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Abstract

In the realm of chemical processes, machine learning techniques are used to highlight
important characteristics of a system by analyzing the relationship of variables and samples.
Despite the myriad of applications available, one particular field is explored in this thesis:
process monitoring. In order to do so, a combination of human knowledge, experience and
statistical analysis is used, leading to information that can be used for future assessment,
called supervised knowledge.

One might argue, however, about the reliability of the information available, since
different aspects, such as human biases, atypical scenarios, poor data assignment or just the
wrong mindset can lead to misinformed decisions and false conclusions regarding the nature
of the dataset and the quality of obtained results. The main goal, thus, is to evaluate different
aspects of data reliability, trying to challenge different notions often overlooked.

Initially, the distinction between supervised and unsupervised approaches is explored,
where the former uses pre-existent labels for analysis and the latter uses only the relation-
ship between variables and samples for assessment. Supervised approaches are said to be
inherently better, since they provide more information about the process. As mentioned
previously, however, always relying on this information might lead to misleading results.
To challenge this notion, an unsupervised monitoring methodology is proposed, using a
combination of Generative Topographic Mapping (GTM) and Graph Theory. GTM is a
probabilistic technique, which highlights system features, reducing variable dimensionality.
Graph Theory can then visualize this information, through a network, clustering samples with
similar characteristics. Simulation data sets, Tennessee Eastman Process and a real industrial
scenario are used as case studies for validation of the conjoined approach. The proposed
unsupervised methodology performed as well as the supervised approaches presented, which
motivates their use as a support tool for unbiased analysis of the system.

Complementary to this analysis, the study also focuses on applicability domain (AD)
and fault detection, by analyzing how the definition of proper training and test data sets
affect modeling. A flour data set is used as a case study, where distinct splitting scenarios
are created to explore this concept, evaluating predictive modeling and anomaly detection
capabilities. A flour dataset is used for this assessment, allied to generative algorithm



x

tools. Generative Algorithm Partial Least Squares (GAPLS) and Genetic Algorithm-based
Wavelength Selection (GAWLS) are used for modeling, where their non-deterministic nature
is essential for evaluation of AD. Different models are created, resulting in several predictions
for each sample available. By analyzing the relationship between precision, variation of
prediction error, accuracy and the average of those predictions, AD can be assessed and
anomalies on Y-values can be detected.
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Chapter 1

Introduction

It is fair to say that, at least in the realm of chemical processes, machine learning techniques
are used with the following key element in mind: highlighting important features and
characteristics of a process by analyzing the relationship of variables and samples belonging
to this particular system. This notion, as general as it may be, can be applied for all sorts of
different goals, such as pattern recognition, predictive modeling, classification, etc. Among
all these applications, one stood out as particularly interesting, being the focus of this entire
work: process monitoring.

The operation of any chemical plant requires attentive eyes and ears of a big task force,
so to assure its smooth functioning. It is only natural that, over time, automated systems
were developed, trying to rely less on human capabilities and more on data coming from the
process itself. This is not to say that human experience and knowledge is unimportant, but
rather that such burden should not rely entirely on their shoulders.

More concretely, process monitoring judges whether the process is currently in its normal
operational state or it is suffering from an anomaly. This can be divided in two main tasks
to be accomplished: fault identification and diagnosis. The former is concerned about
finding anomalies, discriminating them from the normal states in the plant[1, 2]. The latter
tries to evaluate which part of the system is responsible for the fault[1, 2]. Faults in the
process can arise from hidden plant states, disturbances, controller malfunctions, and so
on. Soft sensors[3], for instance, are affected tremendously by it, since faulty samples
in the model database lead to poor model prediction. Process control also benefits from
process monitoring greatly, where identifying faulty data is useful in alarm technologies[4]
and hierarchical control systems[5], guaranteeing fast response to anomalous scenarios.
By integrating the aforementioned elements, therefore, one main goal of this work is to
explore fault identification and diagnosis capabilities for nonlinear systems, through useful
applications.



2 Introduction

1.1 Fault Identification
The notion of fault identification, or detection, in any process is of fundamental importance.
It is directly related to a deep understanding of the process. Such knowledge can be brought
via a phenomenological background, a heuristic background or a statistical background,
which all have their merits and drawbacks.

1.1.1 Heuristics Fault Detection
Heuristics have little relevance as a sole concept for fault detection. Despite being a rather
broad terminology, when it comes to applications in chemical engineering, it can be translated
to approaches where experience and trial and error alone are taken into account when
developing an anomaly detection system. This approach is limited to companies who are not
technologically advanced or whose process are not complex enough to justify any changes.
It may involve, for example, arbitrary definition of maximum and minimum ranges for key
variables. While its sole use is not recommended, arbitrariness may be involved, as long as
its use is not the key element behind one’s methodology.

1.1.2 Phenomenological Fault Detection
Phenomenological models try to describe a body of knowledge, in a way consistent with a
previously established theory, always trying to relate them with empirical observations. The
models created are based on fundamental equations, which try to better represent the current
scenario being analyzed. For chemical engineers, several equations can be incorporated
to a model, coming from all sorts of topics: thermodynamics[6], transport phenomena[7],
reaction engineering[8], unit operations[9], etc.

Once models are defined, parameters must be tuned in order to better represent the
system being analyzed. Parameter sensitivity, optimization approach and AD are one of the
few aspects to be considered carefully for proper modeling. One should, for example, be
insightful enough to include only equations and inputs that are relevant and meaningful to
the output variables presented, otherwise achieving proper modeling can be very complex
and troublesome. From a practical standpoint, phenomenological models need to be very
specific and finely tuned for each process, which can be rather time consuming. Furthermore,
only systems that can be expressed by phenomenological models can be used for analysis,
depending, thus, on the nature of equipment present.

Several works rely on phenomenological model-based fault detection, allying a complex,
yet finely tuned, representation of the process with fault detection methodologies. Whether
fault detection in embedded in a dynamic hybrid simulator[10] or associated to a control-
system for fast response[11], the integration of phenomenological models is possible. It is
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important to keep in mind, however, that there is a great deal of work and expert knowledge
that must be inputted in this analysis for proper modeling.

1.1.3 Statistical Fault Detection
Despite all the merits and drawbacks aforementioned, the statistical approach for modeling
is presented in this work as particularly interesting, since it relies entirely on the feedback
coming from the process itself. It could be argued that such approach is phenomenological
as well, since it is reconciling empirical observations with models, but it differs from what
is mentioned in the previous section due to its "black box" nature. There is no theoretical
background that indicates the relationship between variables, but the analysis of data via
statistical approaches.

One of the main benefits of a statistical approach is how broad, and to a certain extent
simple, its strategy is. Once data is the most important element, and not the process,
methodologies can be easily extended to other scenarios, without worrying about the intricate
peculiarities of each system. This is not to say, evidently, that knowledge about the process
should be disregarded, but rather that it loses its utmost significance in determining the
relationship between variables. Insights regarding the process can still be useful for variable
selecting, labeling of reliable information and so on.

The core idea is to extract essential information that allows one to represent the effect
that input variables have on desired output variables[12], without really analyzing what is
physically between those variables. Since fault detection goes beyond just representing
the model, the methodology related to identifying anomalies can also rely on a statistical
approach to do so. In this work, the proposed method that will be presented aims to take a
fully statistical approach, benefiting from what was described.

Within data driven methodologies, this work focuses particularly on Multivariate Sta-
tistical Process Control (MSPC) and Monitoring (MSPM)[13, 14] approaches. The main
concern here is to evaluate and visualize how variables and samples interact with the process
and with each other. Thereby, a more complete understanding of the process can be achieved,
where data discrimination is more objective and meaningful.

1.2 Fault Diagnosis
Being able to not only understand that something is wrong with the system, but also pointing
out the source of a fault is the complementary step right after fault detection[15]. Fault
diagnosis is complex and it relies greatly on experience. Closed loop systems are rather chal-
lenging, where despite faults attacking locally the process, the whole system acts suppressing
this variable, making a clear diagnosis more troublesome[16].
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1.3 On Supervised and Unsupervised Strategies
The most straightforward approach to process monitoring count on a supervised approach,
where previously known "normal" and "anomalous" labels are given to each sample and
a classification model, for example, can then be developed for future fault detection. One
might argue, however, about the reliability of such labeling, given the right circumstances.
The notion of supervision is deeply connected to certainty, where labels are usually accepted
without further inquiries. This is not to say that everyone is forgetful about the transient
nature of a process, but rather that labels inherently bring a sense of ease and trust to those
looking at a process. Such mindset can be harmful due to several different reasons. As
mentioned before, it is fair to say that processes are transient by nature, where the notion of
stability is, at most, temporary. This is not to say that finding a steady data set is irrelevant,
but rather that one should be careful with the data being chosen over an extended period.
Some companies, evidently, are aware of this issue, leading to actions towards database
maintenance.

Being aware of a process transient nature, however, hides in plain sight another issue,
which, yet similar, brings a far more profound feature of human nature towards faults. It is
of human nature to accept and internalize psychological biases. Biases are small practical
rules, a natural part of human condition, which makes our lives easier and more predictable.
They are directly related to all shortcuts that we establish throughout our lives, so to quickly
respond to most situations we face on a daily basis[17]. Biases can be harmless or harmful,
depending on so many different factors. The main point, though, is that biases deprive us
from a fair judgment, by instead encouraging its propagation.

When we translate biases to our engineering reality, there is a common pitfall related to
experience and knowledge. It is recurrent to rely on operator’s knowledge for assessment
of bottlenecks, normal operation, etc. This experience can be seen as truth, in a dogmatic
way, or it can be trusted if the meets certain criteria. Regardless, analyzing the system from
an unbiased perspective might lead to interesting insights. One of the key aspects of the
work, therefore, lies on analyzing data purely based on the relationship between variables, an
unsupervised approach, not relying on labels given for each sample. After that, the system
might even be expanded later to one where experience is taken into account, by adding small,
yet relevant pieces of information to the model created.

Still, it might be difficult for the reader to conceive how chemical plants would deal
with completely unsupervised approaches, considering among other factors, the intricate
knowledge engineer and operators might have about the process. Firstly, there is reliability.
To what extent is such knowledge reliable? People, as aforementioned, are prone to human
error, despite their best efforts. Secondly, how subtle can these anomalies be? What if
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an anomaly occurs due to a change of correlation between variables? Considering slowly
drifting variables, for example, if a pipe is clogging, how soon can faults be detected based
on human perception? Operators might lack the fine-tuning required for such task. The
same reasons can be extended to current applications (software, sensor, etc.) installed in the
plant. Within their reference data, which samples are normal and which are faulty might
be questionable. It is true that questioning the use of supervised data is challenging, but a
paradigm shift towards valuing unsupervised approaches might be beneficial, especially if
one imagines using both approaches for a better understanding of the process. Relying only
on process data can reveal optimal data sets to be incorporated in future evaluations, where
then supervised approaches can be reintegrated to the process using those newly updated
sets.

It is also important to highlight that for some scenarios, supervision is just inexistent.
Emergency scenarios pose an interesting challenge to operation, since few to no labeled
data is available. Once an equipment shuts down, for example, several alarms are instantly
triggered. How to discern between alarms coming from the shutdown and the real cause
behind the fault itself? Detecting fundamental anomalies that might threat the safety of the
plant based on changes from previous stable states is highly desirable.

In order to develop unsupervised methodologies, though, various factors have to be
considered to achieve successful monitoring. Firstly, the quality of the information available
is fundamental for the development of trustworthy models. Real data sets have to deal with
noise and redundant information, elements that might mask the true relation between distinct
features and samples in the process. Dimensionality reduction, thus, plays an important
role, isolating irrelevant information from the data set. One of the most widespread methods
for process monitoring is Principal Component Analysis (PCA)[18], which assesses linear
correlation between different process variables, so to reduce the dimensionality of highly
correlated variables. Its use is so widespread that several PCA-based MSPMs were created,
such as dynamic PCA (DPCA)[19], recursive PCA[20], distributed PCA[21] and maximum-
likelihood PCA[22]. Likewise, some extensions were developed to overcome PCA’s linear
nature, such as kernel PCA[23] for nonlinear systems. Other methods not related to PCA also
tackle non-linearity from scratch, such as Support Vector Machines (SVM)[24], Gaussian
Mixture Models (GMM)[25], Generative Topographic Mapping (GTM)[26] and even the use
of inferential models[27].

1.4 Applicability Domain
All principles presented here rely, evidently, on proper modeling, which, despite being an
expected premise, can be highly overlooked by many works in the literature[28, 29]. This
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goes beyond the usual big historical data sets found in chemical plants, since, for any soft
sensor assembled, faulty samples can have a negative impact on the performance. Smaller
data sets, actually, might be more sensitive to anomalies, since the ratio between normal and
anomalous samples is small. The key element disregarded is Applicability Domain (AD),
i.e., to what extent is a model applicable to predict future data. Along that aspect, issues
related to how to define adequate training and test data sets for modeling also arise, leading
to discussions that can be incorporated to the scope of this work, associating applicability
domain to fault detection capabilities[30].

The main concern is how to define training and test data that lead to coherent results.
There are some issues associated to data similarity that should be considered. If, for example,
both training and test data are too similar, even with high prediction accuracy, the overall
predictability of the model might be low. On the other hand, if both data sets are funda-
mentally different, modeling is meaningless and frustrating, since accuracy will always be
low. The important element is Applicability Domain (AD), i.e., to what extent is a model
applicable to predict future data. A poor representation of training and test data sets can
lead to misguided conclusions regarding the predictability and outlier detection potential
of models created[31, 32]. It is important to notice that this is usually more troublesome
when data is independent, i.e., not time-series, since there is greater freedom to define which
samples are used for model training and which samples are used for test of the methodology
utilized.

One of the first approaches explored in this thesis towards process monitoring tried to
associate AD to fault detection capabilities via the evaluation of a flour and protein content
data set[30], evaluating the predictability and reliability of different sub-data sets. Once
adequate modeling was discussed, fault detection capabilities were proposed, by using soft
sensor monitoring indexes[33] and genetic algorithm modeling features[34, 35]. Genetic
algorithms are non-deterministic and, therefore, may result in different regression models
for each run. This information can be used for ensemble prediction[36], where several
models are conjointly used for anomaly assessment by verifying the relation between distinct
predictions.

1.5 Applications
Despite how developed the methodology, to what extent or how it can be applied to practical
applications is essential. From this premise, the following explore two of the main feasible
applications: soft sensors and process control.
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1.5.1 Soft Sensors
Soft sensor, also called inferential models, are statistical models that aim to estimate process
variables whose measurement is difficult[37]. There are several reasons why certain variables
cannot be measured easily. Technical difficulties, offline measurement delays and high
investment costs are a few of those causes. Soft sensors models are created, therefore,
between variables that are easy to measure and those who are not.

One of the most widespread methodologies for modeling is Partial Least Squares
(PLS)[38, 39]. Since its development, several techniques were derived from it, such as
nonlinear PLS extensions[40] and variable selection variations[30, 34, 35]. PLS is but one
methodology, though, where several other ones were developed, such as support vector
regression[41] and artificial neural networks-based methods[42].

From a fault detection perspective, regardless of which methodology is involved, it is
fundamentally important to know which data is relevant for the construction of a soft sensor
model. If abnormal data is associated to the current database, the accuracy of the soft sensor
created might decrease, affecting the prediction of regular samples yet to come. The aim
of fault detection in this scenario is, thus, to detect preemptively whether these samples are
normal or faulty. By doing so, one can prevent substantial changes on soft sensors’ accuracy.
This is intricately related to database maintenance, where the goal is essentially the same, to
avoid the presence of outliers in a reliable data set.

1.5.2 Process Control
Process control applications for fault detection and diagnosis are related closely to hierarchical
control and alarm management. For this work, process control applications will not be dealt
with directly. Instead, its potential will be presented here and there to motivate future
scenarios.

Hierarchical control assumes that the control structure of a system relies on different
control layers, where higher layers can execute different functions. Monitoring is one of
the most common tasks, where higher layers can evaluate whether controllers are operating
optimally, or even, for our purposes, to see if the plant is going through an anomaly, triggering
alarms that can alert operators of the nature of the fault and how to react quickly to it. Some
low level controllers also rely on models that are updated based on data being fed to them
constantly. Identifying anomalies is rather relevant in those cases as well, allowing the
controller to maintain its performance, regardless of the anomalous scenario presented.

Alarm management[43, 44] is another key aspect, since triggering of alarms is a com-
plicated issue in the chemical plant. The overwhelming presence of different alarms being
triggered at the same time during and emergency scenario, for example, makes it difficult to
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identify the source of the problem, since alarms from all different features would be ringing
simultaneously.

Process control applications on fault detection and diagnosis would hardly be used for
anything else then higher levels of control, monitoring the chemical plant.

1.6 Proposed Strategies

1.6.1 GTM & Graph Theory Combined Approach
From a practical point of view, real industrial processes are intrinsically complex and
nonlinear. Given that PCA itself is linear, little can be attested regarding its performance.
GTM, conversely, is a nonlinear methodology relying on a probabilistic framework, being
more suited to handle such complexity. Each sample plotted in the latent space has a
unique probability distribution (PD), a so-called "fingerprint", associated to each point pre-
established in the latent grid. Assuming that samples with correlated PD profiles represent
data with similar characteristics, GTM can be used for fault identification and dimensionality
reduction simultaneously, including discrimination of normal and faulty data.

