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METHODS AND APPARATUS FOR USING
ANALYTICAL/STATISTICAL MODELING FOR CONTINUED
PROCESS VERIFICATION (CPV)

[0001] This disclosure relates generally to controlling and monitoring process control
systems and, more particularly, to methods and apparatus for using analytical/statistical

modeling for continued process verification (CPV).

[0002] Process control systems typically include one or more process controllers
communicatively coupled to at least one host or operator workstation and to one or more field
devices via analog, digital or combined analog/digital buses. The field devices, which may
be, for example, device controllers, valves, valve positioners, switches and transmitters (e.g.,
temperature, pressure and flow rate sensors), perform functions within the process control
system such as opening or closing valves and measuring process parameters.

[0003] Process control systems used to manufacture important products (e.g., human
pharmaceuticals, animal pharmaceuticals, biological products, etc.) have high quality (e.g.,
purity, reliability, consistency, etc.) standards and are regulated by government agencies (e.g.
the Food and Drug Administration, the U.S. Department of Health and Human Services, etc.).
These process control systems are recommended and may soon be required by FDA to
provide statistical data that shows the product quality is consistently meeting quality
specifications and the process is running in a state of control.

[0004] Accordingly, an aspect of the present invention provides a method comprising:
determining distribution characteristics for a plurality of process control parameters obtained
from one or more field devices of a process control system, the process control parameters
being based on a first set of historical batch datasets, respective ones of the historical batch
datasets being measured while manufacturing corresponding ones of first batches at
corresponding ones of first times; generating a model batch based on the distribution
characteristics of the plurality of process control parameters; determining a quantity of
simulated batch datasets to be included in a first set of simulated batch datasets, the first set
of simulated batch datasets corresponding to a first set of simulated batches, the quantity
being equal to a difference between a predetermined threshold number of total batch datasets

and a total number of the historical batch datasets within the first set of historical batch
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datasets; generating the first set of simulated batch datasets based on the quantity, by, for
each one of the simulated batches of the first set of simulated batches: generating values for
the plurality of process control parameters based on the model batch; and determining a
quality prediction based on the generated values; generating a model based on the first set of
simulated batch datasets and the first set of historical batch datasets; and implementing the
model via a server during a manufacture of a second batch at a second time subsequent to the
first times to determine whether a fault has occurred in the process control system during the
manufacture of the second batch, the implementing of the model to facilitate continued
process verification and fault detection when the total number of the historical batch datasets
within the first set of historical batch datasets is less than the predetermined threshold number
of total batch datasets.

[0005] A method may further include: monitoring a process of manufacturing a batch,
using the generated model to identify whether the monitored process complies with one or
more requirements, and taking one or more corrective actions in relation to the process if the
process is identified as not complying with the one or more requirements.

[0006] For each one of the simulated batches of the first set of simulated batches, the
values for the plurality of process control parameters may be generated by a random or
pseudo-random calculation.

[0007] A method may further comprise, after the manufacture of the second batch:
determining updated distribution characteristics for the plurality of process control
parameters based on the first set of historical batch datasets and an additional historical batch
dataset, the additional historical batch dataset including the plurality of process control
parameters measured while manufacturing the second batch; generating an updated model
batch based on the distribution characteristics of the plurality of process control parameters;
determining an updated quantity of simulated batch datasets to be included in a second set of
simulated batch datasets, the second set of simulated batch datasets corresponding to a second
set of simulated batches, the updated quantity being equal to a difference between the
predetermined threshold number of total batch datasets and a combined total number of the
historical batch datasets within the first set of historical batch datasets and the additional
historical batch dataset; generating a second set of simulated batch datasets based on the
updated quantity; and generating an updated model based on the second set of simulated
batch datasets, the first set of historical batch datasets, and the additional historical batch

dataset.
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[0008] The model batch may include characterizations of the plurality of process
control parameters based on the distribution characteristics.

[0009] Determining the quality prediction based on the generated values may further
include generating a quality model based on quality metrics included with the first set of
historical batch datasets.

[0010] Another aspect provides an apparatus comprising: a parameter analyzer to:
determine distribution characteristics for a plurality of process control parameters obtained
from one or more filed devices of a process control system, the process control parameters
being based on a first set of historical batch datasets, respective ones of the historical batch
datasets being measured while manufacturing corresponding ones of first batches at
corresponding ones of first times; and generate a model batch based on the determined
distribution characteristics for the plurality of process control parameters; a parameter
generator to: determine a quantity of simulated batch datasets to be included in a first set of
simulated batch datasets, the first set of simulated batch datasets corresponding to a first set
of simulated batches, the quantity being equal to a difference between a predetermined
threshold number of total batch datasets and a total number of the historical batch datasets
within the first set of historical batch datasets; and for each one of the quantity of simulated
batches of the first set of simulated batches, generate values for the plurality of process
control parameters based on the model batch, the generated values to be included in the first
set of simulated batch datasets; and a quality predictor to, for each one of the quantity of
simulated batches of the first set of simulated batches, determine a quality prediction based
on the generated values, the quality prediction to be included in the first set of simulated
batch datasets; a batch analyzer to generate a model based on the first set of simulated batch
datasets and the first set of historical batch datasets; and a server to implement the model
during a manufacture of a second batch at a second time subsequent to the first times to
determine whether a fault has occurred in the process control system during the manufacture
of the second batch, the implementing of the model to facilitate continued process
verification and fault detection when the total number of the historical batch datasets within
the first set of historical batch datasets is less than the predetermined threshold number of
total batch datasets.

[0011] An apparatus may further include a sub-system configured to: monitor a
process of manufacturing a batch, use the generated model to identify whether the monitored

process complies with one or more requirements, and take one or more corrective actions in
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relation to the process if the process is identified as not complying with the one or more
requirements.

[0012] For each one of the simulated batches of the first set of simulated batches, the
values for the plurality of process control parameters may be generated by random or pseudo-
random calculation.

[0013] After the manufacture of the second batch: the parameter analyzer may be to:

[0014] determine the updated distribution characteristics of the plurality of process
control parameters based on the first set of historical batch datasets and an additional
historical batch dataset, the additional historical batch dataset including the plurality of
process control parameters measured while manufacturing the second batch; and generate an
updated model batch based on the updated distribution characteristics of the plurality of
process control parameters; the parameter generator may be to: determine an updated quantity
of simulated batch datasets to be included in a second set of simulated batch datasets, the
second set of simulated batch datasets corresponding to a second set of simulated batches, the
updated quantity being equal to a difference between the predetermined threshold number of
total batch datasets and a combined total number of the historical batch datasets within the
first set of historical batch datasets and the additional historical batch dataset; and generate a
second set of simulated batch datasets based on the updated quantity; and the batch analyzer
may be to generate an updated model based on the second set of simulated batch datasets, the
first set of historical batch datasets, and the additional historical batch dataset.

