.

In particular the invention concerns on-line detection and recognition of manufacturing
process malfunctions or abnormal operations and events, and their resulting

component anomalies, using an advanced signal-processing algorithm.

Data collection for the purpose of process monitoring in a number of industries has
been performed for many years. |t has been applied to monitor the condition of the
product, the process, and the machines performing the process and tools that may be
used by the machines. Typically a plurality of sensors have been attached or
positioned to collect data about a number of variables. The sensor outputs are linked to
a data collection and analysis processor in which they are compared with stored values
and the process etc. is judged to be operating within or outside expected parameters.
Data répresenting a “good” process are first collected, for example in a cutting process
using new tools, so that the system is taught or learns what is a good process, or an
operator can judge an appropriate limit level. Using this data as a reference, the
system or operator calculates boundary conditions based on the learned data. In
normal operation the system continually monitors the sensor outputs and, if a boundary
limit is breached, will issue an audible warning and/or issue a signal to interrupt or halt
the process. In this way gross malfunctions such as extreme tool wear or failure (even
i'mpending failure) can be captured preventing breakage and consequential component
damage. However, such systems only issue an alarm or halt the process and do not

diagnose the cause of the fault.

Power monitoring is another widely used monitoring method in which machine tool

power is monitored on simple upper and lower gated limits. The method tends to lack



WO 2008/142386 PCT/GB2008/001700

sensitivity, however. A machine capable of handling a physically large component
almost invariably is supplied with a Iarge,‘ high power spindle. In order to avoid
resetting a component between individual operations, and therefore losing its zero
datum each time, all operations are performed on a single machine. Thus, the same
machine tool will be utilised for turning, cutting, and drilling. For example all of the
operations required to produce a disc of 1 meter diameter, having up to 100 holes each
of 6 millimetre diameter will be performed using a single machine. The power needed
to drill a 6 millimetre hole is a small even insignificant fraction of the power required to
turn the outer circumference of the disc. Thus, a power monitoring method is not
adequately sensitive to the small changes caused by a process malfunction during a

drilling operation.

Machining process monitors are known in the art. For example United States Patent
5,822,212 describes a machining load monitoring system in which machining load in a
trial cutting process is sampled and measurements stored. Corresponding
measurements made during an actual cutting process are then compared with the
stored data and an alarm raised when the difference between the compared data
values reaches or exceeds a predetermined level. In order to overcome timing
differences between the stored reference and actual measured data, the timing of the
sampled data values are related to machine control instructions issued by the machine
controller. However, problems still arise with systems of this kind due to the nature of
limit setting, not too high to miss serious defects and not too low to generate excessive
false alarms, but nevertheless they are generally unable to predict incipient failure or

other subtle “abnormalities”.

United States Patent 5,070,655 concerns a machine tool monitor having sensors
arranged to provide power and vibration signals to a controller, which processes the
signals in order to detect a change in the machine processing parameters. The monitor
apparatus may issue audible and visual alarms to alert an operator, and may

- automatically halt the machining operation. The monitor further indicates whether the
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condition of the tool and its associated machining operation warrants scrutiny or
service. An example is described in which a grinding machine, provided with power
and vibration sensors, has a controller adjusted to signal conditions associated with
grinding wheel sharpness, loss of coolant, and excessive vibrations. When the level of

a measured parameter exceeds a predetermined limit an alarm is triggered.

In general, existing systems of this kind remain too coarse in their sensitivity to
anticipate an incipient failure and, moreover, they are unable to distinguish between the
possible failure causes. Process monitoring systems of this kind do not provide
sufficiently reliable detection of manufacturing process malfunctions, and it is found that
the system functionality is restricted to detecting tool presence, broken tool detection,
tool wear and impending tool failure. In the main, existing process monitors are seen
as unreliable, difficult to configure and maintain and troubled by false alarms. False
alarms occur when the system issues an alarm in response to a monitored signal
exceeding a limit other than for a process malfunction. In practice an operator often
deals with this phenomenon by switching off the process monitor to prevent further

interruptions due to false alarms.

A need for the invention arises in aeroengine manufacture for monitoring of critical
rotating component manufacturing processes. At one level, detection of impending
cutting too'I failure will prevent tool breakage and consequential damage. The costs
associated with a broken tool on critical components arise from laboratory
investigations and testing to determine effects on the component, the cost of tooling
replacement and repair, the cost of re-work and possibility of a scrapped component
(which can be particularly costly). At another level undetected surface damage can
lead to in-service failure. Where the component in question is built into a safety critical

assembly the consequences of failure may include possible loss of life.