After this matrix of similarities is calculated, however, one must express, or visualize,
this similarity in a tangible way. Clusters must encapsulate similar data through the core
relationship between samples, while understanding that samples belonging to the same
cluster might not be highly correlated necessarily with all those samples. Graph Theory
models pairwise relations between objects[45], by expressing them as a network. Two basic
elements are always present: nodes (samples) and edges (connections). For this work, each
sample is connected to those whose GTM probability profile correlation is higher than a
given threshold. In the end, this web of connections creates a weighted graph, where the
number of connections and their density around the graph unravel data clusters with distinct
features. This combined approach using GTM and Graph Theory is proposed, therefore,
acting as a fault identification tool, keeping in mind, evidently, its unsupervised nature. GTM
highlights important data information and calculates similarity between samples. Graph
Theory not only clusters data in normal and anomalous groups, but also allows an objective
and clear representation of all data in the process.

Once faults are properly detected, however, finding their source is also an important
aspect of process monitoring. Two distinct approaches are taken into account, all derived
or based from the proposed methodology: one from a GTM perspective and another from a
Graph Theory point of view. The former uses GTM remapping error (RE) and dissimilarity
index as criteria for diagnosis, by training a map only with the normal data set found. Then,
one can find which variables exceed the error threshold defined by the normal data itself, so
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to point different candidates responsible for the fault. The latter uses the network structure
itself to see whether new data belongs to a normal or anomalous cluster.

1.6.2 On Applicability Domain & Fault Detection
The analysis on AD portrayed in this thesis in intimately connected with soft sensor perfor-
mance and adequate training and test data splitting, as described in the literature. Different
soft sensor methodologies, such as Genetic Algorithm Partial Least Squares[34] (GAPLS)
and Genetic Algorithm based Wavelength Selection[46] (GAWLS) are used along different
data splits to assess the AD of different models for a flour and protein content data set.

Knowing that genetic algorithms are non-deterministic, each run may result in a different
regression model. This information, if used correctly, can lead to ensemble prediction, which
can be used for fault detection. Assessing AD acts as a bridge connecting data splitting and
soft sensor performance with anomaly detection, by interpreting similar results from two
distinct perspectives.

1.6.3 Strategy Summary
Four case studies were defined for performance comparison. To discuss AD features asso-
ciated to fault detection, a flour and protein content data was considered. The remaining
case studies are related directly to the GTM and Graph Theory combined methodology.
A simulation data set with different types of anomalies was created, analyzing single and
multiple anomaly scenarios, so to explore the potential of the proposed methodology afore-
mentioned. Secondly, the Tennessee Eastman Process (TEP)[47], a virtual realistic data set,
was considered for validation of the methodology, enhancing discussion and understanding.
The proposed method was compared against unsupervised PCA, DPCA, GTM and Graph
Theory independent approaches and supervised PCA, DPCA and GTM.

Chapter 2 explores all aspects related to the proposed GTM and Graph Theory strategy.
Initially, a review on dimensionality reduction, graph theory and process monitoring is
presented, describing all fault identification and diagnosis methods considered for comparison
in this work, followed by the proposed approach described in detail. Finally, several results
discussing the impact of different methodologies on anomaly detection and diagnosis are
presented.

Chapter 3 discusses applicability domain and fault detection features. Similarly to Chapter
2, review, proposed strategy and results are presented. Chapter 4 presents final remarks and
future work.





Chapter 2

GTM & Graph Theory Combined
Approach

Throughout this work, rather different topics will be considered for discussion. Even though
data visualization is the key element involving the proposed GTM and Graph Theory strategy,
many other basic, but nonetheless important, topics should be explored. This section aims to
present, thoroughly, relevant literature on all different features somewhat explored.

Initially, one has to consider how to handle data properly. This starts essentially on
how to be able to extract only relevant information from a given data set. In order to do so,
bypassing redundant and unnecessary features is an important step. This leads to a review
on dimensionality reduction, aiming to clarify some of the main criteria taken into account
when developing the methodology proposed in this work.

Handling, however, also involves knowing how to present and use this information in a
meaningful way, according to the application. Graph theory is the great responsible for it,
where not only data can be brought together in distinct clusters, but characteristics of each
cluster gives further insight on the nature of different anomalies by evaluating what set each
cluster apart and how they behave independently. Sections 2.1 to 2.3 describe thoroughly a
review on all topics aforementioned. Section 2.4 presents the details regarding the combined
approach proposed. Sections 2.5 and 2.6 present the main results of this chapter, exploring
simulation and TEP data sets.

2.1 Dimensionality Reduction

2.1.1 Principal Component Analysis
Visualization of the relationship between distinct variables can be rather complex, especially
if the system possesses many variables or is nonlinear. PCA is the most straightforward linear
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approach known, relying on variables being converted into linearly uncorrelated variables
called principal components (PC), through an orthogonal transformation[18]. The basic logic
behind PCA can be seen in Equation 2.1.

X = TPT +E (2.1)

where X is the original data set matrix, T is the score matrix, P is the loading matrix and E is
the residual matrix. P establishes the relation between X and T, resulting in the projection of
X values onto the transformed space T, where the PCs are its column vectors.

By finding the directions where data has maximum variance, it is possible to extract
relevant information about the data set. Each PC contributes to the original data contained
in X proportionally to the eigenvalues of column vectors in the covariance matrix. Such
effect can also be expressed by the data variation of each principal component as described
in Equation 2.2, assuming that centering and scaling are performed in advance.

Cti =
σ2(ti)

M
(2.2)

where Cti is the component contribution for PC ti and M is the number of input variables.
The main goal is to select only those PCs that contain relevant information, excluding the
rest. The heuristics considered in this work keeps only those components whose accumulated
component contribution is just below 99%.

PCA is recognized as one of the main techniques for dimensionality reduction, with all
sorts of applications in different fields, such as forensics[48], metabolic engineering[49] and
cardiology[50], for instance. As for chemical engineering applications, process control[51]
and process monitoring[52, 53] are a constant source of developments. This tool has been
explored for so long that all sorts of derivations from the original PCA were developed.
In order to better deal with time-series, for example, Recursive PCA[54] was created. For
monitoring applications, once enough features are available, PCA sub-blocks could be
obtained to adapt to different changes in process, called distributed PCA[21].

Since one of its main limitations is its inherent linear nature, which limits its application
for more complex, nonlinear systems, other techniques were developed to cope with that,
such as Kernel PCA[55], one of the most popular PCA extensions. In this work, we are
focused on the original PCA, DPCA[56] and Kernel PCA, to be explained in details in the
next subsections. This extension elegantly inserts artificially delayed variables to the pool of
existing features, so to represent in a simple way the time-series aspect of a system.
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2.1.2 Dynamic Principal Component Analysis
DPCA extends the regular PCA concept by introducing dynamics to better understand and
represent nonlinear time series processes. The methodology itself is remarkably simple.
Time shifted variables are added as extra variables, establishing a relation between current
and past samples[57]. Equation 2.3 shows how to represent this new data set.

XDyn = [X1,X2, . . . ,Xd] =


xd+1 xd · · · x1

xd+2 xd+1 · · · x2
...

... . . . ...
xN xN−1 · · · xN−d

 (2.3)

where Xi is the original data set being delayed, N is the total number of samples and d
is the sample delay. xn is a row vector with all variables for the nth sample. DPCA has
fundamentally the same approach as PCA, but with extra time shifted vectors. Thus, all
analysis related to PCA, such as determining the optimal number of principal components,
apply to DPCA as well.

By adding dynamics to the analysis, it is possible to achieve better discrimination within
samples that, despite having similar variable values, belong to distinct stable and transient
states. As for how far should variables should be delayed, most delays involves one or two
time steps at most, related to the complexity of the system[57].

2.1.3 Kernel Principal Component Analysis
Kernel Principal Component Analysis (KPCA) can efficiently compute principal components
in high-dimensional feature spaces, by relying on integral operators and nonlinear kernel
functions[23]. The concept behind KPCA is quite intuitive, where linearly inseparable data
is projected onto a new feature space, resulting in better discrimination. The mapping of a
sample xi can be written as xi → φ(xi), where φ is called kernel function.

Instead on applying PCA on the original data, a kernel matrix K is used analogously,
where each element k(xi,xj) of this matrix is defined by the dot products shown in Equation
2.4

k(xi,xj) = ⟨φ(xi),φ(xj)⟩ (2.4)
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Kernels can map nonlinear data in different ways. Sigmoidal, Polynomial and Gaussian
kernels[58] are the most common ones. In this work however, Gaussian kernel is used for
evaluation, according to Equation 2.5

k(xi,xj) = e−
∥xi−xj∥

2

c (2.5)

where c is a width parameter regulating the Gaussian coverage. This parameter is defined
based on the average minimum distance between samples in the original space. K is a square
matrix, meaning that the number of features (and PCs) in the kernel space matches the
number of samples available. Principal components are extracted based on their eigenvalue
contribution. Analogously to PCA, relevant PCs are selected by keeping those components
whose accumulated component contribution is just below 99%, as shown in Equation 2.6,
where λ

eig
i is the eigenvalue for PC teig

i .

Cti =
λ

eig
i

∑
N
i=1 λ

eig
i

(2.6)

2.1.4 Generative Topographic Mapping
GTM is a widely used technique applied for visualization of data with several variables. It
consists of a probabilistic non-linear approach, where a low-dimensional latent variable z is
represented in a 2D space, so to approximate original data x as a high-dimensional manifold
on the original data space. This manifold is modeled by a Gaussian function. Acting as a
bridge between spaces, an intermediary layer of radial basis functions (RBFs), also Gaussian,
is created[59]. RBFs are embedded in a mapping function y(z;W), which defines the non-
Euclidean manifold and connects both spaces. Figure 2.1 shows the schematic representation
behind GTM.

Fig. 2.1 GTM overall concept representation.
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GTM structure

The main goal of GTM is to find a representation for the distribution p(x) of data in a
D-dimensional space x = (x1, . . . ,xD) associated to a number L of latent variables z =

(z1, . . . ,zL). In order to achieve that, a function y(z;W) is devised, mapping points z in
the latent space into the equivalent y(z;W). The transformation y(z;W) maps the latent
variable space into and L non-Euclidean manifold S embedded within the data space. W is a
parameter matrix that governs the mapping from z to x.

The distribution of x is chosen, for a given z and W, to be a radially symmetric Gaussian
centered on y(z;W) having variance β−1, as shown in Equation 2.7.

p(x|z,W,β ) =

(
β

2π

)D/2

e−
β

2 ∥y(z;W)−x∥2
(2.7)

The distribution in x-space is then obtained by integration over the z-distribution, assum-
ing a known value for W, according to Equation 2.8.

p(x,W,β ) =
∫

p(x|z,W,β )p(z) (2.8)

where p(z) is the prior distribution of z. Once a data set of N data points X = (x1, . . . ,xN) is
given, the unknown parameters W and β can be optimized, using maximum likelihood. It is
more convenient, though, to maximize log likelihood, as presented in Equation 2.9.

L (W,β ) = ln
N

∏
i=1

p(xn,W,β ) (2.9)

One problem with this representation, however, is that despite specifying p(z) and
the functional form of y(z;W), the integral specified in Equation 5 is usually analytically
intractable. To circumvent this issue, y(z;W) is chosen to be a linear function of W and p(z)
has to be defined accordingly. One option is to define p(z) as Gaussian, then the integral
becomes a convolution of two Gaussians. In this case, however, the model is closely related
to PCA, where the maximum likelihood solution for W columns leads to scaled principal
eigenvectors. In order to expand this formalism to nonlinear y(z;W) functions, p(z) has to
be defined in a specific form, as shown is Equation 2.10.

p(z) =
1
G

G

∑
i=1

δ (z− zi) (2.10)
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where G is the number of nodes in latent space assuming a regular grid. p(z) is given by a
sum of delta functions centered on nodes in a latent space grid. This implies that probability
distribution is local in each point of the lattice and not continuously distributed along the
latent space. The x-distribution function now takes a different form from Equation 2.8, as
presented in Equation 2.11.

p(x,W,β ) =
1
G

G

∑
i=1

p(x|zi,W,β ) (2.11)

and the log likelihood function is now given by Equation 2.12

L (W,β ) = ln

{
1
G

G

∑
i=1

p(x|zi,W,β )

}
(2.12)

Expectation-Maximization Algorithm

This structure can now be optimized for W and β , once y(z;W) is defined. Knowing that
the model developed consists of a mixture distribution, the Expectation-Maximization (EM)
Algorithm might be the most suited for optimization[60]. This algorithm relies on a suitable
choice of y(z;W), such as a generalized linear regression model as described in Equation
2.13.

y(z;W) = Wφ(z) (2.13)

where φ(z) consists of B fixed basis functions φi(z), and W is a parameter matrix D x
B relating these functions with the non-Euclidean manifold S. For a large class of basis
functions, Radial Basis Functions (RBF) are universal approximators[61]. These structures,
particularly the Gaussian RBFs, are interesting, due to their fast training. GTM training using
multi-level programming (MLP), for example, is prohibitive[62].

Once the basis function structure is defined, the optimization can be executed. In
the expectation step, current parameters Wold and βold are used to evaluate the posterior
probabilities, also called responsibilities, of each Gaussian component i for every data point
xi using Bayes’ theorem, as shown in Equation 2.14.

rin(Wold,βold) = p(zi|xn,Wold,βold) =
p(xn|zi,Wold,βold)

∑
G
i=1 p(xn|zi,Wold,βold)

(2.14)
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This leads to the expectation of the log likelihood data presented in Equation 2.15

⟨L (Wold,βold)⟩=
N

∑
n=1

G

∑
i=1

rin(Wold,βold)ln{p(xn|zi,W,β )} (2.15)

Wnew and βnew can then be obtained on the maximization step, by maximizing Equation
2.15 with respect to both parameters independently, as shown in Equations 2.16 and 2.17.

N

∑
n=1

G

∑
i=1

rin(Wold,βold){Wnewφ(zi)−xn}φ
T (z) = 0 (2.16)

1
βnew

=
N

∑
n=1

G

∑
i=1

rin(Wold,βold)∥Wnewφ(zi)−xn∥2 (2.17)

This cycle of expectation and maximization is repeated until the objective function
reaches a maximum, according to a satisfactory convergence.

Data Visualization and Latent Probability Distribution

Once the map is trained, it is possible to determine for each sample the likelihood of it
belonging to each node in the latent grid, establishing a PD profile. The profile comes
from the responsibility matrix obtained from the optimization procedure aforementioned, as
suggested by equation 2.18.

R = [r1,r2, . . . ,rN] =


r11 r12 · · · r1N

r21 r22 · · · r2N
...

... . . . ...
rG1 rG2 · · · rGN

 (2.18)

Such profiles can be represented as individual heat maps or as one plot for all data, as
Figure 2.2 suggests. PD profiles are unique considering that the variables in hyperspace
have a different combination of values for each sample, which, for this work, allows the
similarity assessment of all samples on the same basis. The overall structure of one of the
proposed methodologies presented in this work relies on calculating similarity and GTM
sophisticatedly fulfills this requirement as well.

GTM data visualization can also be performed by collapsing the PD profiles into mean
and mode plot for all samples. Those plots give extra information on how samples are
distributed along the map, since each datum can be represented as a dot, where visualization
of distinct clusters in the data set might be more apparent. Figure 2.3 shows a comparison
between PD heat map and mean/mode GTM plots.
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Fig. 2.2 GTM PD heat map for a) one sample and b) a data set.

In addition to the representation of data in the GTM map itself, it is important to notice
how data is dealt within the optimization algorithm, since this impacts greatly how maps are
trained. GTM considers all samples to be independent, identically distributed vectors (i.i.d.),
which implies that dynamic information is not being considered. For monitoring applications,
not using dynamic information is, at most, a waste of valuable information in one’s data set.
From this premise, some techniques were developed over the years trying to establish the
connection between samples over time. GTM Through Time (GTMTT)[63], for instance,
was developed using the original GTM algorithm and incorporating it as the emission density
in a hidden Markov model. This leads to GTM training at every instant, combining all trained
maps at the end of analyzing all samples. Despite the interesting approach, though, training
GTM maps at each instant is computationally prohibitive, which constrains its application
severely.

A faster and far simpler approach is to consider time-delayed variables, following the
same procedure described in section 2.1.2. Analogous to DPCA, therefore, extra variables
are created, allowing dynamic information to be incorporated to the system to some degree.

On GTM Hyperparameters

One aspect of GTM that deserves special attention is how to set the hyperparameters, which
are structural parameters defined previously to optimizing the parameters W and β mentioned
earlier. GTM relies on the following set of hyperparameters for its utilization: latent grid
size, number of RBFs, width of RBFs and regularization parameter λ . The optimal value for
each parameter is usually determined via exhaustive search, using cross-validation to look
for the minimization of reconstruction error, i.e. distance from the manifold, once data is
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Fig. 2.3 a) GTM PD heat map and b) mean/mode plot. Different colors in the mean/mode
plot represent different process states, where dots are collapsed PD means and circles are

collapsed PD modes.

recreated into the original hyperdimensional space. Root Mean Squared Error (RMSE) is
usually used as an index for such assessment, as described in Equation 2.19.