[0015] The model batch may include characterizations of the plurality of process
control parameters based on the distribution characteristics.

[0016] To determine the quality prediction based on the generated values, the quality
predictor may be to generate a quality model based on quality metrics included with the first
set of historical batch datasets.

[0017] Another aspect provides a computer readable medium comprising instructions
which, when executed, cause a machine to at least: determine distribution characteristics for a
plurality of process control parameters obtained from one or more filed devices of a process
control system, the process control parameters being based on a first set of historical batch
datasets, respective ones of the historical batch datasets being measured while manufacturing
corresponding ones of first batches at corresponding ones of first times; generate a model
batch based on the distribution characteristics of the plurality of process control parameters;
determine a quantity of simulated batch datasets to be included in a first set of simulated

batch datasets, the first set of simulated batch datasets corresponding to a first set of
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simulated batches, the quantity being equal to a difference between a predetermined threshold
number of total batch datasets and a total number of the historical batch datasets within the
first set of historical batch datasets; generate the first set of simulated batch datasets based on
the quantity by, for each one of the simulated batches of the first set of simulated batches:
generating values for the plurality of process control parameters based on the model batch;
and determining a quality prediction based on the generated values; generate a model based
on the first set of simulated batch datasets and the first set of historical batch datasets; and
implement the model during a manufacture of a second batch at a second time subsequent to
the first times to determine whether a fault has occurred in the process control system during
the manufacture of the second batch, the implementing of the model to facilitate continued
process verification and fault detection when the total number of the historical batch datasets
within the first set of historical batch datasets is less than the predetermined threshold number
of total batch datasets.

[0018] A computer readable medium may further include instructions which, when
executed, cause a machine to at least: monitor a process of manufacturing a batch, use the
generated model to identify whether the monitored process complies with one or more
requirements, and take one or more corrective actions in relation to the process if the process
is identified as not complying with the one or more requirements.

[0019] For each one of the simulated batches of the first set of simulated batches, the
values for the plurality of process control parameters may be generated by a random or
pseudo-random calculation.

[0020] After the manufacture of the second batch, the instructions, when executed,
may cause the machine to: determine the updated distribution characteristics for the plurality
of process control parameters based on the first set of historical batch datasets and an
additional historical batch dataset, the additional historical batch dataset including the
plurality of process control parameters measured while manufacturing the second batch,;
generate an updated model batch based on the distribution characteristics of the plurality of
process control parameters; determine an updated quantity of simulated batch datasets to be
included in a second set of simulated batch datasets, the second set of simulated batch
datasets corresponding to a second set of simulated batches, the updated quantity being equal
to a difference between the predetermined threshold number of total batch datasets and a
combined total number of the historical batch datasets within the first set of historical batch
datasets and the additional historical batch dataset; generate a second set of simulated batch

datasets based on the updated quantity; and generate an updated model based on the second
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set of simulated batch datasets, the first set of historical batch datasets, and the additional
historical batch dataset.

[0021] The model batch may include characterizations of the plurality of process
control parameters based on the distribution characteristics.

[0022] To determine the quality prediction based on the generated values, the
instructions may cause the machine to generate a quality model based on quality metrics
included with the first set of historical batch datasets.

[0023] Embodiments are described, by way of example only, with reference to the

accompanying drawings, in which:

[0024] FIG. 1 illustrates an example process control system;

[0025] FIG. 2 illustrates an example batch dataset;

[0026] FIG. 3 illustrates the example simulation server of FIG. 1;

[0027] FIG. 4 is a flow diagram representative of an example method that may be
executed to implement the process control system of FIG. 1;

[0028] FIG. 5 is a flow diagram representative of an example method that may be
executed to implement the simulation server of FIGS. 1 and 2; and

[0029] FIG. 6 is a block diagram of an example processor system structured to
execute machine readable instructions to perform the methods represented by FIGS. 4 and/or
5 to implement the example process control system of FIG. 1 and/or the simulation server of
FIGS. 1 and 2.

[0030] Wherever possible, the same reference numbers will be used throughout the

drawing(s) and accompanying written description to refer to the same or like parts.

[0031] Example disclosed methods involve determining distribution characteristics
for a plurality of parameters based on a first historical batch dataset measured while
manufacturing a first batch at a first time, and generating a model batch based on the
distribution characteristics of the plurality of parameters. Example methods also include
generating a first set of simulated batch datasets corresponding to a first set of simulated
batches by, for each batch of the first set of simulated batches: generating values for the
plurality of parameters based on the model batch, and determining a quality prediction based
on the generated values. The example disclosed methods also include generating a model
based on the first set of simulated batch datasets and the first historical batch dataset, the

model to be implemented to monitor a subsequent manufacture of a second batch.



02 08 21

[0032] Example disclosed apparatus include a parameter analyzer to determine
distribution characteristics for a plurality of parameters based on a first historical batch
dataset including the plurality of parameters measured while manufacturing a first batch at a
first time, and generate a model batch based on the determined distribution characteristics for
the plurality of parameters. The example disclosed apparatus also include a parameter
generator to, for each one of a first set of simulated batches, generate values for the plurality
of parameters based on the model batch. The generated values are to be included in a first set
of simulated batch datasets. The example disclosed apparatus also include a quality predictor
to, for each one of the first set of simulated batches, determine a quality prediction based on
the generated values. The quality prediction is to be included in a first set of simulated batch
datasets. Additionally, the example disclosed apparatus also include a batch analyzer to
generate a model based on the first set of simulated batch datasets and the first historical
batch dataset, the model to be implemented to monitor a subsequent manufacture of a second
batch.

[0033] Example disclosed articles of manufacture include instructions which, when
executed, cause a machine to determine distribution characteristics for a plurality of
parameters based a first historical batch dataset measured while manufacturing a first batch at
a first time. The example disclosed articles of manufacture also include instructions which,
when executed, cause a machine to generate a model batch based on the distribution
characteristics of the plurality of parameters. Additionally, the example disclosed articles of
manufacture include instructions which, when executed, cause a machine to generate a first
set of simulated batch datasets corresponding to a first set of simulated batches by, for each
one of the first set of simulated batches: generating values for the plurality of parameters
based on the model batch, and determining a quality prediction based on the generated
values. The example disclosed articles of manufacture include instructions which, when
executed, cause a machine to generate a model based on the first set of simulated batch
datasets and the first historical batch dataset, the model to be implemented to monitor a

subsequent manufacture of a second batch.