The present invention seeks to provide a solution to the problems inherent in known

process monitoring methods by simultaneously monitoring several different parameters
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and combining the individual results in such a way as to eliminate false alarms and

provide a more versatile and sensitive record of the component manufacture.

A further objective of the invention is to provide a monitoring process that not only
detects gross process malfunctions, but also is able to distinguish between gross
process malfunctions and normal tool wear. In addition it is intended that the method
shall be able to detect the production of surface anomalies caused by process
malfunctions undetected by known process monitoring systems. Moreover, it is
intended to provide an indication of the likely cause of a surface anomaly and its Iikély

effect on component surface integrity.

Acéording to one aspect of the present invention there ié provided a method of process
monitoring é component manufacturing operation comprises: attaching a plurality of
sensors to a component manufacturing machine to measure a plurality of “n” machining
parameters, sampling the sensor outputs during a manufacturing operation cycle,
processing the sampled sensor outputs to produce a characteristic signature for each
process cycle, storing a multiplicity of characteristic signatures, comparing each newly
produced characteristic signature with stored characteristic signatures, and providing
an output in accordance with the result of said comparison to indicate whether or not

the process is a “normal” or “abnormal” process.

Preferably the plurality of sensors are arranged to measure a plurality of machining
parameters including machine power consumption, tool bit accelerations, acoustic
emissions, vibration and tool feed force, and the tool bit acceleration sensors are
arranged preferably to measure tool bit accelerations in three mutually perpendicular

planes.

According to another aspect of the invention the output from each of the plurality of
sensors is repeatedly sampled during a process cycle to provide a stream of time

domain data.
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According to further aspects of the invention time domain data are transformed into the
frequency domain using a Fast Fourier Transform. Preferably in each process cycle
time domain data from each of the sensors are captured in at least one data window
and the data in each data window are transformed into the frequency domain using a
Fast Fourier Transform. During each process cycle time domain data from each of the
“n” sensors may be capturéd in a plurality of at least partially overlapping data windows
and the data in each data window transformed into the frequency domain using a Fast
Fourier Transform.

Hon

In the preferred form of the invention “n” data streams each associated with a different
sensor are combined in an “n”-dimensional space to produce at least one characteristic
signature or a vector for an individual manufacturing operation cycle or part thereof.
Preferably the characteristic signatures of a multiplicity of preceding manufacturing
operation cycles are stored and a characteristic signature corresponding to a new
manufacturing operation cycle is compared with the stored signatures to determine if

the new operation cycle is “normal” or “abnormal’.

The invention and how it may be carried into practice will now be described in greater

detail with reference by way of example to the accompanying drawings, in which:

Figure 1 shows a schematic diagram of a shop floor machine tool and process

monitor system incorporating the invention;

Figures 2a, 2b, 2c, and 2d show graphical representations of time-series data in

five sensor channels captured during a “normal” drilling operation;

Figure 3 shows a graphical representation of spindle power variation over time

during a “normal” drilling operation;

Figure 4 shows a functional diagram of the data transform and signature analysis

method steps of the invention;
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Figure 5 shows a typical characteristic signature of a variable “y” (e.g. Acoustic
Emission) constructed with respect to a system operating point (e.g. Spindle power);

and

Figure 6 shows a 2-dimensional visualization of a multi-dimensional signature

illustrating clustering of “normal” and “abnormal” operations.

lilustrated in Figure 1 is a numerically controlled machine tool generally indicated at 2,
for the purposes of this description and solely by Way of example, the machine is shown
with a drill bit ready to perform a drilling operation. A workpiece upon which a
machining operation of a drilling operation is to be performed, in this example, is shown
by reference numeral 4. A tool 6, i.e. a drill, is mounted in a tool holder 8 carried by the
machine spindle 10; the workpiece 4 is mounted in a suitable machining fixture
indicated generally at 12, this may include a rotatable table to which the workpiece is
fixed.