RMSE =

√
∑

N
i=1 ∑

M
j=1∥xi, j − xrmp

i, j ∥2

NM
(2.19)

where N is the number of samples and M is the number of variables. xi, j is the original ith

sample value for the jth variable and xrmp
i, j is the respective remapped value. Regular RMSE,

however, does not take into account certain factors, such as the smoothness of the map, which
allied to poor choosing of hyperparameters might lead to overfitting, a serious problem in
GTM.

As pointed out by several works in the literature[64–66], GTM overfitting is often
overlooked since most applications do not consider new data being incorporated to the
map. For monitoring applications, however, the idea of new online data coming to a map
is particularly interesting, so to assess data in real time. Overfitting, thus, results in great
representation of training data, but poor evaluation of new samples coming to the map.

In order to cope with this methodology, one option is to use GTM extensions, which, al-
legedly, try to deal with this limitation. Variational Bayesian GTM[67] is the most prominent
methodology, which replaces the regularization hyperparameter present for a full Bayesian
treatment to a Gaussian process based variation of the optimization model. Such extension,
however, is far too time consuming and computationally heavy to be used indiscriminately.
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The key element is the regularization mechanism, since it is directly related to the
smoothness of the map, where higher maps lead to smoother maps, but with generally greater
reconstruction error. There are good practices embraced by the community using GTM, such
as keeping this hyperparameter always above a threshold, which evidently is to be tuned
based on the experience of the user with different data sets. Other developments can be allied
to it, especially when it comes to the criterion used for evaluation. Root Mean Squared Error
of Midpoint (RMSEM) tackles this issue[68], where midpoints to those existent in training
data are used for accuracy assessment. If those samples can be predicted accurately, then not
only training data has high prediction accuracy, but also the regions in between, preventing
overfitting and concentrated sample’s PD. RMSEM is calculated according to Equation 2.20.

RMSEM =

√
∑

L
i=1 ∑

M
j=1∥xmid

i, j − xmid,rmp
i, j ∥2

LM
(2.20)

where L is the number of midpoints selected, xmid
i, j is the ith midpoint value for the jth variable

and xmid,rmp
i, j is the respective remapped point. Midpoints are sampled randomly from all

possible combinations of training data, usually in a greater number (five-fold) than the
original data set.

2.2 Graph Theory
Graphs are symbolic representations of networks that model pairwise relations between
objects[45]. In chemical engineering, their application is mostly close to chemistry applica-
tions, such as drug design[69, 70], thermodynamics[71] and reaction pathways[72].

The main focus here, nonetheless, is process monitoring. There is little to no application
of graph theory in chemical engineering for this purpose. The current research usually
involves transforming the process itself in nodes[73] or using process variables as nodes for
the development of a network[74]. Exploring the potential of samples as the main elements
of a network, as proposed in this work, is new[75], leading to future insights on both fault
detection and data visualization.

2.2.1 Basic Structure
There are two basic elements for every graph: nodes and edges. The former represents
observations (samples) and the latter indicates connections between those observations.
Graphs can be undirected or directed, according to the nature of connection between nodes.
For undirected graphs, edges do not establish any direction for the connection between two
samples, i.e., there is no starting node and ending node for any edge. Directed graphs, on
the other hand, establish that edges have direction, indicating flow of information. Electrical
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grid networks, for example, are directed graphs showing the flow of electrical energy. Social
media networks are also usually directed, showing who start the interaction and towards
whom. Graphs are, by definition, undirected unless said otherwise. For chemical engineering
applications, both types are possible. Associating graphs with process design can lead to
directed graphs, where the connection between equipment shows the flow of energy, mass,
etc. Process monitoring where samples are associated to networks, on the other hand, can be
undirected.

For a given data set, adjacency matrix (AM) formalizes this web of connections, by
representing all connections via a square matrix whose size is directly related to the number
of observations available. Figure 2.4 shows an example of such representation.

Fig. 2.4 Schematic representation of a a) weighted AM and b) its respective undirected
graph.

All null values show that there is no connection between respective pair nodes. Values
different from zero, on the other hand, reveal links between nodes, where the strength of the
connection is correlated to the respective adjacency value. AM is the core element of any
graph, from where graph analysis, visualization and clustering is possible.

2.2.2 Graph Analysis and Visualization
Visualization of graphs is associated to indexes (measures) that reveal different characteristics
of the network. In addition, networks can be seen under different layouts, which also changes
drastically the structure of the graph and how one would interpret the data. In the end, graphs
are malleable, meaning that the same system can be seen through different filters, giving
different insights about the data and the relationship between all samples.
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If one considers each node as a sample in a chemical process belonging to a time-
series data set, the behavior and characteristics of the network worth noting tend to follow
those of social network analysis (SNA)[76]. SNA works with big data sets and try to
investigate the relationship between individuals in social structures such as social media
networks[77], disease networks[78], friendship networks[79], among so many others. SNA
was the inspiration for using graphs relating chemical process measurements over time, to be
depicted along this work.

Graph Layout

Adequately representing graphs in space is fundamental to visualize data in its entirety.
There are several layout approaches available, each one with their particular characteristics.
Force-Directed Graphs (FDG)[80] are more recurrent, since they try to draw graphs focused
on aesthetic aspects. The idea is simple, using repulsion and attraction to the point where
the system reaches a mechanical equilibrium, i.e., all forces are balanced in the network.
One of the most known FDG is the Fruchterman-Reingold (FR) layout[81], whose elegant
representation is used to this day. Methodologies that are more efficient were developed over
time, like Hu’s layout[82], culminating in a robust, elegant and efficient approach, Force
Atlas (FA)[83]. Figure 2.5 shows a comparison between three distinct layouts for the same
data set.

Fig. 2.5 a) FR, b) Hu and c) FA layouts for a simulation data set.

Both FR and Hu keep a spherical layout, which constrains the representation under one
fixed area. FR tends, however, to fill all the area when compared to Hu, which can be positive
or negative depending on the application. FA, on the other hand, is not restricted to that space
and it shows more clearly the depiction of different clusters within the data set. Discussing
whether one layout is better than the other, however, depends greatly on the data set and
application of the analysis. For process monitoring purposes, where discriminating distinct
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clusters is important, however, FA style layout is used, since it gives more insight on this
particular data aspect.

Centrality Measures

Once the layout is defined, there are still several analysis that can be performed considering
the relationship between nodes and edges in the graph, through indexes called centrality
measures[84]. All measures shown here can be applied for directed graphs, however consid-
ering the nature of the application proposed in this work, all measures are being applied for
undirected graphs.

The most straightforward measure is the degree centrality, which reveals the total weight
of edges towards one node[84]. It reveals in the network the most connected nodes overall.
This measure has some limitations, however, since it does not specify whether this value
come from several small edges or one big edge. In addition, it does not give any information
related to the flow of information in the network.

Other centrality measures are complementary to degree analysis, revealing the most
important nodes on the graph. Closeness[85], eigenvector[85] and betweenness[85] centrality
are just a few to cite. For process monitoring applications, considering that discrimination
among clusters is a determining factor, betweenness centrality might be the most interesting.
It quantifies how many times a node acts as bridge along the shortest path between other
nodes. It is interesting for determining important links between clusters where few nodes are
associated between them. Figure 2.6 shows the distinction between degree and betweenness
centrality for the same data set presented in Figure 2.6. Betweenness helps identifying the
nodes that communicate with different clusters the most, indicating their transitional nature in
the system. This analysis, however, is a minor aspect of the analysis for process monitoring.
Being able to extract clusters in the system is far more interesting. The next sub-section will
explore that aspect of graphs in more details.

2.2.3 Graph Clustering
Albeit all approaches consider graph features for discrimination, Graph Clustering (GC) can
rely on rather different techniques, such as Spectral Partitioning (SP)[86], Girvan-Newman
Algorithm (GNA)[87] and Louvain Community Finding (LCF)[88]. Each methodology
has its merits and drawbacks, revealing the plurality of techniques available for adequate
clustering in a network.
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Fig. 2.6 a) Degree and b) betweenness graphs for a simulation data set.

Spectral Partitioning

SP is one of the simplest methods for GC[89]. It relies on the Laplacian matrix for connected
graphs, as expressed by Equation 2.21.

L = D−A (2.21)

where D is the degree matrix and A is the AM. The degree matrix can easily be obtained by
computing all node degrees from A. Once the Laplacian is obtained, the eigenvector and
eigenvalues of L are determined. The eigenvector associated with the lowest second vector,
called Fiedler Vector, is then used for bisection of the graph. All values above zero belong to
one community, all values below zero to another.

The limitations are apparent. SP only bisects the graph, even though further splitting is
possible assuming that partitioning is performed on the remaining sub-graphs available. If
the user has no information on the optimal number of clusters, however, it is difficult to know
when to stop bisecting. This limitations motivates the use of other criteria for discrimination,
as described in the next GC methodology.

Girvan-Newman Algorithm

GNA finds clusters by removing edges from the original network progressively[90]. In order
to do so, the algorithm focuses on edges the are in between communities by evaluating edge
betweenness. Edges are gradually removed to the point where the initially connected graph
is divided in two connected graphs. The algorithm can keep running indefinitely until all



2.2 Graph Theory 25

edges are removed. Betweenness has to be updated every time an edge is removed from the
network, resulting in a computationally expensive algorithm.

This methodology characterizes hierarchical clustering, where a dendrogram is created
keeping track of communities being split. Despite the different criterion for community
detection, however, this approach still suffers from lack of termination criterion. The splitting
of the community is more gradual and conceptually more interesting, but it gives little
solution to a clear termination criterion for community detection.

Louvain Community Finding Algorithm

As discussed in the previous sub-section, SP and GNA has no termination criterion for
optimal clustering and GNA relies on betweenness[45], a graph centrality measure for
finding important hubs in the graph, which may not be available for a given graph or it is
computationally too expensive to calculate.

In order to cope with these limitations, Louvain Community Finding (LCF)[88] presents
itself as an algorithm with intriguing features, based on, generally speaking, evaluating the
density of edges within a group via an index called modularity[91, 92]. LCF algorithm has
two steps: local modularity optimization and graph update. Initially, a weighted graph of N
nodes is created, where different clusters are assigned to each node, i.e., there are as many
clusters as nodes. From this framework, a maximization of modularity is trailed, following
the pseudo-algorithm below. A more detailed version of the algorithm can be found in the
Appendix I.

1. For each node i, consider all neighboring communities j of i.

2. Compute modularity gain (∆Qi, j) when i moves to each community j. i moves to
the cluster with maximum gain, only if the gain is positive. Otherwise, i stays in its
original community. Figure 2.7 shows the schematic representation of step 2 for one
node, when tested against three other communities.

Fig. 2.7 Modularity gain test, where different background patterns indicate different
communities.
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3. Test modularity gain for all nodes in sequence, till no further improvement is encoun-
tered. Modularity gain is described in Equation 2.22.

∆Qi, j =
ki, j

2m
−λ

kiΣtot

2m2 (2.22)

where m is the total sum of edge weights in the graph, ki, j is the sum of edge weights from i
to j, ki is the sum of edge weights incident to i, Σtot is the sum of edge weights incident to
nodes in j and λ is called the resolution limit, regulating both terms of Equation 6. Lower
λ results in fewer clusters, where higher λ results in more clusters. Once the algorithm
stabilizes, the graph is updated by condensing all nodes belonging to a single community
into a single node, keeping in mind that edges between nodes of the same community lead to
self-loops. After the update, all steps above are repeated until no more modularity gain is
achieved. Figure 2.8 and Figure 2.9 show graph and modularity evolution during LCF cycles
for a trivial example.

Fig. 2.8 Graph evolution according to LCF algorithm.

After the second cycle, the graph reaches a modularity peak, indicating that this is the
optimal configuration. By observing the original graph on cycle 0, one can easily see that it
corresponds indeed to the best clustering scenario. Any further clustering beyond that results
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Fig. 2.9 Modularity evolution during LCF cycles.

in a modularity drop. LCF uses modularity in a similar way that Newman-Girvan algorithm,
but it provides an intuitive algorithm with a clear termination criterion.

2.3 Process Monitoring

2.3.1 Principal Component Analysis, Dynamic PCA & Kernel PCA
PCA, DPCA and KPCA rely on two distinct indexes for process monitoring: T 2 and Q[33].
The former assesses input data variation and the latter, prediction residuals. Several articles
in the literature have dealt with those indexes[93, 94], reassuring their application for the
scenario previously described. Equations 2.23 and 2.24 present both indexes for PCA and
DPCA. Those values are calculated for each sample, leading to a Q x T 2 plot used to indicate
discrimination between data groups.

T 2
n =

k

∑
i=1

(
tni

λi
)2 (2.23)

Qn =
M

∑
i=1

(xni − x̂ni)
2 (2.24)

where M is the number of input variables and k is the number of principal components
selected. tni is the score component for the nth sample and ith t-score variable and stdi is
the estimated standard deviation for the respective t-score. x̂ is the estimated input given k
principal components for data reconstruction.

KPCA, on the other hand, while maintaining the same conceptual background, relies on
a different set of equations, since its assessment is in the nonlinear kernel space. Prediction
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residuals and input data variation can be all associated to the score t, as presented in Equations
2.25 and 2.26

T 2
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n1 , t
eig
n2 , . . . , t
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Qn =
N

∑
i=1

teig
ni

2
−

k

∑
i=1
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ni

2
(2.26)

For unsupervised approaches, once data belongs to different states, one could assume
that T 2 and Q would also be on different ranges, or that at least one of the indexes would
behave in such way. If samples are dissimilar enough, groups of data can be isolated.

Such dissimilarity would lead to data discrimination and, thus, process monitoring. While
it is true that the usual approach is supervised, where the reduced model is trained only with
data from a particular state, one can apply it to an unsupervised scenario, if there is a clear
distinction between two or more data groups. For supervised approaches, a threshold for
both indexes is defined as 99% of the maximum value in the normal data. Values exceeding
at least one of the thresholds are detected as outliers.

In the case where a clear discrimination is not possible, another option is to cluster data
based on the reduced PCA subspace, by using, for example, k-means clustering on the main
PC subspace[95], where here k indicates the predetermined number of clusters to obtained. It
is true that one need to know beforehand the number of clusters required for discrimination,
however depending on the characteristics of the system, this parameter could be inferred
with reasonable certainty. Furthermore, not only the PCA subspace, but also the T 2 and Q
plot itself can be used for discrimination, using their values as position references.

2.3.2 Generative Topographic Mapping
The main aspect behind GTM is that its latent space approximates the original, hyperdimen-
sional variable space. Once all issues related to possible overfitting are considered, these
trained maps can be used for process monitoring, once RE, remapping error is calculated.
Once data reduced to a latent framework is re-plotted into the original space, RE can be
calculated[96], according to Equation 2.27.

REn =

√
M

∑
i=1

(Xni −XGT M
ni )2 (2.27)

where xni and xGT Mni are the original and reconstructed, respectively, ith input for the nth

sample. Analogous to PCA, both supervised and unsupervised approaches are possible, where
the former only uses the previously defined normal group for map training and the latter
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uses all data for training. For the unsupervised approach, finding at least two groups with
clearly distinct RE ranges is desirable, yet unlikely. For supervised approach, a maximum
threshold considering 99% of the maximum RE in normal data is used, where RE exceeding
this threshold are said to be anomalous.

Considering the GTM structure, however, one can argue on the effectiveness of an
unsupervised approach for this assessment. Knowing that GTM fits data on the latent space
aiming for a non-Euclidean manifold in the original hyperdimensional space, there is no
discrimination between data in different states. All samples are being fitted to the latent map.
From this premise, the remapping error should be equivalent for all samples, anomalous or
not in the system.

While it is true that only a supervised approach would be adequate for this evaluation,
once normal samples can be extracted from the original data set, the map could be trained
with this extracted sub set, leading to discrimination between anomalous and normal samples.

Besides Remapping Error, similarity between probability distributions can be used as an
index. The same matrix used for the network generation can be used for assessment. From an
unsupervised perspective, little knowledge can be obtained about the process, since there is
no reference. If normal data is known, however, it is possible to see whether external samples
are at least 99% similar to at least one of the samples in the normal data pool. Assuming that
all normal samples are part of the same state, if any external sample is similar to any sample
in the pool, it can be considered normal as well. This idea leads to an unique threshold for
each sample, since maximum similarity for each query sample against the normal data pool
is different.

2.3.3 Graph Theory
Once data is represented as a network and GC is performed, different clusters can be isolated
in the system’s graph. From the LCF procedure, a graph structure is defined with clusters
representing different states in the chemical plant. By defining a criterion for isolating the
normal group, biggest cluster for example, a clear distinction between outliers and normal
samples can be established.