[0034] The present disclosure relates generally to controlling and monitoring process
control systems and, more particularly, to methods and apparatus for continued process
verification (CPV). Process control systems include workstations and/or servers that interact
with system controllers, device controllers, and/or field devices located in the process control

system. In examples disclosed herein, the device controllers execute process control
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applications in addition to primary process control functions executed by firmware of the
device controllers. The field devices may be, for example, heating elements, mixers, valves,
valve positioners, switches and transmitters, and may perform process control functions such
as opening or closing valves, controlling temperatures, and measuring process control
parameters. Device controllers generate process data based on information (e.g., the process
control parameters) received from the field devices. The process data includes process
statistics, alarms, monitoring information, process trend information, diagnostic information,
automation device status information, and/or messages from the automation devices.

[0035] In a process control system that manufactures a product in batches, continued
process verification (CPV) monitors the process control parameters to (i) determine whether,
during the manufacturing of the batch, the process control system is statistically remaining in
a state of control, and to (ii) predict the quality of the batch. As used herein, a batch is a
quantity of a product manufactured by a single run of the process control system. Current
CPYV practice involves mostly univariate evaluation of each of the process parameters and
quality attributes and the evaluation is usually done after a batch is complete. A process
control system with a CPV server uses an analytical/statistical model for real time
monitoring. The analytical/statistical model detects variations (e.g., in the field devices, etc.)
in the process control system and triggers alarm or directs responses to the variations. For
example, the analytical/statistical model may detect combined variations of multiple process
control parameters that affect quality of the product, even though variation in a single one of
the process control parameters may not affect quality. For example, detecting an elevated
temperature and a reduced product flow may affect quality of the product. Traditionally,
developing the analytical/statistical model requires historical data from a significant number
(e.g., 25, 30, etc.) of batches. In some process control systems, a sufficient number of batches
either may never be run or may be run over a long period of time. For example, in the
pharmaceutical industry, a product volume and life cycle may result in a limited number (e.g.,
10, 15, etc.) of batches of an active pharmaceutical ingredient. Thus, for such a
pharmaceutical, the benefits of an analytical/statistical model for CPV may never be realized.

[0036] In examples disclosed herein, initially, the analytical/statistical model for CPV
is generated with a limited number of historical batch datasets. The historical batch datasets
are records of a real time process when manufacturing the corresponding batches. The batch
datasets include multiple process control parameters associated with the field devices in the
real time process measured over the duration of the batch. A model batch is developed based

on the available historical batch datasets. A model batch may be generated based on the
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dataset associated with a single historical batch dataset or generated based on multiple (e.g.,
2,3,5, 10, etc.) historical batches. The model batch is used to generate simulated batch
datasets to supplement the historical batch datasets. The simulated batch datasets include (i) a
simulated set of the process control parameters representative of measurement of the field
devices over the duration of the batch, and (ii) a prediction of the quality of the simulated
batch based on the simulated set of the process control parameters. The simulated batch
datasets are generated until a threshold number of batch datasets (including simulated batch
datasets and historical batch datasets) is satisfied (e.g., equaled). For example, if the threshold
number of batch datasets is twenty-five and the number of historical batch datasets is two,
twenty-three simulated batch datasets are generated. The analytical/statistical model is
generated using the historical batches and the simulated batches. In some examples, the
analytical/statistical model is generated using primary component analysis (PCA) and/or
projected latent structure (PLS). In some examples, when a batch is completed by the process
control system (e.g., a new historical batch dataset is created), (i) the model batch is
recreated, (i1) the simulated batch datasets are regenerated, and (iii) the analytical/statistical
model is regenerated. For example, if the threshold number of batch datasets is twenty-five
and the number of historical batches is now three, twenty-two simulated batches are
generated using the recreated model batch.

[0037] In examples disclosed below, the model batch is generated based on the
historical batch datasets. To generate the model batch, the historical batch datasets are
analyzed to determine a center value, a minimum value, a maximum value, and/or
distribution characteristics (e.g., standard deviation, variance, etc.) for each of the process
control parameters (e.g., Po... Py, etc.). Based on the center value, the minimum value, the
maximum value, and/or the distribution characteristics, the process control parameters are
characterized so that the process control parameters can be simulated using a random or
pseudo-random input.

[0038] When the model batch is generated, the simulated process control parameters
for the simulated batch datasets are generated based on the characterizations of the process
control parameters by the model batch. In some examples, the simulated process control
parameters are generated via a random or pseudo-random calculation such as, for example,
the Monte Carlo method. For each of the process control parameters, a quantity of simulated
values are generated based on the quantity of values associated with the historical batch
datasets. For example, during the historical batches, the output of a temperature probe may be

read 2400 times, and the output of a flow meter may be read 1800 times. In such an example,
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2400 values for the process control parameter associated with the temperature probe and
1800 values for the process control parameter associated with the flow meter may be
simulated.

[0039] In the examples disclosed below, the historical batch datasets include quality
assessments (e.g., titers, viable cell density, purity, efficacy, etc.) that grade the quality of the
product produced by the corresponding historical batch. The process control parameters of
the historical batch datasets and the corresponding quality assessments are analyzed to
determine a quality predictor. The quality predictor determines a predicted quality value for a
simulated batch dataset based on the simulated values of the process control parameters. In
some examples, the quality predictor is determined based on minimum mean square errors
(MSE) analysis.

[0040] FIG. 1 illustrates an example process control system 100. In the illustrated
example, the process control system 100 is separated into a real time process 102 and a CPV
server 104. The example real time process 102 employs a plant process control architecture
that integrates one or more smart plant capabilities including field buses 106 (such as
HART® and/or FOUNDATION™ field buses), high-speed discrete buses, embedded
advanced control, and advanced unit and batch management. The field buses 106 network
field devices 108 inside the real time process 102 and provide an infrastructure for a variety
of applications, including device management, configuration, monitoring, and diagnostics,
etc.

[0041] The example real time process 102 includes the example field devices 108,
example controller(s) 110, example I/O devices 112, and an example host 114. The field
devices 108 control and/or monitor processes and may, for example, include valves, sensors,
proximity switches, motor starters, drives, etc. In the illustrated example, the field devices
108 are commutatively coupled to the I/O devices 112. The I/O devices 112 support a variety
of modules to facilitate communication (e.g., via digital and/or analog communication) with a
variety of the field devices 108. For example, an I/O device 112 may have an analog module
to interface with a three-wire temperature probe and a digital module to interface with a
digital valve controller. The I/O devices 112 receive data from the field devices 108 and
convert the data into communications capable of being processed by the controller 110.

[0042] The example controller 110 is coupled to the host 114 (e.g., a workstation
and/or a server) via a wired or wireless network (e.g., a LAN, a WAN, the Internet, etc.). The
controller 110 controls routines to calculate process data based on outputs from the field

device 108. The controller 110 forwards process data to the host 114 at periodic intervals
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and/or upon processing or generating the process data. The process data transmitted by the
controller 110 may include process control parameters 116, alarm information, text, block
mode element status information, diagnostic information, error messages, events, and/or
device identifiers, etc.