The machine tool 2 is fitted with a number of monitoring devices or sensors 14, 16, 18,
20 which respectively monitor coolant flow rate, spindle or workpiece feed force,
workpiece vibration, and workpiece acoustic emissions. An accelerometer 22 is
mounted on the tool bit holder 8 or machine spindle 10 to measure accelerations of thg
tool bit in three mutually orthogonal planes designated x, y and z, see Fig 1. These are
planes fixed with respect to the bed of the machine tool 2. This list of monitored
parameters is not exclusive and further parameters may be measured depending upon
requirements, but we have found so far that those listed as sufficient for present
purposes. The output signals: coolant flow rate signal 22; acoustic emission signal 24;
vibration signal 26; feed force signal 28; and accelerometer signals 30, 32, 34 are
connected to data capture and sampling units indicated at 36. In addition further
signals representing spindle power 38; spindle feed force 40; cycle interrupt 42 and
monitor cycle start 44 are supplied directly from the machine tool control system to the

data capture unit 36. In practice if a feed force signal 40 is provided from the spindle
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drive mechanism of the machine tool 2, this is often provided as a feedback signal in a
numerically controlled machine, then it is not necessary to also provide a strain gauge
sensor 16 in order to measure the same force at the workpiece and provide signal 28.

Thus, normally only one of signals 28 and 40 would be present, but not both.

Data captured and sampled by unit 36 is passed to a data transform and signature
analysis unit 46 for processing and evaluation. Unit 46 comprises a digital computer
programmed to perform the complex calculations necessary to transform the input data
signals to produce the characteristic signature representing each process cycle, and to
compare each new signature with stored signatures for evaluation purposes and to
determine if a process is “normal” or “abnormal”’. The computer unit 46 is connected to
a data storage unit 50 for the purpose of storing new data and for retrieving previously
stored data. The computer unit 46 is also connected to an operator interface and
graphical display unit generally indicated at 52. Typically this is also a computer having
a display screen 54, upon which information is presented for viewing by an operator,

and a keyboard by means of which the operator may enter commands etc.

The outputs from the various sensors are sampled at a predetermined sampling rate.
The raw data is therefore acquired in the time domain and is not in the most suitable
form for constructing a characteristic signature and determining whether an individual
process cycle is “normal” or “abnormal”. For example in a drilling process the tool 6
carried in the toll bit holder 8 is rotated and moved transversely with respect to the
workpiece 4. The sensor outputs therefore exhibit peaks in vibration amplitude at the
fundamental rotational frequency of the machine spindle when observed in the
frequency domain. Although the vibration amplitudes can be used to characterise the
manufacturing process, as the data are acquired in the time domain, the characteristics
are not easy to identify in their initial format. In accordance with the method of the

present invention the acquired data are transformed into the frequency domain.
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According to the present method the outputs from the plurality of sensors are
repeatedly sampled during a process cycle to provide a stream of time domain data,
see 48 in Figure 1. The data are transformed into the frequency domain using a Fast
Fourier transform (FFT). Each time domain signal was divided in each process cycle
into a number of windows, each of a relatively large number of points, and the FFT was
performed on each window. In the particular example being described the data were
divided into windows of 4096 points, and a 4096-point FFT was performed on each
data window. At a sampling frequency of 20 KHz this corresponded to approximately 5
FFTs per second of data. It was found by expefience that this provided sufficient

resolution for identifying frequency-based events indicative of system abnormalities.

Referring now to the drawings contained in Figure 2, there are shown at Fig 2a, Fig 2b
and Fig 2c the three time-series spindle accelerometer signals A,, Ay and A; on
channels 30, 32, 34 respectively; and Fig 2d shows the acoustic emission signal on
channel 26. Fig 3 shows the spindle power signal 38. In all cases the horizontal axis
represents time, note that Figs 2-d inclusive have a common scale but Fig 3 has a
slightly different time scale so although events in the first four illustrations are vertically
aligned, the same event is slightly displaced in Fig 3. It is apparent from a visual
inspection of Fig 3 that the drilling process cycle can be conveniently divided into three
stages: stage 1 — initial drilling into the disc; stage 2 — a peak power period where the
drill-bit breaches the rear plane of the disc; and stage 3 — final withdrawal of the drill-bit
from the disc. Drill power-on and power-off events are clearly seen at the start an end
of a process cycle as transient spikes. The drill unit is then moved towards the static
disc at a constant feed rate between t = 12 seconds and t = 27 seconds corresponding
to approximately constant values of spindle power Fig 3, acoustic emission Fig 2d, and
low amplitude accelerations in the x-, y- and z-planes, Figs 2a, 2b and 2¢. Att =27
seconds the drill makes contact with the static disc and begins to drill into the metal.
Commencement of the initial drilling stage 1 corresponds to a step-change in spindle
power to a higher level and stays approximately constant until t = 38 seconds. During

this time acoustic emission increases to a largely constant, non-zero value. The value
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of A; (Fig 2b) also remains approximately zero, but A, and A, increase throughout this
drilling operation. Att = 38 seconds the tip of the drill-bit passes through the rear face
of the disc; spindle power increases until t = 44 seconds, vibration and acoustic
emission reaches a correspondingly high value while A, and A, hit a transient peak and
then decrease in amplitude. Att = 44 seconds the drill-bit has fully breached the rear of
the disc and the direction of the drill unit is reversed, such that the drill is retracted form
the disc. Until t = 46 seconds the values of spindle power and vibration amplitude
decrease rapidly. The cycle ends att = 51 seconds witnessed by spikes in the traces
of Figs 2a, 2b, 2d and 3.