Given a similarity criteria that creates the network in the first place, new data can be added
to it, where LCF can constantly re-evaluate the network and assess whether data is classified
as normal or anomaly. From that point on, monitoring can be performed online, while, if
necessary, one can visualize the system through the network being currently updated.
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2.4 Proposed Methodology (GTM+GT)
The main methodology explored in this work involves two key elements: extraction of
essential information and effective data clustering. This is achieved by combining GTM and
Graph Theory[75]. Primarily, GTM reduces data to a 2D latent plot, removing redundant
and irrelevant information from the original data set. Every sample in the latent space has a
unique PD profile, which is used for similarity assessment, as represented schematically in
Figure 2.10 for two responsibility vectors r1 and r2.

Fig. 2.10 Correlation assessment between two samples using the same GTM grid.

Each sample’s PD can be expanded in a vector, which then is used for squared Pearson
product-moment correlation coefficient (r2) calculation. Each assessment between samples
fills one element of the AM. Once all samples are cross-evaluated, AM construction is
finished.

With the AM built, LCF can cluster data into groups with similar characteristics. For
unsupervised fault identification, it is assumed that faults are a minority of the system and
due to their faulty nature, their behavior is usually more erratic, i.e., less stable. Normal
operational data, on the other hand, represents generally a majority of the samples available,
where data itself is stable. From a graph theory perspective, this means that normal data has
a far higher number of connected nodes combined with higher connection density, which is
used as reference for identifying the optimal Normal Cluster (NC). It is also important to
notice that anomalous data might be detected as not one cluster, but several, representing
different fault characteristics or different states within one fault development over time.
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2.4.1 AM Construction
The benefit of GTM is to extract only relevant information for assessing similarity between
data. How to calculate it properly, however, becomes the challenge. It was presented earlier
that r2 was used for calculation. The reason behind this assumption, however, was not
clarified. PD profiles are analogous to images, where comparing two images relies on
evaluating the discrepancies in pixels. From image processing, similarity can be defined
according to structural discrepancies, also called Structural Similarity (SSIM)[97]. It relies
on three distinct features: luminance, contrast and structure, described by the Equations 2.28
to 2.30[98], respectively, for two PD (responsibility) vectors r1 and r2.

lr1,r2 =
2r1 r2 +C1

r1
2 + r2

2 +C1
(2.28)

cr1,r2 =
2σr1σr2 +C2

σ2
r1
+σ2

r2
+C2

(2.29)

sr1,r2 = r2
r1r2

=
σr1r2 +C3

σr1σr2 +C3
(2.30)

where σ is standard deviation, r1 and r2 are the average values of r1 and r2 and Ci are
arbitrary constants to avoid instability when the denominator is very close to zero. σr1r2 is
shown in Equation 2.31.

σr1r2 =
1

G−1

G

∑
i=1

(r1i − r1)(r2i − r2) (2.31)

remembering that G is the number of nodes in latent space assuming a regular grid. Lumi-
nance considers differences in the average PD value, contrast compares variance changes in
PDs and structure calculates the correlation between PDs. When two images are compared to
assess degradation, for example, all those three elements are important and equally relevant.
For PD evaluation, however, luminance and contrast are far less important than structural
comparison. Figure 2.11 shows the usual PD for two samples in a GTM map.

When images are compared, all pixels have important information and therefore all
three indexes are relevant, trying to extract all tiny nuances in both images. GTM PDs are
much more crude and limited in their representation, occupying specific regions of the map.
Dissimilar samples will occupy different regions in the map, resulting in low similarity.
Similar samples will overlap and be somewhat similar. This structural assessment depicted
in Equation 2.28 is enough for our applications. It is important to notice that given some
mathematical manipulation, Equation 2.28 corresponds directly to r2.
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Fig. 2.11 GTM PD for two samples in a trained map.

Assessing similarity between all samples in the system, then, is being portrayed as simple
r2 calculation. Depending on the map size chosen for GTM, however, each PD vector can
easily go to thousands of variables. Even for small map sizes such as 10 x 10, there are 100
features being compared between samples for similarity assessment. Knowing that samples
have local PD, calculating solely correlation between samples is not enough, since it would
result in very low similarity for any samples marginally different. In order to cope with that,
good practices recommend local assessment, by creating a moving window, which slides
point by point throughout both latent grids. Once all local values are calculated, an average
similarity is calculated and integrated to A, the AM, as shown in Equation 2.32 for r1 and r2

presented previously.

a12 =
1

W

W

∑
j=1

r2
r1 jr2 j

(2.32)

where r1j and r2j are local vectors and W is the number of local windows. Once similarity
assessment is finished for all responsibility combinations, AM can be constructed. Finally,
for any AM very low correlation values are recurrent (< 10−5). In order to keep the structure
of the network intact while discarding irrelevant correlation values, a low threshold (10−5)
is set to cut all similarity values below it. Determining a low threshold rather than a high
threshold is more important, excluding correlation by chance and reducing considerably the
number of unnecessary connections.

2.4.2 Normal Cluster Refinement
Once GTM map is trained, AM can be generated, resulting in a network representing the
system. GC is then performed using LCF, isolating clusters with different characteristics.
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The biggest stable one is defined as the normal cluster (NC), where the remaining ones
are defined as anomalous clusters. According to this description, the NC is susceptible to
anomaly contamination. Assuming a big gradient in similarity between different groups
of samples, it is possible for faults that are somewhat similar with the normal data to be
misjudged as belonging to this cluster.

Very dissimilar anomalies will be far from normality in the GTM map created, but slightly
dissimilar anomalies might be close enough to normal data. From this premise, an iterative
methodology using the GTM and Graph Theory cycle is concurrently proposed, where only
the sub-data set belonging to the NC is used for GTM retraining, leading to sub-graphs and
new clustering results. Once data with a smaller similarity range is chosen for retraining, it is
more likely for marginally dissimilar samples to be excluded from the NC, increasing the
likelihood of clearer final clusters. Figure 2.12 shows the entire flow of this procedure.

Once NC stops changing its size, i.e., when no more samples are excluded from the cluster,
the final NC is obtained. One important aspect to notice is that LCF’s resolution parameter
λ described in Equation 19 is updated every iteration, which regulates the importance of
connections inside and outside the cluster. Higher λ means more clusters and lower λ results
in fewer clusters. If the data set does not change in size, an initial adjustment is enough. If
the system remains the same, but the data change size, the clustering results can be affected,
pointing one downside of the modularity approach, called resolution limit[92, 99]. Its effect
is usually felt on big data networks, where small communities are hard to detect unless
subnetworks are extracted and λ is adjusted.

For the iterative methodology described, knowing that the amount of data decreases over
iterations, the likelihood of one cluster splitting into smaller ones is big if the parameter is
not adjusted. From this premise, λ is adjusted according to Equation 2.33.

λi+1 =
λili+1

li
(2.33)

where li is the number of samples under GTM training at iteration i and λi is the respective
resolution parameter. The initial value for λ depends on the data set involved, by evaluating
how many clusters are being generated. There is a connection between the density of
connections in the network, and the likelihood of fewer clusters being the optimal solution
for LCF. When λ is too big, big clusters can be split in two or more smaller clusters, even
though their connection is evident. When λ is too small, clusters with different characteristics
connected by a few links can be misguidedly brought together. An intermediary value is
recommend, so to avoid those issues.
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Fig. 2.12 Schematic representation of the proposed fault detection procedure, considering
NC refinement.

Along with the update of the resolution parameter, there is another aspect that needs
to be taken into account related to how to determine the hyperparameters. As mentioned
previously, assessing similarity is related to the PDs profiles of each sample in the map. If
samples are similar, there must be some overlap between them, so that a higher similarity
value is obtained. Regardless of the criterion, cross-validation is used for determining the
best combination of parameters. A grid search like structure is created, were all possible
combinations of hyperparameters are tested, according to pre-determined values assigned to
each hyperparameter. By using good practices and the right criterion, overfit can be avoided.
Some issues, however, might still arise from a similarity assessment perspective. Depending
on the range of those values, data’s PD profiles may be too concentrated, to the point where
even really similar data has low similarity. As the clusters get small, and fewer data are used
for training, the likelihood of low similarity values is high, which compromises clustering,
even with λ update. The number of RBFs and their width affect negatively the map. If
the number of RBFs is far too great and their width is too small, even without overfitting
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obtaining meaningful AM can be difficult. Determining a reasonable number of RBFs, thus,
is desirable.

In order to cope with that, Bayesian Information Criterion (BIC)[100] is used for de-
termining the optimal number of RBFs. BIC is formally defined according to Equation
2.34

B =−2lnL̂ + klnN (2.34)

where L̂ is the maximized value of the likelihood function and k is the number of parameters
needed for model generation. Each term of this equation takes into account different aspects
of model selection. The likelihood term considers how good the model fit is. The second
term penalizes models based on how complex the model is (number of parameters) and how
many samples are involved. By minimizing B, the optimal model can be selected.

BIC is mainly used when the modeling application is descriptive, i.e., when the goal is to
create a model featuring the most meaningful factors influencing the outcome, based on an
assessment of relative importance. For the work explored in this thesis, what is proposed is a
fit based on Gaussian Mixture Models (GMM)[101], where the optimal model reflects the
optimal k number of Gaussians required for model representation. Since GTM works with
RBFs as Gaussian functions, this value is used as a guide for their determination. Knowing
that the displacement of RBFs in the latent space only accepts values leading to integer square
roots (4,16,25, . . .), the optimal value found by BIC is adjusted accordingly, always rounded
up. The remaining GTM hyperparameters, RBF width and regularization, are determined by
cross-validation.

2.5 Case Study - Simulation Data Set
Trying to include several topics related to anomaly detection through a data visualization
centered methodology, the combined GTM and Graph Theory strategy was presented. Differ-
ent aspects of fault detection such as multiplicity of anomalies and unsupervised approach
philosophy are being explored using two case studies[75]. This section shows a simulation
data set for single and multiple anomaly scenarios, exploring in a controlled environment the
capabilities of the proposed methodology. Section 2.6 shows results associated to Tennessee
Eastman Process, a virtual chemical plant whose structure mimics real plant behavior, in
order to validate the proposed methodology and further enhance the discussion. Finally,
section 2.7 depicts a real industrial case of an exhaust gas denitration process.
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2.5.1 Single Anomaly Scenarios
In order to evaluate the potential of the combined GTM and Graph Theory approach for
process monitoring, artificial data sets were created, with different goals in mind. Initially,
single anomaly scenarios were generated, so to evaluate the basic premise of the proposed
methodology, i.e., using GTM for similarity assessment, generating the AM and creating the
system graph. Aiming only to evaluate the potential of this procedure, the analysis is limited
to the first discrimination cycle, meaning that normal data refinement is not explored at this
step.

An artificial data consisting of four pseudo-random variables was created. Aiming to
explore the most common types of anomalies encountered in chemical plants, six scenarios
were proposed, according to what can be seen in Figure 2.13. Additive Outliers (AO) are
spikes in the system, usually present when there are sensor malfunctions. Level Shift (LS)
indicate sudden and sustained change in state, sign of sensor non-gauging or unexpected
changes in set-point. Local Trend (LT) represents continuous data drift over time, which
usually appears as disturbances in the system, such as steam leaking or raw material shortage.
Transient Change (TC) occurs when a sudden change is dampened over time. Process control
malfunctions or sudden bursts of pressure might trigger such behavior. Seasonal Change
(SC) is oscillatory behavior, where it can appear as a disturbance, like temperature changes
during day-night cycles, or as pure anomalies when controllers become poorly tuned. Finally,
Variance Change (VC), which as the name suggests, is a result of change in data variation.
Sticking valves are a classic example of such anomaly. For simplicity, all disturbances are
assumed to be happening simultaneously on all variables. Even though it might not represent
chemical plant faults in their entirety, faults can affect several variables in a short period.

For generation of the data sets, four different baselines xb = (0.2,0.4,0.6,0.8) were
created, where both random Gaussian noise and Brownian motion were used for defining the
overall structure of each variable xi, as presented in Equation 2.35.

xi = xbij+0.005g+0.02b (2.35)

where xbi is the ith baseline value, j is a vector of ones, g is a random Gaussian noise vector
from 0 to 1 and b is a Brownian motion vector with variance of norm distribution equal to 1.

Using Equation 33, four pseudo-random variables of 1000 samples were created, where
part of those samples were altered for each scenario to be the anomalies. Equations 2.36
shows the general structure of each fault described for a variable xi, except for VC described
in Equation 2.37, keeping in mind that all faults happen simultaneously in all variables.
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xoutj = xi(tj)+oj (2.36)

xoutVC = xi(tVC)+oVC (2.37)

where xoutj is the jth anomalous input vector, tj is the jth anomaly time vector, oj is the
defined anomaly itself for the jth anomaly and xi(tVC) is the faulty input average for VC.
Table 2.1 shows all tj and oj parameters used for the six scenarios.

Table 2.1 Parameters for single anomaly scenarios generation.

tj oj

AO tAO = [200 400 600 800] oAO = [0.5 −0.5 0.2 −0.2]
LS tLS = [751 752 · · · 1000] oLS = 0.15j
LT tLT = [601 602 · · · 1000] oLT = 0.0025(tLT −600)

TC tTC = [501 502 · · · 1000] oTC = 0.07e−
6(tTC−500)

500 (tTC −500)

SC tSC = [501 502 · · · 1000] oSC = 0.2sin
[

4π(tSC−500)
500

]
VC tVC = [501 502 · · · 750] oVC = 7[xitVC −xitVC]

The dynamic information was added using time delayed variables. For these scenarios,
delay d was defined as 1. Initial λ was defined as 1.

For unsupervised PCA, Q and T 2 plots are presented in Figures 2.14 and 2.15, respectively.
The lack of discrimination between both normal and anomalous is clear, indicating poor
monitoring performance. Except for AO and VC, data cannot easily be discriminated in
distinct clusters. PCA’s simplistic approach and inherent linear capabilities led to such results.
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Fig. 2.13 Single anomaly simulation data set.

Fig. 2.14 Unsupervised PCA Q plot for single anomaly scenarios.



2.5 Case Study - Simulation Data Set 39

Fig. 2.15 Unsupervised PCA T 2 plots for single anomaly scenarios.

Supervised PCA results can be seen on Figures 2.16 and 2.17, where only normal data
is used for PCA model construction and, then, anomalies use this model for Q and T 2

calculation. Compared to the previous unsupervised approach, a slight improvement is
noticeable. For some scenarios, however, such as LT, SC and TC, discrimination is rather
poor. Despite knowing which samples are which, PCA’s linear nature still takes a toll on the
overall fault identification performance.

PCA does not include any information regarding the dynamic of the system, which is
unfair once the data used is time dependent. The insertion of dynamics here is presented
initially using DPCA. While it is true that adding dynamic information provides better insight
on the relationship between current and past samples, positive and negative aspects are worth
mentioning. In cases where faults are sudden and not sustained, such as AO, not only outliers
are detected, but nearby normal data, due to the delay. On the other hand, for faults where
anomalies are set only due to their dynamic behavior, some advantages might arise from
it. In SC, for example, anomalous samples cross the normal data range, even though their
dynamic characteristics are completely different. Figures 2.18 and 2.19 shows unsupervised
DPCA Q and T 2 plots.
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Fig. 2.16 Supervised PCA Q plots for single anomaly scenarios.

Fig. 2.17 Supervised PCA T 2 plots for single anomaly scenarios.
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Fig. 2.18 Unsupervised DPCA Q plots for single anomaly scenarios.

Fig. 2.19 Unsupervised DPCA T 2 plots for single anomaly scenarios.

By relying on dynamic information, discrimination was improved, particularly for LS,
TC and VC. Discrimination is not perfect for all samples, but a clear visualization of two
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or more clusters with distinct characteristics is possible. Evidently, the linear nature of the
methodology is still present, which hinders performance. Supervised DPCA, as shown in
Figures 2.20 and 2.21, leads to even better discrimination, as expected. For all scenarios,
anomaly detection was satisfactory, even if not all samples are detected as such.

Fig. 2.20 Supervised DPCA Q plots for single anomaly scenarios.
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Fig. 2.21 Supervised DPCA T 2 plots for single anomaly scenarios.

DPCA’s performance considers evaluating not only variables’ range, but also their dy-
namics. The approach, however, is still linear and, therefore, other aspects related to the
inherent nonlinearity of the data might be compromised. From this premise, Figures 2.22
and 2.23 show, initially, unsupervised kPCA Q and T 2 plots. Compared to the other method-
ologies, a small improvement could be hinted, especially if one considers Q performance as
a monitoring index. Even so, still is not satisfactory enough to confirm its applicability as a
fully unsupervised methodology. Figure 2.24 and 2.25, on the other hand, show supervised
kPCA Q and T 2 results with a rather improved performance. Except for a few samples in
SC and VC, most detections were near perfect. The use of kernels for transforming the data
had a significant impact in the final discrimination performance, confirming its potential as a
supervised methodology.
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Fig. 2.22 Supervised kPCA Q plots for single anomaly scenarios.

Fig. 2.23 Supervised kPCA T 2 plots for single anomaly scenarios.
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Fig. 2.24 Supervised kPCA Q plots for single anomaly scenarios.

Fig. 2.25 Supervised kPCA T 2 plots for single anomaly scenarios.