[0043] In the example illustrated in FIG. 1, the host 114 executes process control
applications. The process control applications communicate with the example controller 110
to monitor, control, and/or diagnose the field devices 108. For example, the process control
applications may include control automation, graphical representations of the real time
process 102, change management, process control editing, collection of the process control
parameters 116, data analysis, etc. In the illustrated example, the host 114 compiles the
process control parameters 116 into historical batch datasets 118 and provides the historical
batch datasets 118 to the CPV server 104.

[0044] In the example illustrated in FIG. 1, the real time process 102 includes an
analytics server 120. The analytics server 120 receives or otherwise retrieves an example
analytical/statistical model 122 from the example CPV server 104. The example analytics
server 120 monitors the process control parameters 116 in real time or near real time to detect
faults 124 and/or to predict quality value(s) 126 based on the analytical/statistical models 122
and the process control parameters 116. The faults 124 represent one or more of the process
control parameters 116 being out of an acceptable range. In some examples, the host 114 may
adjust the field device(s) 108 associated with detected fault 124. In some examples, the faults
124 and/or the quality values 126 are stored with the corresponding process control
parameters 116 as part of the historical batch dataset 118.

[0045] The example CPV server 104 includes an example historian 128, an example
simulation server 130, and an example batch analyzer 132. The historian 128 receives or
otherwise retrieves the historical batch datasets 118 from the real time process 102. The
historian 128 stores the historical batch datasets 118. From time to time (e.g. periodically, in
response to a new historical batch dataset 118, etc.), the example simulation server 130
retrieves the historical batch datasets 118 from the historian 128 to create simulated batch
datasets 134. To create the simulated batch datasets 134, the simulation server 130 generates
a model batch that characterizes the process control parameters 116 based on the historical
batch dataset(s) 118. Examples of creating the simulated batch datasets 134 are discussed
below in connection with FIG. 3. The batch analyzer 132 retrieves the historical batch
datasets 118 from the historian 128 and the simulated batch datasets 134 from the simulation

server 130. The example batch analyzer 132 uses the example simulated batch datasets 134
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and the example historical batch datasets 118 to generate the analytical/statistical model 122.
In some examples, the batch analyzer 132 uses primary component analysis (PCA) and/or
projected latent structure (PLS) to generate the analytical/statistical model 122.

[0046] In some examples, the simulation server 130 provides an application
programming interface (API) that facilitates a workstation 136 or any other suitable
computing device to interact with the simulation server 130. In such examples, a design space
138 may be provided to the simulation server 130 through a graphical interface. In such
manners, an engineer or other suitable person may change the model batch (e.g., select
equations that characterize the process control parameters 116 of the historical batch datasets
118, change calculated distribution characteristics, etc.). In some examples, the design space
138 allows the engineer or other suitable person to generate the batch model when there are
no historical batch datasets 118 available.

[0047] FIG. 2 illustrates an example batch dataset 202. The example batch dataset
202 is illustrative of the historical batch datasets 118 and the simulated batch datasets 134.
The example batch dataset 202 includes the process control parameters 116, and an example
quality field 206. Additionally, in some examples, the batch dataset 202 includes a batch
identifier 208 that uniquely identifies the batch dataset 202. For example, if the batch dataset
202 1s a historical batch dataset 118, the batch identifier 208 may include a serial number
and/or a date associated with the batch of the product.

[0048] The example process control parameters 116 are associated with
corresponding field devices 108 (FIG. 1) in the real time process 102 (FIG. 1). For example, a
first process control parameter 116 may be associated with a thermocouple and a second
process control parameter 116 may be associated with a humidity sensor. The example
process control parameters 116 include sample values 210a-210t. For the historical batch
datasets 118, the example sample values 210a-210t are samples measured by the field
device(s) 108 associated with the corresponding process control parameters 116. For the
simulated batch datasets 134, the example sample values 210a-210t are values generated
(e.g., via the Monte Carlo method) from the characterization of the corresponding process
control parameters 116 by the model batch.

[0049] The example quality field 206 stores a measurement of the quality of product
manufactured by the batch corresponding to the batch dataset 202. For example, the quality
field 206 may store a value indicating that the product produced by the corresponding batch
is 97% pure. For the historical batch datasets 118, the quality field 206 corresponds to the

measurement of quality calculated by, for example, a design space or an equation developed
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through minimum mean square errors (MSE). For the simulated batch datasets 134, the
quality field 206 corresponds to the measurement of quality calculated by a quality model.

[0050] FIG. 3 illustrates the example simulation server 130 of FIG. 1. The example
simulation server 130 is used to generate the simulated batch datasets 134 when a sufficient
number of historical batch datasets 118 is not available to generate the analytical/statistical
model 122 of FIG. 1. The simulation server 130 includes an example parameter analyzer 302,
an example parameter generator 304, and an example quality predictor 306.

[0051] The parameter analyzer 302 retrieves or otherwise receives the historical batch
dataset(s) 118 from the historian 128. In the illustrated example, the parameter analyzer 302
generates a model batch that characterizes each of the process control parameters 116 in the
historical batch dataset(s) 118. To generate the model batch, the parameter analyzer 302
analyzes the process control parameters 116 of the historical batch dataset(s) 118 to
determine the minimum values, the maximum values, the center values (e.g., median values,
average values, etc.), and the distribution characteristics (e.g. standard deviation, variance,
alpha and beta values, etc.). To characterize the process control parameters 116, the example
parameter analyzer 302 builds equations that associate (i) the minimum values, the maximum
values, the center values, and/or the distribution characteristics, and (ii) a random or pseudo-
random input. In some examples, the parameter analyzer 302 stores prototype equations in
association with types of the process control parameters 116 and/or in association with the
field devices 108 corresponding to the process control parameters 116. In some examples, the
parameter analyzer 302 is communicatively coupled with the design space 138 (FIG. 1) via
the API In some such examples, the parameter analyzer 302 may send the batch model to the
design space 138, and receive changes to the batch model from the design space 138.