Fig 4 shows a ‘functional diagram illustrating the data capture, transformation and
analysis procedure performed by unit 46 of Fig 1. The raw sensor data at 48 is readied
for arialysis by a pre-processing or signal conditioning step 60 in order to remove
background noise, unrelated artefacts such as transient power spikes, power supply
components and spectral components below a minimum power threshold, as is well
known in the art. The time-series data 61 is then loaded into data windows 62a, 62b,
62c [three such windows are shown merely by way of example only]. As each window
is filled a Fast Fourier transform is performéd on the contents to transform the data from
time domain signals into the frequency domain signals 64a, 64b, 64c. At th.e end of a
process cycle a number of FFTs will have been performed, thus generating a set of
“spectral features” unique to the process cycle. If there are “n” sensor channels the
FFT transforms performed on the full suite of data available will yield “n” feature sets for

[ ”

each process cycle. A set of features is derived from each of the “n” input sensors in
feature extraction step 66. In general, “m” features are obtained from each of the “n”
sensors, however the number of features in each set may be variable. An example of a
feature is a significant frequency. The processed data are normalised in step 68 to
ensure comparison between features is performed without dependence on absolute

values, such that the units of measurement for each feature are not significant.
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Using the normalised features a characteristic signature is constructed in block 70,
labelled “analysis” in the diagram. Each new characteristic signature is compared with
a set of stored characteristic signatures 72 by a decision block 74, which decides
whether or not a signature is “normal” or “abnormal”. A “yes” decision at 76 indicates a
successful operation and, as indicated by process block 78, either the machining
operation is allowed to continue towards completion or it is successfully completed.
However, if the output form decision block 74 is a “no” the signature is analysed more
precisely, as indicated by process block 80, to determine whether the process is
“abnormal” or a “high limit” has been exceeded and the operation must be stopped
immediately, or whether it merely warrants a warning but may be allowed to continue

towards completion.

With the use of multiple, time separated data windows during each process cycle a
plurality of points are available for each cycle spaced apart through the cycle. It
therefore becomes possible to construct a characteristic signature for each and every

e N

process cycle. Thus, the signature of a variable “y” throughout a process cycle can be
constructed with respect to the operating point of the system as illustrated in Figure 5
by the solid black line. It will be self-evident that no two such process cycles can yield
identical characteristic signatures, but excluding failures, all will to a greater extent be
similar. Nevertheless a spread will be evident in both the original data and in the
spectral features that characterise individual cycles; this is represented in Figure 5° by
the dashed curves above and below the solid curve. The position of these upper and
lower limits is selected by reference to the distribution of the data population. For
example the limits of normality may be set to capture a chosen percentage, say 99%, of
the results. A resuit, or signature, falling inside of these limits is deemed to be “normal”
and a signature outside of the limits is deemed to be “abnormal”. A probabilistic
approach such as this has an arbitrary element, at least initially, but by learning through
experience the limits can be adjusted in order to exclude or include components that
visual inspection and physical analysis show to be wrongly categorised. In this way a

practically useful, tool-specific model of “normality” may be constructed.
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The use of numerous channels makes visual interpretation of the raw data extremely
difficult. Single channel inspection, as in most of the above-mentioned prior art
examples is highly susceptible to erroneous false alarms. On the other hand, multiple
data channels make holistic exploration of the data too difficult, as visualisations:
typically only cope with 2- or 3-dimensional data. Higher dimensional data, that is data
that requires more than two or three dimensions to represent, can be difficult to
interpret. One approach to éimplification, especially with a view to visualisation of the
data, is to use a mapping procedure, such as Sammon’s mappijng, to project the
signatures into 2 dimensions. The mapping process to produce this result may be

carried out using a neural network.