As for GTM as a methodology for process monitoring, without considering Graph Theory,
the distinction between unsupervised and supervised approaches is far more evident. The
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latent map is dependent on which samples are being used for training. From a RE, remapping
error, perspective, if all samples present in the system are used for training, both normal and
anomalous samples will adhere similarly to the non-Euclidean manifold created. Little to no
distinction therefore will be attested, as seen in Figure 2.26. As for the similarity assessment
index, slightly better discrimination can be seen, but with little improvement, as shown in
2.27. Supervised GTM, on the other hand, shows a clear evolution on discrimination, since
outliers now hardly adhere to the map, as shown in Figures 2.28 and 2.29.

Fig. 2.26 Unsupervised GTM RE plots for single anomaly scenarios.
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Fig. 2.27 Unsupervised GTM Similarity index plots for single anomaly scenarios.

Fig. 2.28 Supervised GTM RE plots for single anomaly scenarios.
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Fig. 2.29 Supervised GTM Similarity index plots for single anomaly scenarios.

Independent Graph Theory analysis, where the AM is constructed by assessing similarity
between the original samples using simple correlation, also had poor performance. The
similarity matrixes could not detect any differences between normal and faulty data, what
compromises the structure of the network generated. Figure 2.30 shows the discrepancy
between Graph Theory AM and GTM/Graph Theory AM for the LT scenario, even though
the same behavior was apparent for all scenarios. GTM highlights relevant information
regarding different states in the plant, where the influence of redundant and unnecessary
information is minimized. If the AM cannot recognize any patterns, the network has similar
connection density everywhere, resulting in one single cluster.

As states before, the combined GTM and Graph Theory has two key features: on one hand
GTM extracts the system relevant information while minimizing the impact of redundant
information, where Graph Theory uses this knowledge for visualization and clustering of
different states. Figure 2.31 and Figure 2.32 show such behavior. Figure 2.31 networks
present all samples without connection, so to ease the visualization of different clusters.
Figure 2.32 networks show all nodes and edges for each network.
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Fig. 2.30 AM matrix for a) Graph Theory and b) combined GTM and Graph Theory
approaches, considering the LT scenario.

Fig. 2.31 GTM + Graph Theory networks for single anomaly scenarios represented without
any edges.
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Fig. 2.32 GTM+Graph Theory networks for single anomaly scenarios represented with all
available connections.

For all cases, it is clear that one densely connected cluster is formed, where anomalous
clusters are just scattered. Particularly for time varying faults, it can be seen that discrimina-
tion is not perfect, but close to it. In LT, the variation of the two initial anomalous samples
was not big enough to compensate the inner variation of normal data. It was, therefore,
considered as normal. For SC, within the oscillatory behavior, each sample that crossed
the normal state was said to be normal. As for VC, the samples whose change in variation
was not enough to compensate the noise of the normal state were still considered as normal.
Nonetheless, these results motivate the use of the proposed approach for process monitoring.
One important aspect to be considered is that this approach is fully unsupervised. Compared
to the other unsupervised approaches, the proposed approach outperformed all techniques
presented. Furthermore, it performed as well as or close to the supervised approaches,
revealing how the analysis of the relationship between variables might be enough for data
discrimination.

The idea behind using unsupervised analysis can be misinterpreted as ignoring all knowl-
edge available. It is important to clarify the tone of the analysis proposed. Using unsupervised
approaches for data analyzing does not intend to ignore important information, but rather to
support methodologies already implemented by offering a perspective free of biases, relying
only on the relationship between variables and samples. What is offered is the analysis
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before the analysis, i.e., to not rely on the preconceived notion that all existent information is
reliable.

This simplified case study also gives some insight on the nature of certain anomalies
and their plants. In the case of planned transitions, for example, the system could behave
similarly to the fault presented in LT. Assuming that normal data is only the steady normal
operation data, such transition would be detected as a fault. Once the characteristics of the
transitioned cluster are known, however, one could take this information and incorporate it
to the normal data set, or hide it from the network, or even ignore alerts coming from that
particular cluster. A more comprehensive framework is required, however the potential for
such analysis is present.

2.5.2 Multiple Anomaly Scenario
This scenario considers multiple anomalies in the same data set, where not only normal
and anomalous data have to be discriminated, but also that within anomalies, it should
be possible to discriminate between different types of faults. For this step, the whole
methodology is considered, including normal data refinement, so to compare the evolution
of the discrimination and motivate the application to the Tennessee Eastman Process case
study. The simulation consists of three variables, where two of them are highly correlated. In
order to mimic such behavior, the same Brownian motion sequence was associated to two
variables, with distinct Gaussian noise for each variable. The remaining variable has both
independent Brownian motion and Gaussian noise.

The normal data benchmark was created using Equation 33, with baseline xb =(0.1,0.2,0.3).
Variables x1 and x2 are correlated. 700 samples were generated, where the first 300 are
associated to normal data and the remaining 400 are split in four different outliers, each with
100 samples. Differently from what was devised in section 2.5.1, the anomalies are now
local, i.e., they do not affect all variables simultaneously, but the structure of the faults still
follows Equation 34. Figure 2.33 shows the variable plot and Table 2.2 details the parameters
involved for each anomaly, including which variables are affected by each anomaly.

Table 2.2 Parameters for multiple anomalies scenario generation.

Variables Affected tj oj
O1 x1 tO1 = [301 302 · · · 400] oO1 = 0.0005(tO1 −300)
O2 x1 & x2 tO2 = [401 402 · · · 500] oO2 = 0.05
O3 x1 & x2 tO3 = [501 502 · · · 600] oO3 = 0.089+0.005bO3
O4 x3 tO4 = [601 602 · · · 700] oO4 = 0.1bO4
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Fig. 2.33 Multiple anomalies simulation data set, where each color delimits different states.

Each anomaly presented here has a different characteristic. O1 is a slow drift acting on
variable x1. O2 is a sudden sustained change in variable x2, accompanied by variable x1. O3
is a change in correlation values for both x1 and x2, where the range of the variables does not
change, only the relationship between them. This type of anomaly is particularly difficult to
be detected. Finally, O4 expresses random variation in variable x3, result most likely from
some equipment malfunctioning. The delay d chosen for defining time delayed variables is 1
and the initial λ is 1/3.

Figures 2.34 and 2.35 shows the comparison between PCA, DPCA and KPCA for both
unsupervised and supervised approaches. Figure 2.36 shows RE and Similarity assessment
results for GTM.

The case presented now is more complex than the previous one for two reasons. First,
the presence of multiple anomalies itself leads to a more complex representation of data,
where now more than two clusters are necessary for representing the data set. In addition,
now faults are local and not global anymore, what also penalizes how much difference there
is between each normal and anomalous states.
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Fig. 2.34 PCA, DPCA and KPCA Q monitoring results for both unsupervised and
supervised results, following the color scheme depicted in Figure 2.33.

Fig. 2.35 PCA, DPCA and KPCA T 2 monitoring results for both unsupervised and
supervised results, following the color scheme depicted in Figure 2.33.
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Fig. 2.36 GTM monitoring results for both unsupervised and supervised results, following
the color scheme depicted in Figure 2.33.

PCA, DPCA and KPCA have similar performance, where for both unsupervised and
supervised approaches, finding clean normal and anomalous clusters is not feasible. For
the unsupervised approach, the overlap between different states is small, even though clear
differentiation between them is not possible. For the supervised results, O4 and O2 anomalies
overlap with the normal data set, which is not an indication of good fault detection.

GTM, as expected, is ineffective as an unsupervised methodology, since all data is used
for map training. The supervised approach, however, has a good performance, where most
anomalies are soon detected, even though for anomalies O1, O3 and O4 some samples are
falsely distinguished as normal. For the supervised approach, it should be noticed that the
training data threshold changes for each abnormal sample tested, since it represents the
similarity associated to the maximum similarity value of those samples.

For this case study, the combined approach is fully explored, including refinement of
the NC, according to all steps described in section 2.4.2. Only two cycles were necessary
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for finding the optimal NC, where Figure 2.37 shows the evolution of the NC from the first
network.

Fig. 2.37 Evolution of NC where a) shows data label for normal and anomalous states and b)
shows clustering results.

Initially, all samples are trained, resulting in the first network marked by 1. NC is then
extracted based on the biggest cluster available, showed in 2. A new GTM map is obtained by
training only the NC, which followed by AM calculation results in the new network depicted
in 3. After another NC extraction, showed in 4, further GTM maps and network generation
led to one single cluster, satisfying the criterion established. Once the process is finished,
all networks connections in each step are fed back to the original network, resulting in what
can be seen in Figure 2.38, which shows the clustering results and actual labels of the final
network found.

From the NC perspective, the discrimination obtained is near perfect, where only a few
abnormal samples are not detected. Once more, the key aspect to highlight here is that the
methodology is unsupervised from start, not relying on any labels. Even when compared
with supervised techniques, the proposed methodology outperformed them. It is true that
the methodology was only initially unsupervised, since in later cycles labels were assumed,
similar to a self-learning process. Even so, there was no external knowledge available other
than the relationship between variables and samples. Furthermore, one could also argue
on the nature of the data presented. According to the characteristics of the methodology
presented, it is fair to say that the contaminated data in the NC is similar to the NC itself.
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Fig. 2.38 Final network for the multiple anomalies scenario showing a) clustering results,
where different colors are different clusters, and b) network labeled for reference.

Taking into account the timeline of data, it is common sense to assume that those samples
are anomalous, since all samples around them are. If similarity with the NC is high, however,
considering them as normal has little to no impact on the data set. On a bigger scale, how
reliable was assigning those samples as outliers is the issue.

Besides data discrimination itself, data visualization aspects can also be discussed, related
to the nature of each fault. The structure of the network and the clusters hints on the structure
of the normal and faulty data. The NC obtained is a cluster with high connection density,
i.e., there is a high ratio between the number of nodes and edges. This is an indication
of a stable state, since a lot of samples relate to each other. This is not a characteristic of
normal data only, though. Both O1 and O3 represent data that, while anomalous, are stable.
Understanding the characteristic of those faults, one can investigate further their origin on
a more oriented basis. O2 cluster has a lower density, implying that only a few samples
are similar to each other. This is an indication of constant transition, where samples at the
beginning of the fault might not relate to samples at the end of the fault. Such structure
matches the slow drift structure of O2. Finally, when the behavior is erratic, such as the one
portrayed by O4, each sample has a low likelihood of relating to any other faulty sample,
resulting in isolated nodes, with no connection to other ones whatsoever. Almost all data
belonging to O4 exhibit this behavior. By analyzing not only which clusters were found, but
also what their characteristics are, further insight can be gained on the nature of outliers.
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On Online Monitoring

In order to apply the proposed methodology in a real case study, evaluating the methodology
beyond its training data is fundamental. With that mind, a test data set is presented, so to
motivate the use of GTM and Graph Theory for online monitoring. Figure 2.39 shows the
structure of the test data. The structure of normal and faulty data follows the one shown in
Table 2.2, with different noise and Brownian Motion. In addition, the order of the anomalies
is different.

Fig. 2.39 Multiple anomalies simulation test data set, where each color delimits different
states.

When evaluating test data, one can assume that the proposed strategy (GTM+GT) has al-
ready detected within the training database which data is normal and which data is anomalous.
From that point on, the analysis is no longer unsupervised. From exclusively a fault detection
perspective, GTM+GT could evaluate test data, however other supervised methods can be
used instead, saving processing time. GTM was the methodology with the best performance
and, therefore, it is used for this assessment.

Figure 2.40 shows supervised RE and Similarity index results for test data, respectively,
using training data’s threshold. Figure 2.41 depicts better the inferred labels according to
GTM, so to highlight the detection performance. Overall, the methodology can detect fairly
well normal and anomalous data, except for a few instances. More importantly, however, is
knowing that there was no detection delay in this scenario, i.e., anomalies were detected as
soon as they occurred.
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Fig. 2.40 GTM monitoring results for both unsupervised and supervised results with the
detection threshold highlighted in black, following the color scheme depicted in Figure 2.39.

Fig. 2.41 GTM normal and anomalous inferred labels for the test data set.

The normal instances undetected or the anomalous ones wrongly detected as normal
reveal important characteristics, and limitations, regarding the approach taken in this work. In
order to select the NC, GTM+GT relies heavily on similarity, since it depends heavily on the
AM obtained. In the test data, some normal samples deviate from the original NC obtained,
indicating their lack of similarity with that cluster. This limitation hints at applicability
domain issues, where the NC obtained should be broad enough to encapsulate a fair range of
normal states, and it should be considered more thoroughly for future works.

When it comes to anomalies being detected as normal data, however, a different aspect of
similarity can be considered. Knowing that time-delayed variables were used for GTM+GT
evaluation, both variable range and dynamics are being considered for similarity assessment.
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The samples mislabeled as normal, therefore, are indeed similar to the NC in both aspects.
Despite their anomalous nature, they affect little the existent pool of normal data, since their
values are within boundaries of normal data variation. This behavior assumes, evidently,
that normal clusters in the training data set have little contamination. Despite those issues,
however, most of the detection was successful, motivating its application for more complex
scenarios presented in the following section.

2.6 Case Study - Tennessee Eastman Process

2.6.1 Data Characterization
TEP is a realistic virtual industrial process whose data sets are valuable for process control
and monitoring evaluation. The schematics of the plant can be seen in Figure 2.42. The
system consists of eight compounds (A,. . ., H), 12 manipulated variables and 41 process
(measured) variables. In order to evaluate fault detection capabilities, 21 preprogrammed
faults are available, consisting of both training and test data sets. Each training data set
consists of 500 initial normal samples followed by 480 anomalies.

As for the impact of the outliers on the chemical plant, TEP differs from the scenarios
presented previously. For the simulation data sets, the system was an open loop and each
variable channel was, from an outlier perspective, independent from one another. Each
anomaly, therefore, had no impact on the other variables. TEP variables, on the other hand,
are affected in two different ways. First, depending on the physical structure of the plant,
anomalies in one variable can affect other ones in the system. If the A feed depicted in Figure
2.42 is affected, for example, variables related to the reactor will probably be affected as
well. Moreover, TEP is a closed loop, where several PID controllers are constantly reacting
to changes in the plant. This results in seemingly unrelated variables changing to compensate
the anomaly. TEP is a far more realistic approach to what is experienced in real plants and
it is a more challenging case study to analyze. All manipulated variables and all, but one,
process variables are used as input, giving a total of 52 variables for assessing relationship
between samples. From the literature[57], TEP’s delay d is defined as 2, since a more
complex system needs a bigger delay for dynamic information to be collected.

For the work presented here, not all faults are being considered for analysis. Table
2.3 shows the nine faults chosen for evaluation, considering anomalies with different char-
acteristics. Figure 2.43 shows all nine plots for all TEP variables already centered and
scaled.
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Fig. 2.42 Tennessee Eastman Process flow sheet.

2.6.2 On GTM and Graph Theory Combined Approach
The discussion presented so far evaluated the distinction in performance from a qualitative
point to view, using monitoring plots and networks to assess how well each methodology
could discriminate between normal and anomalous data. From a more quantitative point
of view, however, the following results try to go beyond the visual cue given by those
approaches, even though specially from a network analysis perspective, those cues bring the
entire system to an easier representation. For the proposed approach, outlier assessment relies
on the final network obtained for each scenario, by checking normal and anomalous clusters.
Figure 2.44 and Figure 2.45 show the networks obtained, with and without connections.

Table 2.4 shows the confusion indexes for each scenario. Confusion indexes consists of
evaluating four different, yet related, values for assessing outlier detection performance. True
positive (TP) shows how many samples were correctly detected as outliers. True negative
(TN) shows how many samples were correctly identified as normal. False positive (FP)
shows the ratio of normal samples falsely detected as anomalies. False negative (FN) shows
the ratio of abnormal samples wrongly detected as normal samples. True indexes should be
close to one and false indexes should be close to zero.
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Table 2.3 Preprogrammed faults in TEP process.

Fault ID Description Type
F1 A/C feed ratio, B composition constant Step
F2 B composition, A/C ratio constant Step
F5 Condenser cooling water inlet temperature Step
F6 A feed loss Step
F7 C header pressure loss - Reduced Availability Variation
F8 A,B,C feed composition Variation
F12 Condenser colling water inlet temperature Variation
F13 Reaction kinetics Slow Drift
F17 Unknown ?

Table 2.4 Confusion matrix for all scenarios.

F1 F2 F5 F6 F7 F8 F12 F13 F17
TP 99.4 100 100 100 100 96.6 93.6 97.0 94.4
FP 0.6 13.0 11.4 13.6 0.2 0 0 0.8 14.2
TN 99.4 87.4 88.6 86.4 99.8 100 100 99.2 85.8
FN 0.6 0 0 0 0 3.4 6.4 3.0 5.6

When GTM and Graph Theory are combined for detection, there is overall good anomaly
detection. For all step faults, detection is near perfect and even for the other faults, contamina-
tion of the normal database is small. There is a trade-off associated to this detection, however,
as it can be seen by the FP results. Depending on the scenario, a significant percentage of
data is considered anomalous. According to the similarity principle considered, it is fair to
say that those samples do not relate much with the existent normal data set. Knowing that
the normal samples are essentially the same for all scenarios, the outliers have an influence
on the process. GTM training involves initially all samples, which led to different initial
maps for each scenario, as one would expect. This discrepancy can be augmented over the
cycles, leading to different final maps for the NC where certain samples are more likely to
detach than others do. F2, F5, F6 and F17 networks have a substantial part of normal samples
detached, where most of them are recurrent in at least two of those clusters, corroborating
the fact that certain samples are more prone to detachment due to their dissimilarity. When
creating the network, it is undesirable to lose too many samples, since the inner variation of
the data set can be compromised. This effect, however, is not big, does not affect all scenarios
and it helps with the faulty detection itself.