[0052] The example parameter generator 304 generates simulated process control
parameters 116 for the simulated batch datasets 134. In the illustrated example, the parameter
generator 304 receives the model batch from the parameter analyzer 302. Based on the
equations in the model batch, the example parameter generator 304 generates sets of
simulated process control parameters 116. In some examples, the parameter generator 304
generates the sets of simulated process control parameters via a random or pseudo-random
calculation (e.g., via the Monte Carlo method). The example parameter generator 304
generates enough of the sets of simulated process control parameters 116 so that a quantity of
simulated batch datasets 134 can be created to satisfy (e.g., equal) the threshold number of
batch datasets. The example parameter generator 304 sends the sets of simulated process

control parameters to the example quality predictor 306.
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[0053] The example quality predictor 306 predicts quality values for the simulated
batch datasets 134. The quality predictor 306 receives the historical batch datasets 118 from
the parameter analyzer 302 and the sets of simulated process control parameters from the
parameter generator 304. In the illustrated example, the quality predictor 306 analyzes the
process control parameters 116 and the quality field 206 (FIG. 2) of the historical batch
datasets 118 to generate a quality prediction model to predict simulated quality values based
on the sets of simulated process control parameters 116. In some examples, the quality
predictor 306 uses minimum mean square errors (MSE) analysis to generate the quality
prediction model. For each set of the simulated control parameters 116, the quality predictor
306 uses the quality prediction model to assign the simulated quality prediction to the
corresponding set of the simulated control parameters to form the simulated batch dataset
134. The quality predictor 306 then sends the simulated batch datasets 134 to the batch
analyzer 132 to be used to generate the analytical/statistical model 122.

[0054] While an example manner of implementing the simulation server 130 of FIG.
1 1s illustrated in FIG. 3, one or more of the elements, processes and/or devices illustrated in
FIG. 3 may be combined, divided, re-arranged, omitted, eliminated and/or implemented in
any other way. Further, the example parameter analyzer 302, the example parameter
generator 304, the example quality predictor 306 and/or, more generally, the example
simulation server 130 of FIG. 1 may be implemented by hardware, software, firmware and/or
any combination of hardware, software and/or firmware. Thus, for example, any of the
example parameter analyzer 302, the example parameter generator 304, the example quality
predictor 306 and/or, more generally, the example simulation server 130 could be
implemented by one or more analog or digital circuit(s), logic circuits, programmable
processor(s), application specific integrated circuit(s) (ASIC(s)), programmable logic
device(s) (PLD(s)) and/or field programmable logic device(s) (FPLD(s)). When reading any
of the apparatus or system claims of this patent to cover a purely software and/or firmware
implementation, at least one of the example parameter analyzer 302, the example parameter
generator 304, and/or the example quality predictor 306 is/are hereby expressly defined to
include a tangible computer readable storage device or storage disk such as a memory, a
digital versatile disk (DVD), a compact disk (CD), a Blu-ray(RTM) disk, etc. storing the
software and/or firmware. Further still, the example simulation server 130 of FIG. 1 may
include one or more elements, processes and/or devices in addition to, or instead of, those
illustrated in FIG. 3, and/or may include more than one of any or all of the illustrated

elements, processes and devices.
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[0055] A flowchart representative of example methods for implementing the example
real time process 102 and the example CPV server 104 of FIG. 1 is shown in FIG. 4. A
flowchart representative of example methods for implementing the example simulation server
130 of FIGS. 1 and 3 is shown in FIG. 5. In these examples, the methods may be
implemented using a program executed by a processor such as the processor 612 shown in
the example processor platform 600 discussed below in connection with FIG. 6. The
methods may be embodied in software stored on a tangible computer readable storage
medium such as a CD-ROM, a floppy disk, a hard drive, a digital versatile disk (DVD), a
Blu-ray(RTM) disk, or a memory associated with the processor 612, but the entire method
and/or parts thereof could alternatively be executed by a device other than the processor 612
and/or embodied in firmware or dedicated hardware. Further, although the example methods
are described with reference to the flowcharts illustrated in FIG. 4 and 5, many other methods
of implementing the example real time process 102, the example CPV server 104 and/or the
example simulation server 130 may alternatively be used. For example, the order of
execution of the blocks may be changed, and/or some of the blocks described may be
changed, eliminated, or combined.

[0056] As mentioned above, the example methods of FIGS. 4 and 5 may be
implemented using coded instructions (e.g., computer and/or machine readable instructions)
stored on a tangible computer readable storage medium such as a hard disk drive, a flash
memory, a read-only memory (ROM), a compact disk (CD), a digital versatile disk (DVD), a
cache, a random-access memory (RAM) and/or any other storage device or storage disk in
which information is stored for any duration (e.g., for extended time periods, permanently,
for brief instances, for temporarily buffering, and/or for caching of the information). As used
herein, the term tangible computer readable storage medium is expressly defined to include
any type of computer readable storage device and/or storage disk and to exclude propagating
signals and to exclude transmission media. As used herein, "tangible computer readable
storage medium" and "tangible machine readable storage medium" are used interchangeably.
Additionally or alternatively, the example processes of FIGS. 4 and 5 may be implemented
using coded instructions (e.g., computer and/or machine readable instructions) stored on a
non-transitory computer and/or machine readable medium such as a hard disk drive, a flash
memory, a read-only memory, a compact disk, a digital versatile disk, a cache, a random-
access memory and/or any other storage device or storage disk in which information is stored
for any duration (e.g., for extended time periods, permanently, for brief instances, for

temporarily buffering, and/or for caching of the information). As used herein, the term non-
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transitory computer readable medium is expressly defined to include any type of computer
readable storage device and/or storage disk and to exclude propagating signals and to exclude
transmission media. As used herein, when the phrase "at least" is used as the transition term
in a preamble of a claim, it is open-ended in the same manner as the term "comprising" is
open ended.

[0057] FIG. 4 is a flow diagram representative of an example method that may be
executed to implement the process control system 100 of FIG. 1. The example method is
shown in connection with the real time process 102 and the CPV server 104. The example
real time process 102 monitors and controls the production of the product. The example CPV
server 104 develops the analytical/statistical model 122 (FIG. 1) that the real time process
102 uses to monitor and control the production of the product. Initially, the host 114 (FIG. 1)
of the real time process 102 compiles process control parameters 116 and quality values
associated with manufacturing a batch of the product into the historical batch dataset 118
(block 402). In some examples, the quality values included in the historical batch dataset 118
are the quality values 126 produced by the analytics server 120 (FIG. 1). Alternatively, in
some examples, the quality values included in the historical batch dataset 118 are separately
calculated (e.g., before the analytical/statistical model 122 of FIG. 1 has been generated by
the CPV server 104).

[0058] The historian 128 (FIG. 1) of the CPV server 104 receives the historical batch
dataset 118 from the host 114 of the real time process 102 (block 404). The simulation server
130 uses the historical batch dataset 118 to generate simulated batch datasets 134 (block
406). An example method of generating simulated batch datasets is discussed below in
connection with FIG. 6. The example batch analyzer 132 (FIG. 1) receives the historical
batch dataset 118 from the example historian 128 and the simulated batch datasets 134 from
the simulation server 130 to generate an analytical/statistical model 122 (block 408). In some
examples, the batch analyzer 132 uses primary component analysis (PCA) and/or projected
latent structure (PLS) to generate the analytical/statistical model 122.