The present invention seeks, therefore, to combine the multi-dimensional data features
in such a way that the whole can more easily be visualised and interpreted. In Figure 4
this step is performed in the block 70, the function performed in the block 70 is to
combine the data features in “m”-dimensional space into a single characteristic vector
or point unique to the particular process cycle. The data may be manipulated to
produce either a single point representing a complete cycle or a series of points
representing different time periods of a cycle. In the system illustrated in Figure 1 five
features were used to construct signatures for each process cycle. The data channels
represented in Figures 2a-2d and Figure 3 produce time related measurements
throughout a process cycle. After performing a Fast Fourier transform on the data there
are five concurrent feature samples A,, A, A;, AE and SP. The signature variables
chosen consisted of AE amplitude vs. SP; A, broadband power vs. SP: A, broadband
power vs. SP; A, average significant frequency s vs. SP; A, average significant
frequency psvs. SP. These are then combined to produce a five dimensional vector.
Visualisation is performed on the “m” features extracted from each of the “n” original
channels of sensor data and may be displayed on screen 54 for operator inspection.
An example of one such visualisation is shown in Figure 5 which illustrates a
visualisation in which acoustic emission is plotted against spindle power and includes

two points one deemed as “normal” and the other as “abnormal”.



WO 2008/142386 PCT/GB2008/001700
12

Figure 6 shows a two-dimensional mapping obtained using a large number of results
produced from the A, accelerometer shown at Fig 2a, which is an example of a
visualisation from original “m"-dimensional space into 2-dimensions. Clearly visible
from this 2-dimensional map is the clustering of a great many of the results as well as
the overall spread in the distribution of all results. Each signature point is represented
in the drawing by a cross, and a degree of clustering is evident in this visualisation of a
large number of process signatures. A main cluster of signature points deemed to be
“normal’ is labelled in the drawing and the limit of within which a signature, and the
process with which it is associated, is accepted as “normal” is indicated by a dashed
line. Points outside the enclosed space are deemed to be “abnormal” results. In these
tests the tool was used repeatediy beyond the point where it would normally have been
replaced, in order to generate test data from a worn tool. The trend attributable to tool
wear is indicated by an arrow in the drawing. A signature change caused by an
anomaly or other significant event will produce a data point distinctly separate from the
‘normal” cluster. These points will usually exhibit their own clustering. By way of
example two such “abnormal” clusters are indicated in the drawing. Events such as, for
example, “tool chipping” and “loss of coolant” could be expected to produce distinctively

separate and identifiable clusters of their own.

The method of the invention not only detects gross process maifunctions but also is
able to distinguish between gross process malfunctions and normal tool wear, and is
able to recognise events, individually or in combination, indicative of the production of
component surface anomalies. This new process is able not only to detect events that
may have created a surface defect, but also to inform of the likely cause and what likely
effect on surface integrity may be expected. Malfunctions and anomalies are
recognised at the data evaluation stage in the combined and fused data as departures
from normality. In a normal drilling process, for instance, the analysed data for
successive drilled holes will be dimensionally similar and clustered closely together.
Increasing but acceptable tool wear will cause the data to drift away from the initial,
normal position until an acceptable limit is reached. In the event a limit is breached

action to halt the process is taken.
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In operation of the system a pre-determined number of holes is machined using new
tools, and the resulting sensor output signals are collected and evaluated and the
results stored as a reference data set. In this way the “control” or “normal” data
signatures are established. During subsequent process monitor cycles the sensors are
continuously monitored and the sensor output signals are evaluated and compared with
the reference data or control group. On the basis of rules determined a priori, control
limits are set about the reference data group to accommodate normal tool wear.

Should these limits be exceeded the system will issue a warning to the operator, for
example to change tools. Deviation from the reference group is deemed as a departure
from a normal process and the system is pre-programmed to issue an appropriate
warning, and if necessary to halt the machining operation. Departures from normality
are characteristic of a process malfunction or production of a surface anomaly. Based
on learned experience the system is also arranged to produce an indication of the most
likely cause of the event. This speeds up decision making on component sentencing
~and/or machine maintenance in the event that a fnachine fault is suspected. Following

remedial action normal processing is resumed.

The method of the present invention is applicable to a wide range of machine tools and
operations. All conventional machining processes can be monitored by the system
described above including milling, broaching, turning, grinding (all types), drilling,
reaming, hobbing, shaping, burnishing, honing etc. With the substitution or inclusion of
different sensors for example thermal, pressure, current, other and less conventional
machining processes may be monitored such as EDM (electro discharge machining),
ECM (electro chemical machining), wire cutting, laser cutting, laser welding, abrasive
water jet machining, chemical milling etc. Furthermore other processes may be
monitored, such as casting, forging, stamping/pressing, rolling, hot- and cold- cropping,
injection moulding, die casting, friction and inertia welding both rotary and linear kinds,

super plastic forming etc.