Along with the discrimination itself, certain aspects of visualization can also be taken
into account. The structure of anomalous clusters reveal important information about the
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Fig. 2.43 Input variable plot for TEP preprogrammed faults.

nature of the faults. For F1 and F2, for example, the step faults eventually led to a second
stable state, which can be identified by the formation of a second big, densely connected
cluster. For both cases, however, the initial transition is characterized by disconnected or
poorly connected clusters. For other scenarios, clusters as sparse as their anomalies indicate.
F8, for example, is a random variation fault, which is associated to almost no connection
between anomalous samples. Analyzing the visual aspect of the formed clusters, therefore,
can lead to different insights related to the process.

On Normal Cluster Refinement

One of the key aspects of the methodology presented is how to clean the NC obtained in the
first GTM + Graph Theory cycle, by retraining that data. The impact of this assessment is
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worthy of analysis. Figure 2.46 shows the evolution of the NC size, along with the amount
of normal samples contained in it. It is important to recall that 500 samples were said to be
normal.

For some scenarios, such as F1, F2 and F6, discrimination on the first cycle is already
good, where further refinement eliminates aim to remove outliers whose similarity with the
normal data is high. For other scenarios, the initial NC has far too many outliers, which are
gradually discarded as the methodology evolves. F5, F7 and F17 in particular start with at
least 800 samples in total, where gradually the NC is brought to a size where not only normal
samples are still the majority, but also the number of outliers is reduced drastically.

The reason why refinement is necessary is directly connected with similarity assessment
and GTM training. Considering F5, for example, the first cycle of the GTM+GT methodology
failed to discriminate between normal and anomalous samples, but it managed to remove
those samples whose variation was big compared to the remaining samples. By reducing the
overall variation in the following sub-data sets, samples that were similar before can be now
be better discriminated. Figure 2.47 shows the first and last networks for F5.

When data has significant inner variation, dissimilar groups of data might be brought
together to a single cluster misguidedly, reaffirming the need of a refinement approach, which
can handle better such dissimilarity assessment.
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Fig. 2.44 GTM + Graph Theory networks for TEP preprogrammed faults, showing all
available connections.
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Fig. 2.45 GTM + Graph Theory networks for TEP preprogrammed faults, without edges.
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Fig. 2.46 Evolution of NC size and normal data in NC over refinement cycles
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Fig. 2.47 a) First and b) last network obtained using GTM + GT proposed method for F5

2.6.3 On Data Labeling and Fault Detection
Knowing the unsupervised nature of the proposed methodology, along with the common
understanding that supervised approaches should be inherently superior, the TEP case study
tries to challenge this notion, by presenting results from both ends of the spectrum.

For unsupervised PCA and DPCA, Q and T 2 thresholds alone do not lead to good results,
since there is no clear distinction between different data groups. Instead, k-means clustering
algorithm of the PCA subspace is used for evaluation, aiming to find two distinct clusters, one
normal and one anomalous. The optimal number of PC is determined when the cumulative
component contribution reaches 99%. Unsupervised GTM, as mentioned before, has no
potential for discrimination, since all data is used for the map training and, thus, it is not
being considered. For Supervised PCA and DPCA Q and T 2 thresholds are being used for
delimiting normal data regions, where values exceeding those thresholds are considered
anomalous. Supervised GTM uses RE for assessing faulty samples, also relying on a RE
threshold.

Initially, for the unsupervised approaches, Table 2.5 and Table 2.6 shows how PCA,
DPCA and the proposed approach perform when trying to discriminate clusters with different
characteristics, by showing TN and FN results. Figure 2.48 to 2.53 show Q and T 2 plots for
PCA, DPCA and KPCA.

When evaluating the performance of data discrimination for unsupervised anomaly
detection, two points are important. First, the majority of normal samples, used as reference
since samples’ true label is unknown, should belong to the NC. Second, as few anomalies as
possible should be contaminating the NC. Table 2.5 and Table 2.6 summarize those results,
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Table 2.5 TN in percentage for unsupervised approaches.

F1 F2 F5 F6 F7 F8 F12 F13 F17
GTM+GT 99.4 87.4 88.6 86.4 99.8 100 100 99.2 85.8
Uns.PCA 100 100 100 100 100 100 100 100 80.8

Uns.DPCA 100 100 100 100 100 100 100 100 81.9
Uns.KPCA 100 100 100 100 100 100 100 100 82.3
Uns.GTM 100 100 100 100 100 100 100 100 100

Table 2.6 FN in percentage for unsupervised approaches.

F1 F2 F5 F6 F7 F8 F12 F13 F17
GTM+GT 0.6 0 0 0 0 3.4 6.4 3.0 5.6
Uns.PCA 71.2 22.9 85.2 16.0 81.0 64.0 67.7 75.6 58.3

Uns.DPCA 50.8 23.1 85.4 16.2 80.6 74.4 67.3 79.2 58.1
Uns.KPCA 40.3 18.7 60.4 10.7 81.3 55.7 59.3 62.4 57.6
Uns.GTM ∼100 ∼100 ∼100 ∼100 ∼100 ∼100 ∼100 ∼100 ∼100

revealing that the proposed methodology outperforms PCA and DPCA for all scenarios.
As an unsupervised methodology for discrimination, relying on k-means is at best naive,
since knowing with certainty the number of clusters existent in the system is unlikely. Even
so, for F2 and F6, two step faults, discrimination was fair, with roughly 20% of the data
contaminating the samples. The proposed approach, on the other hand detected pretty well
step faults, with close to perfect discrimination. For all other anomalies, discrimination was
still high, even with some contamination.
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Fig. 2.48 Unsupervised PCA Q plots for TEP.
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Fig. 2.49 Unsupervised PCA T 2 plots for TEP.
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Fig. 2.50 Unsupervised DPCA Q plots for TEP.
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Fig. 2.51 Unsupervised DPCA T 2 plots for TEP.
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Fig. 2.52 Unsupervised KPCA Q plots for TEP.
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Fig. 2.53 Unsupervised KPCA T 2 plots for TEP.

Table 2.7 shows the incidence of undetected outliers for all supervised approaches tested
and the proposed unsupervised approach. Since normal data is known beforehand, there is
no need to assess the amount of normal samples undetected. Figures 2.54 to 2.59 show Q
and T 2 plots for supervised PCA, DPCA and KPCA and Figures 2.60 and 2.61 shows RE
and similarity plots for supervised GTM.

Among the supervised techniques, DPCA had the best performance overall, where despite
poor detection on F17, the remaining scenarios had good detection performance. PCA, KPCA
and GTM struggled to discriminate correctly F5. The RE plot for this fault shows that part of
the anomalous data adheres well to the map, which is a sign of similarity with the normal
data. As mentioned in the previous section, the proposed methodology can handle such issue,
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by retraining NC data until the inner variation of the data set is small enough to discriminate
seemingly similar, yet dissimilar, data groups.

The unsupervised proposed methodology here performed as well as the best other method-
ologies presented. This reinforces the use of GTM+GT as a tool for both data visualization
and fault detection.

Table 2.7 FN in percentage for supervised approaches and the proposed methodology.

F1 F2 F5 F6 F7 F8 F12 F13 F17
GTM+GT First 1.6 2.2 58.4 0.8 40.2 1.4 7.6 3.0 32.2
GTM+GT Last 0.6 0 0 0 0 3.4 6.4 3.0 5.6

Sup. PCA 0.42 2.50 49.2 0 0 2.5 5 3.12 11.25
Sup. DPCA 0 2.08 0 0 0 1.87 1.87 2.08 12.92
Sup. KPCA 0.80 1.81 41.6 1.20 0 2.81 4.22 3.01 12.05
Sup. GTM 0 2.08 51.7 0 0 2.71 3.75 3.12 10
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Fig. 2.54 Supervised PCA Q plots for TEP.
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Fig. 2.55 Supervised PCA T 2 plots for TEP.
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Fig. 2.56 Supervised DPCA Q plots for TEP.
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Fig. 2.57 Supervised DPCA T 2 plots for TEP.
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Fig. 2.58 Supervised KPCA Q plots for TEP.



2.6 Case Study - Tennessee Eastman Process 81

Fig. 2.59 Supervised KPCA T 2 plots for TEP.
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Fig. 2.60 RE plots for supervised GTM.
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Fig. 2.61 Similarity plots for supervised GTM.

2.6.4 On Online Monitoring
Similarly to what was presented in section 2.5.2, discussing the proposed strategy is important
for assessing its main benefits and drawbacks. Based on the data obtained in the literature[47],
test data sets are available for all preprogrammed faults. The source of each fault is the
same for training and test data sets. 160 normal samples are initially displayed, followed by
960 anomalous instances. Based on the results presented in section 2.6.3, DPCA was the
supervised methodology with the best performance. Figures 2.62 and 2.63, therefore, show
DPCA results for each fault. Figure 2.64 shows the inferred labels using DPCA.
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Fig. 2.62 DPCA Q monitoring results for test data.



2.6 Case Study - Tennessee Eastman Process 85

Fig. 2.63 DPCA Q monitoring results for test data.
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Fig. 2.64 DPCA normal and anomalous inferred labels for test data.

For most scenarios, detection was good, with little delay or no delay at all. Table 2.8
shows the detection delay for all cases, keeping in mind that FN and FP results are presented
in percentages. Since the amount of normal is small, FN values are significantly larger than
the ones presented in Table 2.7 Despite the fact that for F2 and F13, for example, there
was some delay involved, those delays are small when compared to the overall evolution of
anomalies.
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Table 2.8 DPCA Detection delay, FN and FP for test data.

F1 F2 F5 F6 F7 F8 F12 F13 F17
Detection Delay (Samples) 1 20 1 1 0 19 5 35 17

FN (%) 0.62 12.5 0.62 0.62 0 11.87 3.12 21.87 10.62
FP (%) 0 1.89 3.80 10.13 0.12 1.26 0.60 0.63 13.29

F8 and F12 presented poor detection, where lots of anomalies were mislabeled as normal
instances, especially because mislabeling was recurrent. F8 and F12 are random faults,
meaning that their behavior is erratic, and as such it can come back to the normal state
momentarily. Random behavior can be very difficult to predict and if both range and
dynamics match the one in the normal state, mislabeling will occur.

Another aspect to be considered is that ideally one would assume that the NC contains
only significant normal samples, but contamination is a reality, affecting the similarity
assessment of future samples. Considering the results presented in Table 2.7, F8 and F12
have a fair amount of contamination in their NC. The presence of such anomalous instances
might lead to other anomalies correlating to those particular samples. It is important to notice,
however, that due to the nature of those faults and GTM+GT’s methodology, it is more likely
that those samples have little influence in the overall results. In the end, the application of
GTM+GT as a tool for online process monitoring is viable and it showed good performance,
even though depending on the specific fault nature, detection performance might suffer some
degradation.

2.7 Case Study - Exhaust Gas Denitration Process
The final case study explores an Exhaust Gas Denitration Process at Mitsui Chemicals, Inc.
NH3 is injected into a denitration reactor, where exhaust gas passes through a catalytic layer,
and NOx is decomposed into N2 and water vapor. The reactions are established as described
below:

4NO + 4NH3 + 202 → 4N2 + 6H2O (2.38)

NO + NO2 + 2NH3 → 2N2 + 3H2O (2.39)

The interest (output) variables in this system are the denitration outlet NH3, denitration
outlet NOx and outlet gas duct NOx. Among all variables available for measurement, 37 were
used for assessing normal and anomalous states. Two distinct case studies were considered,
each with 2000 samples, where both normal and anomalous data coexist. The labeling was
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provided by operators in locu, who judged which samples would be normal and anomalous.
By referring to those labels and the results obtained from different methodologies, we aim to
assess, besides fault detection itself, the reliability of such labeling. Table 2.9 presents extra
information on each case study.

Table 2.9 Case study description.

#Normal Samples #Anomalous samples
Case A 1200 800
Case B 1430 570

Figures 2.65 to 2.68 shows Case A and B results, respectively, for PCA, DPCA, Kernel
PCA and GTM. For Case A, regardless of the technique used, it is clear that even for
supervised approaches discrimination is poor if one assumes correct labeling. Supervised
DPCA, Kernel PCA and GTM all fail to exclude the beginning of the anomaly, which might
be an indication that the label defined by operators is only roughly discriminating between
distinct states. Case B also shows a poor discrimination, where only supervised GTM has
slightly better results. Unsupervised approaches still perform poorly, as expected, but GTM
can discriminate to a certain extent. Similarity, however, is not really effective on normal and
anomalous data, where Q shows a more promising potential.

For unsupervised GTM, using similarity for discrimination is difficult, where the inner
similarities for each data group results in similar maximum values. For the supervised
approach, even though the visualization of the concept is difficult, its logic is more coherent.
A varying threshold reflects how different samples can relate to the normal data set, even if
their similarity is not as high.
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Fig. 2.65 Case A PCA, DPCA, KPCA T 2 and GTM similarity monitoring results for both
unsupervised and supervised results, where blue samples are normal and red, anomalous.

Fig. 2.66 Case A PCA, DPCA, KPCA Q and GTM RE monitoring results for both
unsupervised and supervised results, where blue samples are normal and red, anomalous.



90 GTM & Graph Theory Combined Approach

Fig. 2.67 Case B PCA, DPCA, KPCA T 2 and GTM similarity monitoring results for both
unsupervised and supervised results, where blue samples are normal and red, anomalous.

Fig. 2.68 Case B PCA, DPCA, KPCA Q and GTM RE monitoring results for both
unsupervised and supervised results, where blue samples are normal and red, anomalous.

From Q, T 2, RE and similarity perspective alone, however, it is difficult to say which is
the reason for samples to belong to one or another cluster. Figure 2.69 shows the detection
results for GTM+GT on both Case A and Case B. Complementary, the network presented in
Figure 2.70 takes GTM information and highlights it, showing clearly how some outliers
are actually rather similar to the NC, to the point of correlating with lots of samples. The
proposed approach not only aims to discriminate data, but also gives unique insights on



2.7 Case Study - Exhaust Gas Denitration Process 91

the nature of distinct anomalies. What was complicated to assess using the aforementioned
indexes becomes much easier to grasp.

As for the reliability of the labeling presented, this example motivates the use of GTM+GT
as an unsupervised methodology, since normal data was probably mislabeled as anomaly
by the operators. From PCA-based methodologies and GTM alone, one could even argue
that part of the anomalies mislabeled as normal are indeed normal, according to a consensus.
GTM+GT, however, can identify to what extent are those samples similar to the NC, giving
a more reliable tool for judgment. Being able to locate the borderline between normal and
anomalous states, especially the instances close to the true beginning of the anomaly, is
fundamental to better understand the origin of such deviation.

Case B, on the other hand, due to its higher complexity did not perform as well as expected.
GTM’s similarity assessment and LCF’s clustering narrowed the final NC encountered. In
addition, since the anomaly behaves similarly to the normal state in many instants, some of its
samples were mislabeled as normal. Even with those drawbacks, however, the network shows
that part of the normal data undetected is very similar to the NC, only suffering from LCF’s
restriction. From a practical point of view, that data could be incorporated to the NC, once
some expert knowledge can confirm its nature. Once again, the assessment proposed here
does not ignore expert knowledge, but rather uses it as support for validating and confirming
true states in the chemical plant.

Despite the results presented, these scenarios show one key limitation to be explored in
the future. The notion of unstable normal states is, perhaps, the biggest challenge faced by
GTM+GT. Expert knowledge and statistical analysis need to be merged in order to overcome
this issue. A semi-supervised strategy would be desirable, combining bits of truly reliable
information with unsupervised data clustering. Operators could focus on assessing important
moments of the process and use this information to evaluate the entire process span.
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Fig. 2.69 Detection results for cases A and B. Normal samples are blue and anomalous
samples are red
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Fig. 2.70 GTM+GT results for cases A and B, showing reference labels and clustering
results.





Chapter 3

Applicability Domain & Fault Detection

3.1 Applicability Domain
AD represents to what extent a model can be used to predict other data, being developed
originally to deal with quantitative structure activity relationships (QSAR)[102, 103] and
quantitative structure property relationships (QSPR)[104, 105]. Analyzing AD aspects can
lead to multivariate statistical monitoring, where model accuracy can be monitored through
its AD over time3,17,18[3, 31, 32].

Here, the concept of prediction trustworthiness is particularly important. How much one
trusts in the prediction is a key element of AD. There are rather distinct approaches which
tackle this concept, however the essence of the analysis is to pursue this notion of reliable
predictions[106].

Convex-hull methods, for example, try to encapsulate reliable data within a region in
space, where data beyond that hull exceeds its AD, considered faulty[107, 108]. These
methods establish this hull with concrete and well-defined boundaries. Such boundaries
might lead to complications, however, since it assumes complete reliability on the training
data used in the first place. Furthermore, how the boundaries are established is a further
complication if complex, nonlinear boundaries are required, since most classic convex-hull
methods have a geometrical approach[109].