[0059] The example analytics server 120 receives the example analytical/statistical
models 122 from the example CPV server 104 (block 410). The analytics server 120 monitors
the process control parameters 116 generated by a current batch being manufactured by the
process control system 100 (block 412). In the illustrated example, the analytics server 120
receives the process control parameters 116 generated by a current batch being manufactured
from the host 114. The analytics server 120 analyzes the process control parameters 116

using the analytical/statistical model 122 to determine whether a fault has occurred in the
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process control system 100 (block 414). For example, the analytics server 120 may detect that
a first process control parameter is out of an acceptable range (e.g., as detected by the
analytical/statistical model 122) as to jeopardize the quality requirements of the batch. If the
analytical/statistical model 122 determines that the fault has occurred, the host 114 handles
the fault (block 416). For examples, the host 114 may change settings of the field device(s)
108, produces an alarm, and/or halt the real time process 102 until the fault is corrected.

[0060] Otherwise, the analytics server 120 determines that the fault has not occurred,
the analytics server 120 determines whether to continue monitoring the process control
system 100 (block 418). For example, if the current batch has been completed, the analytics
server 120 may determine not to continue to monitor the process control system 100. If the
analytics server 120 is to continue monitoring, the analytics server 120 monitors the process
control parameters 116 generated by the current batch being manufactured by the process
control system 100 (block 412). Otherwise, the method of FIG. 4 ends.

[0061] FIG. 5 is a flow diagram representative of an example method that may be
executed to implement the simulation server 130 of FIGS. 1 and 3 to generate simulated
batch datasets 134 (FIGS. 1 and 3). Initially, the parameter analyzer 302 (FIG. 3) receives the
historical batch dataset 118 from the historian 128 (block 502). The example parameter
analyzer 302 selects one of the process control parameters 116 included with the historical
batch dataset 118 (block 504). Based on the sample values 210a-210t (FIG. 2) of the selected
process control parameter 116, the example parameter analyzer 302 determines the center
value, the maximum value, the minimum value and/or the distribution characteristics of the
selected process control parameter 116 (block 506).

[0062] The example parameter analyzer 302 characterizes the selected process control
parameter 116 (block 508). In some examples, to characterize the selected process control
parameter 116, the parameter analyzer 302 derives an equation that describes the behavior of
the selected process control parameter 116. Alternatively, in some examples, the parameter
analyzer 302 selects and customizes the equation from a database of equations based on, for
example, the field device 108 associated with the selected process control parameter 116. The
example parameter analyzer 302 determines whether there is another process control
parameter 116 to analyze (block 510). If there is another process control parameter 116 to
analyze, the parameter analyzer 302 selects the next process control parameter 116.

[0063] Otherwise, if there is not another process control parameter 116 to analyze, the
example parameter generator 304 (FIG. 3) selects one of the process control parameters 116

to simulate (block 512). The parameter generator 304 selects one of the sample values 210a-
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210t to simulate (block 514). The sample value 210a-210t is representative of a sample
measurement of the corresponding field device 108 at a particular time. For example, the
selected sample value 210a-210t may be representative of the 167th sample measurement of a
pressure sensor during the batch. The example parameter generator 304 simulates the selected
sample value 210a-210t using the characterization of the selected process control parameter
116 (block 516). In some examples, the parameter generator 304 uses the Monte Carlo
method to randomly or pseudo-randomly generate the selected sample value 210a-210t based
on the characterization. For example, the characterization of the selected process control
parameter 116 may state that the selected sample value 210a-210t is to be within three
standard deviations from the center value calculated at block 506. The example parameter
generator 304 determines whether there is another sample value 210a-210t to be simulated
(block 518). If there is another sample value 210a-210t to be simulated, the example
parameter generator 304 selects the next value (block 514). Otherwise, the example
parameter generator 304 determines whether there is another process control parameter 116
to simulate (block 520). If there is another process control parameter to simulate, the example
parameter generator 304 selects the next process control parameter 116 (block 512).

[0064] Otherwise, the example parameter generator 304 determines whether to
generate another simulated batch dataset 134. For example, if the threshold quantity of batch
datasets is twenty-five, and one historical batch dataset 118 and one simulated batch dataset
134 have been generated, the parameter generator 304 determines to generate another
simulated batch dataset 134. If the example parameter generator 304 determines to generate
another simulated batch dataset 134, the example parameter generator 304 selects one of the
process control parameters 116 to simulate (block 512). Otherwise, the example quality
predictor 306 determines a quality model based on the historical batch dataset 118 received at
block 502 (block 524). In some examples, the example quality predictor 306 analyzes the
process control parameters 116 of the historical batch dataset 118 using minimum mean
square errors (MSE) analysis to create the quality model. The example quality predictor 306
predicts quality value(s) for the simulated batch dataset 134 based on the simulated process
control parameters 116 based on the quality model determined at block 524. The example
method of FIG. 5 then ends.

[0065] FIG. 6 is a block diagram of an example processor platform 600 capable of
executing the methods of FIGS. 4 and/or 5 to implement the process control system 100 of

FIG. 1 and/or the simulation server 130 of FIGS. 1 and 3. The processor platform 600 can
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be, for example, a server, a personal computer, a workstation, or any other type of computing
device.

[0066] The processor platform 600 of the illustrated example includes a processor
612. The processor 612 of the illustrated example is hardware. For example, the processor
612 can be implemented by one or more integrated circuits, logic circuits, microprocessors or
controllers from any desired family or manufacturer. In the illustrated example, the processor
612 is structured to include the example parameter analyzer 302, the example parameter
generator 304, and the example quality predictor 306.

[0067] The processor 612 of the illustrated example includes a local memory 613
(e.g., a cache). The processor 612 of the illustrated example is in communication with a main
memory including a volatile memory 614 and a non-volatile memory 616 via a bus 618. The
volatile memory 614 may be implemented by Synchronous Dynamic Random Access
Memory (SDRAM), Dynamic Random Access Memory (DRAM), RAMBUS Dynamic
Random Access Memory (RDRAM) and/or any other type of random access memory device.
The non-volatile memory 616 may be implemented by flash memory and/or any other desired
type of memory device. Access to the main memory 614, 616 is controlled by a memory
controller.

[0068] The processor platform 600 of the illustrated example also includes an
interface circuit 620. The interface circuit 620 may be implemented by any type of interface
standard, such as an Ethernet interface, a universal serial bus (USB), and/or a PCI express
interface.

[0069] In the illustrated example, one or more input devices 622 are connected to the
interface circuit 620. The input device(s) 622 permit(s) a user to enter data and commands
into the processor 612. The input device(s) can be implemented by, for example, a keyboard,
a button, a mouse, a touchscreen, a track-pad, a trackball, isopoint and/or a voice recognition
system.