WO 2008/142386 PCT/GB2008/001700
14

CLAIMS

A method of process monitoring a component manufacturing operation
comprises: attaching a plurality of sensors to a component manufacturing
machine to measure a plurality of “n” machining parameters, sampling the
sensor outputs during a manufacturing operation cycle, processing the sampled
sensor outputs to produce a characteristic signature for each process cycle,
storing a multiplicity of characteristic signatures, comparing each newly produced
characteristic signature with stored characteristic signatures, and providing an
output in accordance with the result of said comparison to indicate whether or

not the process is a “normal” or “abnormal” process.

A method as claimed in claim 1 wherein the plurality of sensors are arranged to
measure a plurality of “n” machining parameters including machine power
consumption, tool bit accelerations, acoustic emissions, vibration and tool feed

- force.

A method as claimed in claim 2 wherein tool bit acceleration sensors are
arranged to measure tool bit accelerations in three mutually perpendicular

planes.

A method as claimed in any preceding claim wherein the output from each of the

[y L)

plurality of “n” sensors is repeatedly sampled during a process cycle to provide a

stream of time domain data.

A method as claimed in claim 4 wherein the time domain data are transformed

into the frequency domain using a Fast Fourier Transform.
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A method as claimed in claim 5 wherein in each process cycle time domain data

" n

from each of the “n” sensors are captured in at least one data window and the
data in each data window are transformed into the frequency domain using a

Fast Fourier Transform.

A method as claimed in claim 6 wherein during each process cycle time domain
data from each of the “n” sensors are captured in a plurélity of at least partially
overlapping data windows and the data in each data window are transformed
into the frequency domain using a Fast Fourier Transform.

A method as claimed in any one of claims 4 to 7 wherein “n” data streams
relating to each sensor are combined in an “n”-dimensional space to produce. at
least one characteristic signature or a vector point for an individual

manufacturing operation cycle or part thereof.

A method as claimed in claim 8 wherein the characteristic signatures of a
multiplicity of preceding manufacturing operation cycles are stdred and a
characteristic signature corresponding to a new manufacturing operation cycle is
compared with the stored signatures to determine if the new operation cycle is

“normal” or “abnormal”.

A method as claimed in claim 9 wherein an operation cycle is deemed “normal” if
the characteristic signature point falls within limits determined with reference to

the stored population of characteristic signatures.

A method as claimed in claim 10 wherein the said limits are set to capture a
proportion, for example 99%, of the stored population, and a new signature

falling outside of the said limits is deemed to be “abnormal”.

A method as claimed in any one of claims 9 to 11 wherein the population of

stored signatures is further categorized according to identified faults and failures.
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A method as claimed in claim 12 wherein an indication of an “abnormal’

operation includes an indication of a fault or failure.

A method as claimed in claim 13 wherein an indication of an “abnormal”

operation is provided in real-time.

A method as claimed in claim 12 or 13 wherein an indication of an “abnormal”

operation includes an immediate halt of the manufacturing operation.

A method as claimed in any preceding claim including producing a visualisation

~ of the process characteristic signature.

A method as claimed in claim 16 wherein the visualisation of the process

characteristic signature comprises a two-dimensional visualisation.

Process monitor apparatus for monitoring the performance of a manufacturing
machine is adapted and arranged to operate in accordance with a method as

claimed in any one of claims 1 to 17.

Process monitor apparatus as claimed in claim 18 comprising a plurality of
machine parameter sensors, means for sampling the sensor outputs, means for
producing a characteristic signature for each process cycle, means for storing a
multiplicity of characteristic signatures, and means for comparing a new
characteristic signature with the stored characteristic signatures, and means to

provide an output in accordance with the result of the comparison.

Process monitor apparatus as claimed in claim 19 further comprising means to

produce a visualisation of the process signature.

Process monitor apparatus as claimed in any of claims 18 to 20 further

comprising means to produce an output indicative of an “abnormal” operation.
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Process monitor apparatus as claimed in claim 21 further comprising means
adapted to halt an operation in the event of production of an indication of a

selected “abnormal” operation.

A method process monitoring a component manufacturing operation
substantially as hereinbefore described with reference to the accompanying

drawings.

Process monitor apparatus for monitoring the performance of a component
manufacturing machine substantially as hereinbefore described with reference to

the accompanying drawings.
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