Density estimation based approaches create fuzzy probability clouds to define the variable
space[110, 111]. Aside from mere outlier detection, density estimation can be used for
support of other applications, such as soft sensors[112]. Defining boundaries, however, may
require certain tuning of several empirical parameters, which constrains how easily can one
apply it for meaningful AD analysis.

In the realm of distance-based methodologies usually lead to less robust, yet more simple,
approaches. T 2 and Q statistics are one of the most widespread techniques for assessing
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applicability domain[33]. Both indexes can be applied for PCA and PLS assessing related,
yet different aspects of data. For PCA, T 2 evaluates how far samples are from the data
distribution based on data variance. Q evaluates pure distance from the PCs hyperplane,
using residuals for calculating projection error. For PLS, the analysis is similar, but it relies
on the reduced PLS matrix. The interpretation is different, where now distance from the
model is assessed. T 2 indicates input variation discrepancies in data and Q distance from the
model from prediction residuals.

Another alternative relies on exploring the standard deviation of prediction errors, by
evaluating the same sample with different models coming from the same methodological
source. This can be resulting from ensemble learning[113] or even repeated runs of a
particular non-deterministic methodology[30]. For the study in this work, genetic algorithms
are used for this assessment, even though any non-deterministic strategy can be considered.

The use of standard deviation allows the evaluation of prediction anomalies. Low average
prediction errors should lead to small standard deviations and high prediction errors, to big
standard deviations. When high prediction errors have low standard deviation, for example,
values are being consistently poorly predicted, which is an indication of measurement error
in Y-variables.

3.2 Proposed Strategy
AD is intrinsically related to soft sensor modeling, which can deviate from the general
perspective taken so far. Instead of considering the whole process, one can focus on key
variables in the system and monitor them specifically.

One way to evaluate AD relies on average prediction values. For the work presented in
this thesis, GAPLS and GAWLS are used for the generation of several predictions for each
sample. Standard deviation of output variable prediction errors against the average prediction
error plots can, thus, be easily obtained for all samples, as expressed in Equations 3.1 to 3.3.

ypredi
=

L

∑
k=1

ypredik

P
(3.1)

σi =

√√√√[
1

P−1

] P

∑
k=1

(
ypredik − ypredi

)2 (3.2)

∆yi = |ypredi
− ytesti| (3.3)

where P is the number of available predictions, whether it comes from ensemble or different
runs. ypredi is the ith predicted output value, ytesti is the ith output reference value and σi is the
standard deviation of the ith sample prediction errors. σi shows how consistent the prediction
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is for recurrent models being tested against the test data set. Ideally, small prediction errors
lead to small prediction variance, where big prediction errors result in bigger prediction
variance. If the methodology can predict a certain output sample with small error, it is
expected that such prediction is consistent. Alternatively, poorly predicted samples will have
rather different predicted values for different models.

By analyzing this and assuming that the model is reliable, irregularities in predictions
can be assessed, leading to detection of samples with anomalies in the measured Y -values
(output).

This analysis, though, is not the only one available for AD analysis. Other indexes can be
used where the relationship between inputs and outputs can be assessed. Analogous to PCA,
T 2 and Q indexes can be applied for model prediction, particularly PLS[33]. The equations
are essentially the same ones presented in Equations 4 and 5, but applied to the reduced PLS
matrix.

Similarly to the supervised approach for PCA, T 2 and Q are calculated for training
data first, but now focusing on prediction values rather than data distribution itself, so to
determine a threshold. New test data then, is tested against the model obtained, trying to
relate differences in prediction error with exceeding T 2 and Q values. This approach is
applied in this thesis for AD assessment and, as a result, anomaly detection, as well.

3.2.1 Genetic Algorithm Partial Least Squares
Genetic algorithms (GA) are presented in this thesis as a methodology for soft sensor
modeling, which through ensemble prediction leads to faulty data assessment. Specially, but
not limited to, systems with many features, some of those might be redundant or unnecessary
for PLS modeling. From this premise, the best variable set should be optimally selected.
GA can be used for this goal, being based on a direct analogy to evolutionary biology. A
random population with different characteristics will be naturally selected according to
their adaptive potential, being subject to an environment where certain key features lead to
reproduction and survival. Those more fit will reproduce and propagate their features along
several generations[114]. GA-based PLS is an extrapolation of this idea for modeling[34],
whose conceptual representation can be seen in Figure 3.1.

Initially, a population is created with a predetermined number of random chromosomes
whose nonlinear optimization solutions are feasible. To express the suppression (non-
selection) or expression (selection) of a gene (variable) in the chromosome, a continuous
value from 0 to 1 is used. Assuming a threshold, which in this study is 0.5, values below it are
not selected. If any value is higher, however, the gene is selected. For GAPLS, the genes are
the input features of the system, where PLS models are generated for each chromosome for
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the prediction of an output vector y. In order to find the fittest chromosomes, the predictability
of a model given a training data set is evaluated, according to the index q2, shown in Equation
3.4.

q2 =
N

∑
i=1

(yi − yCVi)
2

(yi −y)2 (3.4)

Fig. 3.1 Schematic representation of GAPLS procedure.

where yi is the ith output value, yCVi is the ith value predicted by cross-validation and ȳ is the
average output value. Once all fitness indexes are calculated, the best ones are selected for
cross-over and mutation. Cross-over is the key element for evolution, where chromosomes
interact with each other to create new chromosomes that might be more fit than the previous
ones. Mutation stands for the randomness of a change in one or more genes in a chromosome,
also aiming for better variable sets. Both cross-over and mutation rates are defined in advance,
therefore only a portion of the genes and chromosomes is changed. These steps are repeated
for a preset number of generations. In the end, the best variable combination (chromosome)
in the population is selected and presented as a final solution. Due to its nondeterministic
nature, it is important to notice that for each new GAPLS run, the final solution might be
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different, which is interesting for ensemble prediction purposes, leading to anomaly detection
capabilities.

3.2.2 Genetic Algorithm-based Wavelength Selection
The concept behind GAWLS is similar to GAPLS, since PLS is still being used for modeling.
What changes, however, is how variables are selected[35], since GAWLS selects wavelength
regions instead of individual features. The difference in strategy can be seen in Figure 3.2.
The structure of the chromosome is now different. Two parameters are used for generation:
number of windows, which determines the number of regions to be optimized, and frame
size, indicating the maximum interval of each region. Each two genes represent one region,
where the first value indicates initial wavelength and the second value shows length. The
overall procedure is exactly the same as GAPLS, but the chromosome’s structure is different,
guaranteeing regions to be found and not scattered data.

Fig. 3.2 GAWLS chromosome coding rule for a data set with 5nm sampling.

3.3 Case Study - Flour & Protein Content Data Set
AD is discussed via a GAPLS and GAWLS approach, trying to relate soft sensor performance,
data splitting and Y-anomaly detection, based on an article previously published[30]. The
case study used a flour and protein content data set for evaluation, to be presented in next
section.

3.3.1 Data Characterization
The data analyzed consists of 34 samples data set from different brands and types of flour,
where the protein content was measured in triplicate using two distinct techniques: Fluores-
cence and Near-Infrared (NIR) spectroscopy. There are, then, 102 values in total for each
method.
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All samples were characterized off-line by a Farinograph analysis, using a Brabender
GmbH & Co. KG, Duisburg, Germany, model FD0234H, and the protein content was
determined by a Hach, Dusseldorf, Germany, Digesdahl Digestion Apparatus. Parallel to that,
online characterization was performed by Fluorescence and NIR spectroscopy. NIR data was
collected via a Bruker Optik GmbH Ettlingen, Germany, Multi Purpose NIR Analyser and
Fluorescence data was collected via a BioViewR sensor (DELTA Light & Optics, Denmark).

NIR spectroscopy has 1150 variables, referring to near infrared reflectance for each
wavelength, uniformly distributed between 800nm and 2758 nm. Fluorescence has 150
variables, represented by the light intensity for several pairs excitation (270 - 550 nm) and
emission (310 - 590 nm) wavelengths. A summary of all this information can be seen in
Table 3.1.

Table 3.1 Fluorescence and NIR spectroscopical summary.

Date Samples Inputs Inferences(Outputs)
Fluorescence 34x3 150 1

NIR 34x3 1150 1

Two interesting aspects of this case study are worth noting. Firstly, this application differs
from usual online process monitoring. Samples are not time related, even though online NIR
and Fluorescence measurements are possible. Secondly, the number of samples is far smaller
than thousands of data points available in most processes. The techniques applied for online
measurement are explained in the Appendix II and III.

3.3.2 On Applicability Domain and Fault Detection
The analysis portrayed here has an intimate connection with a basic pre-processing philosophy
that is ignored by many researchers: knowing how to define your training and test data for
soft sensor modeling. When it comes to developing a soft sensor of any sort, the way data
is selected has a great impact in the final accuracy and predictive capability of the model
developed. More specifically, the way a data set is split between training and test groups
reflects directly on how consistent and reliable the analysis will be. Ignoring it may lead to
model misunderstanding, which affects any posterior application using that model, such as
soft sensor prediction and anomaly detection.

Regardless of the application, however, the methodology for assessing how adequate the
splitting is does not change. AD is in this section the bridge connecting data splitting with
anomaly detection, using soft sensor modeling results for evaluation. Soft sensor models
can be interpreted from both data splitting and fault detection perspectives, each with its
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own significance and complementary information, where GAPLS and GAWLS, given their
non-deterministic nature, help in the AD analysis, providing different prediction models.

Data Splitting

Different data split set-ups were devised, following a training:test ratio 0.7:0.3, commonly
used. As described in section 3.3.1, the data is composed of 34 flour samples, where for each
sample triplicate experiments were performed, giving a total of 102 values.

Initially two big groups were considered, according to the nature of their splitting: Sample
splitting (SS), where data is split according to the samples, i.e., experiments of the same
sample are kept together, and Experiment splitting (ES), where the samples have no restriction
to be split. Three different strategies for splitting were assumed for each group, resulting in
the six scenarios in total, as shown in Figure 3.3.

Initially, two strategies were applied for both SS and ES. The first method, the most
widely used one, is called Random Selection (RS), where data is randomly split in two
groups, according to a ratio defined in advance. For practical purposes, one random splitting
was chosen and kept this way, allowing the reproducibility of results. For SS, the method
was called Sample Random for differentiation (SR).

The second approach is called Y-ranking (YR), where data is initially sorted from lowest
to highest Y -values. Test data is space evenly along the Y interval, following a given ratio.
For SS, the same approach is Sample Y-ranking (SYR).

Knowing that each sample has three experiments, another splitting was also selected
in the ES group, by choosing one experiment (OE) as test data and two experiments as
training data. Finally, one last splitting in SS was determined, Y-splitting (YS), by selecting
a threshold in Y (Y = 0.85) and splitting the data above and below in training and test data,
respectively. Table 3.2 presents a summarized description.

Table 3.2 Data splitting description summary

Experiment
Splitting (ES)

Random Selection (RS) Data is randomly split in training / test data

Y-Ranking (YR)
Data is sorted according to Y, so that test data

can be selected evenly along Y range

One Experiment (OE)
One experiment from each sample is selected

as test data

Sample Splitting
(SS)

Y-Splitting (YS) Data is split based on a Y threshold (Y = 0.85)

Sample Random (SR)
Data is grouped in samples and randomly split

in training / test data

Sample Y-Ranking(SYR)
Data is grouped in samples and sorted
according to Y, so that test data can be

selected evenly along Y range
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Fig. 3.3 Data splitting for flour samples.

Soft Sensor Performance

Initially, GAPLS and GAWLS models were generated for the prediction of protein content,
following the simulation parameters described in Table 3.3. For both GAPLS and GAWLS,
the number of variables selected is usually smaller than the original data set. In order to
ensure that GAWLS, the parameters for frame size and number of intervals were limited to a
combined maximum of 800 variables. Since the original variables set for NIR consists of
1150 variables, fewer variables are guaranteed to be found.

It is important to notice that GAPLS can be applied freely for both NIR and Fluorescence
data, whereas GAWLS, due to its one-dimensional interval selection, can only be applied to
NIR. In addition, GA methods are non-deterministic optimization algorithms, leading, most
likely, to different results every time. Repeating simulations, therefore, is recommended.
From a soft sensor perspective, it gives more reliability to the modeling methodology. For
each fluorescence and NIR predictions, therefore, 30 runs were simulated for all six scenarios.

Table 3.4 and 3.5 present the main quantitative results for GAPLS and GAWLS. Coef-
ficient of determination r2, predictability index q2 as described in Equation 3.4 and Root
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Table 3.3 GAWLS and GAPLS parameters.

GAPLS GAWLS
Population size 300 150
Generation size 300 150

Frame size – 160
Number of windows – 5
Crossover probability 60% 60%
Mutation probability 5% 5%

Fitness PLS components 10 10

Mean Square Error (RMSE) are used to evaluate model performance. r2 and r2
pred expresses

how accurate the model is for training and test data, respectively, where the closer the value
is to one, the more accurate the prediction is. q2 based 10 fold cross-validation expresses
the predictive power for the model generated, being used to determine the optimal number
of principal components (#PC) and the optimal run among the 30 simulations for each case.
The closer q2 is to 1, the more predictive the model is. RMSEpred represents the model
error for test data. SVratio represents the proportion of variables selected during GAPLS and
GAWLS.

There is a clear distinction between the performance of Fluorescence and NIR models,
based on r2

pred and RMSEpred values. This is most likely due to the nature of NIR data
itself. NIR has more variables available for selection, which potentially allows for a greater
combination of wavelengths for better models. Furthermore, NIR information just might be
more meaningful for representing the flour and protein content data.

As for the differences in split, ES models have overall smaller prediction errors when
compared to SS, where YR and OE present similar performance. YS and SR scenarios
in particular had rather low accuracy. Being that said, however, looking at prediction
errors for NIR it is evident that YS actually has lower prediction error than SR for both
GAPLS and GAWLS, despite rather low r2

pred . YS even outperforms SYR for the GAPLS
models. Looking at r2, q2 and RMSE alone is not enough to capture the model behavior, not
explaining, therefore, the differences in performance and model quality. AD analysis acts
as a complementary analysis to those indexes, using the prediction results to assess model
performance and presence of anomalies.

Applicability Domain Analysis

One big aspect of modeling results is how to handle RMSEpred values. More than evaluating
the best case scenarios, checking prediction errors on a sample basis can give more infor-
mation on the predictive capabilities of the model created. Figure 3.4 shows GAPLS and
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Table 3.4 GAPLS results for Fluorescence and NIR.

Fluorescence
r2 q2 r2

pred RMSEpred #PC SVratio

RS 0.9458 0.8139 0.6613 0.9525 15 0.3891
YR 0.9507 0.7972 0.8246 0.7223 20 0.3822
OE 0.9336 0.7799 0.7644 0.8183 17 0.3553
YS 0.9552 0.7900 -14.26 2.7053 21 0.3769
SR 0.9454 0.8261 0.1941 1.7104 29 0.3829

SYR 0.9709 0.8809 0.0480 1.8847 23 0.4187
NIR

r2 q2 r2
pred RMSEpred #PC SVratio

RS 0.9741 0.9086 0.8897 0.5547 12 0.4897
YR 0.9694 0.8905 0.9213 0.4879 12 0.4259
OE 0.9812 0.9086 0.9001 0.5382 11 0.4297
YS 0.9433 0.8790 -0.460 0.8448 10 0.4925
SR 0.9872 0.9265 0.6539 1.1201 17 0.4656

SYR 0.9907 0.9488 0.6848 1.0648 19 0.4556

Table 3.5 GAWLS results for NIR.

NIR
r2 q2 r2

pred RMSEpred #PC SVratio

RS 0.9670 0.9394 0.8600 0.6215 10 0.2436
YR 0.9553 0.9319 0.9350 0.4440 10 0.2751
OE 0.9648 0.9366 0.9178 0.4859 10 0.2659
YS 0.9538 0.9305 -1.435 1.0737 10 0.2667
SR 0.9722 0.9430 0.6576 1.0972 10 0.2491

SYR 0.9827 0.9713 0.7005 1.0325 10 0.2340

GAWLS prediction results for NIR data, using a Y-Y plot for all data splitting scenarios. Y-Y
plots show the discrepancy between the real and predicted values for all samples.

Overall, it is hard to assess whether GAPLS or GAWLS can generate better models,
since both methodologies outperform the other depending on the scenario. GAPLS selects
wavelengths in a more scattered distribution, whereas GAWLS looks for specific wavelength
intervals with more relevant information about the system. Due to this particular distinction
in the selection algorithm, GAWLS SV ratio tends to be smaller than GAPLS’s. The impor-
tant point to be discussed here, however, is related to the samples being predicted. Both
methodologies suffer from this issue, but particularly for GAWLS there are a few samples
that are being poorly predicted. Are those results an indication of model error, sampling error



3.3 Case Study - Flour & Protein Content Data Set 105

Fig. 3.4 Integrated Y-Y plot for all splitting in a) GAPLS and b) GAWLS NIR data.

or poor data splitting? Without going further in the analysis, little can be said just looking at
this plot, even though it gives insight on how samples are being predicted in the big picture.