[0070] One or more output devices 624 are also connected to the interface circuit 620
of the illustrated example. The output devices 624 can be implemented, for example, by
display devices (e.g., a light emitting diode (LED), an organic light emitting diode (OLED), a
liquid crystal display, a cathode ray tube display (CRT), a touchscreen, a tactile output
device, a printer and/or speakers). The interface circuit 620 of the illustrated example, thus,
typically includes a graphics driver card, a graphics driver chip or a graphics driver processor.

[0071] The interface circuit 620 of the illustrated example also includes a

communication device such as a transmitter, a receiver, a transceiver, a modem and/or
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network interface card to facilitate exchange of data with external machines (e.g., computing
devices of any kind) via a network 626 (e.g., an Ethernet connection, a digital subscriber line
(DSL), a telephone line, coaxial cable, a cellular telephone system, etc.).

[0072] The processor platform 600 of the illustrated example also includes one or
more mass storage devices 628 for storing software and/or data. Examples of such mass
storage devices 628 include floppy disk drives, hard drive disks, compact disk drives, Blu-
ray(RTM) disk drives, RAID systems, and digital versatile disk (DVD) drives.

[0073] Coded instructions 632 implementing the methods of FIGS. 4 and/or 5 may be
stored in the mass storage device 628, in the volatile memory 614, in the non-volatile
memory 616, and/or on a removable tangible computer readable storage medium such as a
CD or DVD.

[0074] In some embodiments, the method may include monitoring a process of
manufacturing a batch, using the generated model to identify whether the monitored process
complies with one or more requirements, and taking one or more corrective actions in
relation to the process if the process is identified as not complying with the one or more
requirements.

[0075] The corrective action may be taken automatically or may include the
presentation of an alarm to an operator to enable the operator to take the corrective action.
The corrective action may include, for example, the changing of a process control parameter
and/or the alteration of a setting of a field device. As discussed herein, the process may be
halted whilst the corrective action is taken.

[0076] Monitoring the process may include monitoring at least one process control
parameter. Identifying whether the monitored process complies with one or more
requirements may include comparing the at least one process control parameter with at least
one of the one or more requirements which, in turn, may be determined using the generated
model.

[0077] If the monitored process complies with the one or more requirements, then the
monitoring may be continued (or may be discontinued (e.g. if the process has ended)).

[0078] Identification of non-compliance with the one or more requirements may be,
for example, an indication of a fault, a prediction of a future fault, an indication of a need for
adjustment of the process, or a prediction of a future need to adjust the process, for example.

[0079] Embodiments include a sub-system to perform all or some of the above
monitoring, using, and taking steps. In some embodiments, this sub-system may be

embodied by the analytics server 120 and/or the host 114, for example.
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[0080] As will be appreciated, therefore, operation of embodiments may improve the
operation of the process plant and may result in a better quality product from the process.
This may be the case in embodiments which take automatic corrective action but may also be
the case in embodiments in which the operator is enabled to take the corrective action.

[0081] From the foregoing, it will be appreciated that the examples disclosed above
facilitate CPV when relatively few batches have been manufactured by a process control
system. Additionally, the examples disclosed allow faults to be detected and responded to in
the manufacturing process. In some examples, the faults are detected based on a combination
of process control parameters from different field devices in which, if uncorrected, would
negatively affect the quality of the product.

[0082] Although certain example methods, apparatus and articles of manufacture
have been disclosed herein, the scope of coverage of this patent is not limited thereto. On the
contrary, this patent covers all methods, apparatus and articles of manufacture fairly falling
within the scope of the claims of this patent.

[0083] When used in this specification and claims, the terms "comprises" and
"comprising" and variations thereof mean that the specified features, steps or integers are
included. The terms are not to be interpreted to exclude the presence of other features, steps
or components.

[0084] The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, expressed in their specific forms or in terms of a means for
performing the disclosed function, or a method or process for attaining the disclosed result, as
appropriate, may, separately, or in any combination of such features, be utilised for realising

the invention in diverse forms thereof.
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CLAIMS

1. A method comprising:

determining distribution characteristics for a plurality of process control parameters
obtained from one or more field devices of a process control system, the process control
parameters being based on a first set of historical batch datasets, respective ones of the
historical batch datasets being measured while manufacturing corresponding ones of first
batches at corresponding ones of first times;

generating a model batch based on the distribution characteristics of the plurality of
process control parameters;

determining a quantity of simulated batch datasets to be included in a first set of
simulated batch datasets, the first set of simulated batch datasets corresponding to a first set
of simulated batches, the quantity being equal to a difference between a predetermined
threshold number of total batch datasets and a total number of the historical batch datasets
within the first set of historical batch datasets;

generating the first set of simulated batch datasets based on the quantity, by, for each
one of the simulated batches of the first set of simulated batches:

generating values for the plurality of process control parameters based on the
model batch; and
determining a quality prediction based on the generated values;

generating a model based on the first set of simulated batch datasets and the first set
of historical batch datasets; and

implementing the model via a server during a manufacture of a second batch at a
second time subsequent to the first times to determine whether a fault has occurred in the
process control system during the manufacture of the second batch, the implementing of the
model to facilitate continued process verification and fault detection when the total number of
the historical batch datasets within the first set of historical batch datasets is less than the

predetermined threshold number of total batch datasets.

2. A method as defined in claim 1, further including;
monitoring a process of manufacturing a batch,
using the generated model to identify whether the monitored process complies with

one or more requirements, and
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taking one or more corrective actions in relation to the process if the process is

identified as not complying with the one or more requirements.

3. A method as defined in claim 1 or 2, wherein, for each one of the simulated batches of
the first set of simulated batches, the values for the plurality of process control parameters are

generated by a random or pseudo-random calculation.

4. A method as defined in any preceding claim, further comprising, after the
manufacture of the second batch:

determining updated distribution characteristics for the plurality of process control
parameters based on the first set of historical batch datasets and an additional historical batch
dataset, the additional historical batch dataset including the plurality of process control
parameters measured while manufacturing the second batch;

generating an updated model batch based on the distribution characteristics of the
plurality of process control parameters;

determining an updated quantity of simulated batch datasets to be included in a
second set of simulated batch datasets, the second set of simulated batch datasets
corresponding to a second set of simulated batches, the updated quantity being equal to a
difference between the predetermined threshold number of total batch datasets and a
combined total number of the historical batch datasets within the first set of historical batch
datasets and the additional historical batch dataset;

generating a second set of simulated batch datasets based on the updated quantity; and

generating an updated model based on the second set of simulated batch datasets, the

first set of historical batch datasets, and the additional historical batch dataset.

5. A method as defined in any preceding claim, wherein the model batch includes
characterizations of the plurality of process control parameters based on the distribution

characteristics.
6. A method as defined in any preceding claim, wherein determining the quality

prediction based on the generated values further includes generating a quality model based on

quality metrics included with the first set of historical batch datasets.
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7. An apparatus comprising:
a parameter analyzer to:
determine distribution characteristics for a plurality of process control
parameters obtained from one or more filed devices of a process control system,
the process control parameters being based on a first set of historical batch
datasets, respective ones of the historical batch datasets being measured while
manufacturing corresponding ones of first batches at corresponding ones of first
times; and
generate a model batch based on the determined distribution characteristics
for the plurality of process control parameters;
a parameter generator to:
determine a quantity of simulated batch datasets to be included in a
first set of simulated batch datasets, the first set of simulated batch datasets
corresponding to a first set of simulated batches, the quantity being equal to a
difference between a predetermined threshold number of total batch datasets
and a total number of the historical batch datasets within the first set of
historical batch datasets; and
for each one of the quantity of simulated batches of the first set of
simulated batches, generate values for the plurality of process control
parameters based on the model batch, the generated values to be included in
the first set of simulated batch datasets; and
a quality predictor to, for each one of the quantity of simulated batches of the first set
of simulated batches, determine a quality prediction based on the generated values, the
quality prediction to be included in the first set of simulated batch datasets;
a batch analyzer to generate a model based on the first set of simulated batch datasets
and the first set of historical batch datasets; and
a server to implement the model during a manufacture of a second batch at a second
time subsequent to the first times to determine whether a fault has occurred in the process
control system during the manufacture of the second batch, the implementing of the model to
facilitate continued process verification and fault detection when the total number of the
historical batch datasets within the first set of historical batch datasets is less than the

predetermined threshold number of total batch datasets.

8. An apparatus as defined in claim 7, further including a sub-system configured to:
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monitor a process of manufacturing a batch,

use the generated model to identify whether the monitored process complies with one
or more requirements, and

take one or more corrective actions in relation to the process if the process is

identified as not complying with the one or more requirements.

0. An apparatus as defined in claim 7 or 8, wherein, for each one of the simulated
batches of the first set of simulated batches, the values for the plurality of process control

parameters are generated by random or pseudo-random calculation.

10.  An apparatus as defined in any of claims 7 to 9, wherein after the manufacture of the
second batch:
the parameter analyzer is to:
determine the updated distribution characteristics of the plurality of
process control parameters based on the first set of historical batch datasets and an
additional historical batch dataset, the additional historical batch dataset including
the plurality of process control parameters measured while manufacturing the
second batch; and
generate an updated model batch based on the updated distribution
characteristics of the plurality of process control parameters;
the parameter generator is to:
determine an updated quantity of simulated batch datasets to be included in a
second set of simulated batch datasets, the second set of simulated batch datasets
corresponding to a second set of simulated batches, the updated quantity being equal
to a difference between the predetermined threshold number of total batch datasets
and a combined total number of the historical batch datasets within the first set of
historical batch datasets and the additional historical batch dataset; and
generate a second set of simulated batch datasets based on the updated
quantity; and
the batch analyzer is to generate an updated model based on the second set of
simulated batch datasets, the first set of historical batch datasets, and the additional historical

batch dataset.

-5 .



02 08 21

11. An apparatus as defined in any of claims 7 to 10, wherein the model batch includes
characterizations of the plurality of process control parameters based on the distribution

characteristics.

12.  An apparatus as defined in any of claims 7 to 11, wherein to determine the quality
prediction based on the generated values, the quality predictor is to generate a quality model

based on quality metrics included with the first set of historical batch datasets.

13. A computer readable medium comprising instructions which, when executed, cause a
machine to at least:

determine distribution characteristics for a plurality of process control parameters
obtained from one or more filed devices of a process control system, the process control
parameters being based on a first set of historical batch datasets, respective ones of the
historical batch datasets being measured while manufacturing corresponding ones of first
batches at corresponding ones of first times;

generate a model batch based on the distribution characteristics of the plurality of
process control parameters;

determine a quantity of simulated batch datasets to be included in a first set of
simulated batch datasets, the first set of simulated batch datasets corresponding to a first set
of simulated batches, the quantity being equal to a difference between a predetermined
threshold number of total batch datasets and a total number of the historical batch datasets
within the first set of historical batch datasets;

generate the first set of simulated batch datasets based on the quantity by, for each one
of the simulated batches of the first set of simulated batches:

generating values for the plurality of process control parameters based on
the model batch; and
determining a quality prediction based on the generated values;

generate a model based on the first set of simulated batch datasets and the first set of
historical batch datasets; and

implement the model during a manufacture of a second batch at a second time
subsequent to the first times to determine whether a fault has occurred in the process control
system during the manufacture of the second batch, the implementing of the model to

facilitate continued process verification and fault detection when the total number of the
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historical batch datasets within the first set of historical batch datasets is less than the

predetermined threshold number of total batch datasets.

14. A computer readable medium as defined in claim 13, further including instructions
which, when executed, cause a machine to at least:

monitor a process of manufacturing a batch,

use the generated model to identify whether the monitored process complies with one
or more requirements, and

take one or more corrective actions in relation to the process if the process is

identified as not complying with the one or more requirements.

15. A computer readable medium as defined in claim 13 or 14, wherein, for each one of
the simulated batches of the first set of simulated batches, the values for the plurality of

process control parameters are generated by a random or pseudo-random calculation.

16. A computer readable medium as defined in any of claims 13 to 15, wherein after the
manufacture of the second batch, the instructions, when executed, cause the machine to:

determine the updated distribution characteristics for the plurality of process control
parameters based on the first set of historical batch datasets and an additional historical batch
dataset, the additional historical batch dataset including the plurality of process control
parameters measured while manufacturing the second batch;

generate an updated model batch based on the distribution characteristics of the
plurality of process control parameters;

determine an updated quantity of simulated batch datasets to be included in a second
set of simulated batch datasets, the second set of simulated batch datasets corresponding to a
second set of simulated batches, the updated quantity being equal to a difference between the
predetermined threshold number of total batch datasets and a combined total number of the
historical batch datasets within the first set of historical batch datasets and the additional
historical batch dataset;

generate a second set of simulated batch datasets based on the updated quantity; and

generate an updated model based on the second set of simulated batch datasets, the

first set of historical batch datasets, and the additional historical batch dataset.
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17. A computer readable medium as defined in any of claims 13 to 16, wherein the model
batch includes characterizations of the plurality of process control parameters based on the

distribution characteristics.

18. A computer readable medium as defined in any of claims 13 to 17, wherein to
determine the quality prediction based on the generated values, the instructions cause the
machine to generate a quality model based on quality metrics included with the first set of

historical batch datasets.
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