One of the techniques applied for assessing AD is described in section 3.1, where the
standard deviation of prediction errors for a certain methodology can be plotted against
the average prediction error for each sample. Figure 3.5 shows these plots for GAPLS
Fluorescence and NIR data and GAWLS NIR data.

From a fault detection perspective, the plots shown in Figure 3.5 give valuable insight
regarding which flour samples are more likely to be anomalous. Each data splitting represents
a feasible scenario where data was chosen for the construction of a soft sensor model. By
plotting the standard deviation of prediction errors against the average of those predictions
for all samples in the test data set, one can infer which samples have an odd behavior. It
is expected that samples with low standard deviation will have a lower average prediction
error than those whose standard deviation are higher. When a sample presents low standard
deviation and high average prediction errors, this is an indication of anomaly, particularly
measurement error in the Y-variable.

For the case study discussed here and taking as reference initially GAWLS results, it is
easy to visualize in Figure 3.5 that for all scenarios in ES, one experiment stands out from
the other ones, and that for SS, SYR has at least one triplicate with very discrepant values
around Y = 1.5. For all cases, experiments from the same flour sample were detected to
be anomalous. In the ES scenarios, only one experiment was detected because the other
two anomalous experiments are included in the training data for the model generation. For
SYR, the entire sample stood out as an anomalous scenario, since data was split based on
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Fig. 3.5 Standard deviation and prediction errors plot for Fluorescence GAPLS models and
NIR GAPLS and GAWLS models.

the samples, and not the experiments. The evaluation of the AD of those samples allowed
the detection of anomalous experiments or triplicates, even when the training database was
contaminated with anomalies.

Another interesting aspect can be noticed for the remaining SS scenarios. Taking a closer
look on the SR plot, no sample appears to be anomalous, which is odd considering that
other four different data splitting scenarios detected one sample. By checking its training
data set, however, the presence of the anomalous triplicate was confirmed. In the test data
set presented, therefore, there are no anomalies to be detected, which are reflected on a
seemingly normal plot. A similar behavior can be seen in the YS plot, which suffers from
the same issue as SR. What is, however, the true impact of this assessment?

Here, two different aspects of data are affecting the soft sensor performance: data splitting
and outlier contamination. Depending on the scenario, one effect outweighs the other and
vice-versa. For all ES scenarios, for example, the training data set is contaminated with two
anomalous experiments. Due to the proximity of both training and test data set, however,
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the prediction is not really affected by it. Looking exclusively at prediction accuracy, thus,
would be deceptive, since the anomaly would never be detected. Moreover, if both training
and test data have essentially the same information, regardless of being anomalous or not,
models are generated and predict with great accuracy that particular test data. This shows
how misleading the construction of a model can be if one is not really concerned about which
information is being added on both training and test data sets. One could falsely conclude,
by looking only at the ES scenarios, that the soft sensor methodology performed rather well,
which is not a reliable conclusion whatsoever.

For the SS scenarios, separating entire flour samples decreased the overall accuracy of the
model, but allowed a better visualization of the true nature of the system. Furthermore, for
SYR it showed that one entire triplicate was faulty. This affects SYR prediction error, since
the model is trying to predict samples that do not belong to the AD of the model created. For
YS and SR there is a pronounced combined effect of poor data splitting and training data
contamination that affects the performance of the models generated.

GAPLS results are similar to GAWLS ones, if only NIR results are considered. Fluo-
rescence data can hardly detect the anomalies on ES, since its samples are far too spread to
identify clearly which experiments are anomalous or not. As for the NIR results, GAPLS
results can be said to be somewhat different from the GAWLS ones. All detected experiments
match the ones found by GAWLS in the ES section, but in the SS section, the judgment is
more difficult, since there is no clear detachment of one triplicate compared to the rest of the
data.

Besides the standard deviation of prediction errors, though, the potential of T 2 and Q
indexes for AD analysis can also be discussed. This approach takes into account the distance
from the PLS model generated, where T 2 is related to changes in input variation for that
model and Q assess the distance from the model in the form of prediction residuals. The
main assumption here is that for low prediction errors, test data T 2 and Q would fall within
the training sample range for the same indexes. Based on this principle, higher prediction
errors would have T 2 and Q values beyond the training data thresholds. Any samples whose
behavior does not correspond to what was previously mentioned are potentially anomalous.
The threshold is defined as 99% of the maximum value within the training data range for
both indexes. Figure 3.6 to 3.9 shows T 2 and Q plots for GAPLS and GAWLS NIR data.

As expected, there was a bigger overlap for both indexes in the ES scenarios than the SS
ones, since training and test data are more similar in the former. With that being said, though,
there is no consistency on which samples are exceeding the threshold and there is no clear
correlation between prediction error and any index, regardless of the methodology used for
model generation.
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In the standard deviation analysis, both ES and SS splits had a general convergence on
which samples were most likely to be anomalous. For T 2 and Q analysis, however, different
scenarios led to different faulty samples. Since data splitting has to be carefully considered,
so to avoid false conclusions, having a reliable index behind it whose applicability depends
little on the correct data splitting is desirable.

Fig. 3.6 T 2 and prediction errors plot for NIR GAPLS.

The characteristics and interpretation of each index reflect on their performance. T 2

is associated to input variation within the model generated. Considering the samples with
highest prediction errors, test T 2 values only exceeded the training data range for a significant
amount of samples for the models with the worst accuracy, YS and SR. For the other models
generated, test data shows little correlation between prediction errors and input variation.

Q is associated with prediction residuals and, thus, with the distance from the model. For
GAPLS, distance from the model and prediction error show some correlation, especially for
the SS scenarios, even though there is little discrimination between low and high prediction
errors. This reflects on the consistency of this analysis, where most ES samples are exceeding
the threshold, even for low prediction errors, and for SS all of them exceed the threshold,
also regardless of the prediction error. Q results for GAWLS, on the other hand, could be
considered the best among all T 2 and Q results presented. This is not to say that the Q
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Fig. 3.7 T 2 and prediction errors plot for NIR GAWLS.

is successful on detecting anomalies, but rather that it showed the least inconsistency in
detection. On Figure 3.9, the anomaly detected from the standard deviation approach is
detected in the SYR plot where a high prediction error shows a value of Q within training
data range. The same can be seen for the individual experiments, coming from the same
flour sample, detected on each ES scenarios. Along with those detections, however, several
other distinct samples are being detected as well. In the end, differently from the standard
deviation analysis, T 2 and Q indexes are not consistent enough for them to be reliable as
indexes for AD evaluation and, consequently, anomaly detection.
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Fig. 3.8 Q and prediction errors plot for NIR GAPLS.

Fig. 3.9 Q and prediction errors plot for NIR GAWLS.



Chapter 4

Conclusion and Future Plans

Regardless of the application, relying on the data being used for assessment is desirable.
To what extent can one trust on the already available information is challenged here by
showing different aspects of modeling. From applicability domain and data splitting applied
to evaluate soft sensor capabilities to unsupervised approaches used for process monitoring,
the crucial element here is how to not deceive yourself into ignoring information that could
lead to misunderstandings and false conclusions.

Initially, one should be careful on how training and test data sets are created. This is
a basic premise, on which the whole work is based upon. When it comes to developing a
soft sensor of any sort, the way data is selected has a great impact in the final accuracy and
predictive capability of the model developed. Overlooking this matter is recurrent in research;
methodology itself becomes so important that data sets used for test come in second place.
It should be the other way around. How to pursue better modeling is important, but if the
premise of the work relies on biased data sets from the start, very few conclusions can be
taken from any model generated.

Biased data sets not only prevent models from high performance, but also constrains
their application to other aspects of statistical analysis. Predictive modeling and anomaly
detection are two feasible applications that might come from the same modeling source. The
flour data set presented in this work dealt not only with regression models, but also on how
to use those predictions in favor of anomaly detection. GAPLS and GAWLS were used for
modeling, where their non-deterministic structure led to several models generating different
predictions for each sample. Those results were essential for the AD analysis explored in this
case study. By evaluating the average prediction error for each sample against the variation
of such errors, the AD of all scenarios could be assessed and anomalies on Y-values could
be detected. AD is the key element here, acting as a bridge between prediction and fault
detection and allowing intricate reliability assessment.
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The distinction between ES and SS was an example of this, where the former had high
accuracy models, but with rather narrow AD, and SS had lower prediction accuracy, but with
higher AD. The different perspective on the data led to more substantial info about the nature
of samples. The detection of possible anomalous experiments was possible for both ES and
SS, however a deepened sense of understanding regarding those anomalies was presented by
SS, due to the bigger dissimilarity between data sets.

Complementary to data splitting and AD issues, the use of unsupervised data was another
aspect worth of discussion. It shed some light on the nature of process monitoring and its
relation with supervised data and supervised techniques in practical applications. This part
of the work aimed to challenge the usual notion the supervised approaches are fundamentally
better than unsupervised ones, and by doing so propose a change on how processes can be
analyzed in the future.

The notion of supervision is deeply connected to certainty, and more than, reliability.
Accepting labels without further inquiry is common, due to the inherent sense of ease and
trust associated to them. Such mindset, however, might be harmful if by any reason those
labels do not match the reality of the chemical plant. The notion of permanency is, at most
temporary in a process, so one should be careful with the data being chosen over an extended
period. A false sense of security can be easily manufactured by routine itself or by epistemic
overconfidence, rooted in biases we all carry.

Unsupervised methodologies can approach the process from a fresh perspective, free of
bias. Again, this is not to say supervised information should be ignored, but rather that an
unsupervised layer could support existing methodologies, aiding in process monitoring. This
is only valid, however, if unsupervised methodologies have the potential to perform close to
supervised ones. The simulation data set and TEP case studies aimed to justify the use of an
unsupervised approach, by proposing a combined GTM and Graph Theory approach that
would perform as well, or even outperform, supervised methodologies.

GTM extracts relevant information for similarity assessment of distinct samples, while
minimizing the impact of unnecessary features in such assessment. Graph Theory takes this
information and brings it to another level, by encapsulating similar data through the core
relationship between samples. It is by joining the merits of both methodologies that data
discrimination and visualization could be devised. The results presented here for both case
studies reveal an unexplored potential arisen from the exploration of connections between
data, which has space for further developments. The use of Graph Theory in chemical
engineering, from the samples perspective, is little to no existent.

Considering the developments made so far, however, it is clear that there is a myriad of
developments that can be pursued in the future, so to improve and diversify the range of
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applications of the methodologies described in this work. In the realm of Graph Theory, for
example, network modeling can be explored, trying to fit data in the system by assuming
distinct graph growth models. GTM extensions can be more thoroughly analyzed, so to truly
incorporate system dynamics, allowing a more reliable assessment of the process’ dynamics.

From a practical point of view, the evaluation of real chemical processes brings new
challenges. When it comes to on-line monitoring, for example, GTM+GT performed well
and could handle most faults presented. Analyzing new data and assessing their relationship
depends greatly on NCs obtained. On one hand, Restraining NC’s similarity domain can lead
to future normal samples being mislabeled. This is related to applicability domain issues that
should be considered more thoroughly for future endeavors. On the other hand, anomalies
whose range and dynamics was similar to the normal instances are being mislabeled as well.
One could argue that, because of such similarity, mislabeling has little impact in the existent
data pool. Regardless, properly defining what truly characterizes an anomaly should also be
subjected to more studies.

Moreover, one of the main assumptions regarding the proposed methodology is how
only one normal state exists, facing multiple anomalous scenarios. The presence of multiple
normal states, however, is also possible and very interesting from a research point of view. The
current methodology developed cannot cope with these systems from a purely unsupervised
approach. From this premise, Semi-supervised techniques might be an interesting follow-up
for this research. Bits of information can be gradually added to the data set, aiming to identify
different normal regions in the operational space. In the end, despite the results presented
and the analysis portrayed here, one has to admit that there are so many possible advances
available and paths to pursue in the future.
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Appendix A

LCF Pseudo-code

READ adjacencyMatrix
GET edgeList for each node from adjacencyMatrix
ASSIGN N clusters to N nodes
COLD = N
WHILE termination = false

termination = true
WHILE converged = false

converged = true
FOR i = 1 to N

DECLARE ∆QMAT

FOR j = edgeList(i)
∆Qi j = modularityDelta(i, j) #Modularity calculation from Equation

2.22
∆QMAT ( j) = ∆Qi j

END
IF max (∆QMAT ( j))> 0

ASSIGN i to respective max(∆QMAT ( j)) cluster j
converged = false

END
END
ERASE K empty clusters
C =COLD −K

END
IF COLD ̸=C

GET selfLoops for each cluster #Edges between observations inside cluster C
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GET interConnections for each cluster #Edges connecting different clusters
adjacencyMatrix = newadjacencymatrix(selfLoops, interConnections)
GET edgeList for each cluster from adjacencyMatrix
termination = false

END
END



Appendix B

Fluorescence Spectroscopy

Fluorescence is a phenomenon that happens in excited single states, i.e., when there are two
paired electrons by opposite spin, one in the excited orbital and the other in the ground-state
orbital. Once excited, the electron can rapidly come back to the original state, in emissions
that last around 10 ns[115].

All measurements are obtained using a spectrofluorometer, which measures how inten-
sively the medium responses to a range of wavelengths provided by a xenon lamp. Each
excitation wavelength affects elements in the medium in different way, resulting in light
emitted in different wavelengths, whose intensity is captured by the device. Once all this data
is gathered, it is treated and presented as a 2D excitation emission spectrum[116], as shown
in Figure B.1. Each pair’s intensity corresponds to one input variable. In addition, each flour
sample is measured three times, leading to an input matrix that summarizes all information.
The rows represent the samples and columns, each emission-excitation pair’s intensity.

Fig. B.1 Flour sample 2D Fluorescence spectrum.





Appendix C

NIR Spectroscopy

Near-infrared Spectroscopy is a spectroscopy method that evaluates the medium response to
near-infrared radiation (800 - 2500 nm). It is not particularly sensitive, but it can easily pene-
trate on objects, meaning that samples do not need much preparation to be measured[117].
An NIR spectrometer focuses light on a sample, measuring two complementary variables,
transmittance and reflectance. The former measures the fraction of incident light that passes
through a sample and the latter measures the fraction that reflects light from it. Each NIR
spectrum gives clues to the identification of patterns, which are connected to its chemical
composition. A typical NIR spectrum can be seen in Figure C.1. Each wavelength’s re-
flectance represents one variable. Similarly to Fluorescence spectroscopy, each flour sample
provides NIR spectra that is arranged in an input data matrix.

Fig. C.1 NIR spectrum for one flour sample.




	０２デソウザエスコバールマテウス_本文表紙
	PhD_Thesis
	Table of contents
	List of figures
	List of tables
	Nomenclature
	1 Introduction
	1.1 Fault Identification
	1.1.1 Heuristics Fault Detection
	1.1.2 Phenomenological Fault Detection
	1.1.3 Statistical Fault Detection

	1.2 Fault Diagnosis
	1.3 On Supervised and Unsupervised Strategies
	1.4 Applicability Domain
	1.5 Applications
	1.5.1 Soft Sensors
	1.5.2 Process Control

	1.6 Proposed Strategies
	1.6.1 GTM & Graph Theory Combined Approach
	1.6.2 On Applicability Domain & Fault Detection
	1.6.3 Strategy Summary


	2 GTM & Graph Theory Combined Approach
	2.1 Dimensionality Reduction
	2.1.1 Principal Component Analysis
	2.1.2 Dynamic Principal Component Analysis
	2.1.3 Kernel Principal Component Analysis
	2.1.4 Generative Topographic Mapping

	2.2 Graph Theory
	2.2.1 Basic Structure
	2.2.2 Graph Analysis and Visualization
	2.2.3 Graph Clustering

	2.3 Process Monitoring
	2.3.1 Principal Component Analysis, Dynamic PCA & Kernel PCA
	2.3.2 Generative Topographic Mapping
	2.3.3 Graph Theory

	2.4 Proposed Methodology (GTM+GT)
	2.4.1 AM Construction
	2.4.2 Normal Cluster Refinement

	2.5 Case Study - Simulation Data Set
	2.5.1 Single Anomaly Scenarios
	2.5.2 Multiple Anomaly Scenario

	2.6 Case Study - Tennessee Eastman Process
	2.6.1 Data Characterization
	2.6.2 On GTM and Graph Theory Combined Approach
	2.6.3 On Data Labeling and Fault Detection
	2.6.4 On Online Monitoring

	2.7 Case Study - Exhaust Gas Denitration Process

	3 Applicability Domain & Fault Detection
	3.1 Applicability Domain
	3.2 Proposed Strategy
	3.2.1 Genetic Algorithm Partial Least Squares
	3.2.2 Genetic Algorithm-based Wavelength Selection

	3.3 Case Study - Flour & Protein Content Data Set
	3.3.1 Data Characterization
	3.3.2 On Applicability Domain and Fault Detection


	4 Conclusion and Future Plans
	References
	Appendix A LCF Pseudo-code
	Appendix B Fluorescence Spectroscopy
	Appendix C NIR Spectroscopy


