Chapter 9

Multivariate Statistical

and Computational Intelligence
Techniques for Quality Monitoring
of Production Systems

Tibor Kulcsar, Barbara Farsang, Sandor Németh and Janos Abonyi

Abstract The ISO 9001:2008 quality management standard states that organiza-
tions shall plan and implement monitoring, measurement, analysis and improve-
ment processes to demonstrate conformity to product requirements. According to
the standard, detailed analysis of data is required for this purpose. The analysis of
data should also provide information related to characteristics and trends of pro-
cesses and products, including opportunities for preventive action. The preliminary
aim of this chapter is to show how intelligent techniques can be used to design
data—driven tools that are able to support the organization to continuously improve
the effectiveness of their production according to the Plan—Do—Check—Act
(PDCA) methodology. The chapter focuses on the application of data mining and
multivariate statistical tools for process monitoring and quality control. Classical
multivariate tools such as PLS and PCA are presented along with their nonlinear
variants. Special attention is given to software sensors used to estimate product
quality. Practical application examples taken from chemical and oil and gas
industries illustrate the applicability of the discussed techniques.

Keywords Multivariate statistics -+ Computational intelligence - Quality moni-
toring - Production systems « PDCA

9.1 Introduction

The modern definition of quality states that “quality is inversely proportional to
variability”. This definition implies that if variability in the important characteristics
of a production system decreases, then the quality of the product increases.
Statistical process control (SPC) provides techniques to assure and improve the
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quality of products by reducing the variance of process variables. The role of these
tools is illustrated in Fig. 9.1, which presents a manufacturing process. The control
chart of SPC is a very useful process monitoring technique, when unusual sources
of variability are present and important process variables will plot outside the
control limits. In these cases some investigation of the process should be made and
corrective action to remove these unusual sources of variability should be taken.
Systematic use of a control chart is an excellent way to reduce variability
(Montgomery 2009).

As new products are required to be introduced to the market over a short time
scale to ensure competitive advantage, the development of process monitoring
models of multi-product manufacturing environment necessitates the use of
empirical based techniques as opposed to first-principles models since phe-
nomenological model development is unrealizable in the time available. Hence, the
mountains of data, that computer-controlled plants generate, must be used by the
operator support systems to distinguish normal from abnormal operating conditions.
Detection and diagnosis of faults and control of product quality are the pivotal tasks
of plant operators. The aim of multivariate statistical based approaches is to reduce
the dimensionality of the correlated process data by projecting them down onto a
lower dimensional latent variable space where the operation can be easily visualized
and hidden functional relationships among process and quality variables can be
detected.

In modern production systems huge amount of process operational data are
recorded. These data definitely have the potential to provide information for product
and process design, monitoring and control (Yamashita 2000). This is especially
important in many practical applications where first-principles modeling of com-
plex “data rich and knowledge poor” systems are not possible (Zhang et al. 1997).
The term knowledge discovery in databases (KDD) refers to the overall process of
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Fig. 9.1 Scheme of a production process where statistical process control (SPC) can be applied to
improve the quality characteristic by adjusting and monitoring important process variables
(Montgomery 2009)
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discovering knowledge from data. KDD has evolved from the intersection of
research fields such as machine learning, pattern recognition, databases, statistics,
artificial intelligence, and more recently it gets new inspirations from soft com-
puting. KDD methods have been successfully applied in the analysis of process
systems, and the results have been used for process design, process improvement,
operator training and so on (Wang 1999).

Application of knowledge discovery and data mining for quality development
requires sophisticated methodology. Deming recommended the four steps (Plan,
Do, Check, Act) based PDCA cycle as model to guide improvement. In the Plan
step, we propose a change in the system that is aimed at improvement. In Do, we
carry out the change, usually on a small or pilot scale to ensure that to learn the
results that will be obtained. Check consists of analyzing the results of the change to
determine what has been learned about the changes that we carried out. In Act, we
either adopt the change or, if it was unsuccessful, abandon it. The process is almost
always iterative, and may require several cycles for solving complex problems. It is
interesting to note that the concept of PDCA is also applied in data mining.
CRISP-DM stands for Cross Industry Standard Process for Data Mining
(CRISP-DM 2000) (see Fig. 9.2). It is a data mining process model that describes
commonly used approaches that expert data miners use to tackle problems.

Business Data
Understanding Understanding

Data
Preparation
Deployment E 1
Data Modeling

Fig. 9.2 The CRISP-DM methodology as continuous data-driven improvement process
(CRISP-DM 2000)
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Plan:

Business understanding: This initial phase focuses on understanding the project
objectives and requirements from a business perspective, then converting this
knowledge into a data mining problem definition and a preliminary plan designed to
achieve the objectives.

Data understanding: The data understanding phase starts with initial data collection
and proceeds with activities that identify data quality problems, discover first
insights into the data, and/or detect interesting subsets to form hypotheses regarding
hidden information.

Do:

Data preparation: The data preparation phase covers all activities needed to con-
struct the final dataset from the initial raw data.

Modeling: In this phase, various modelling techniques are selected and applied, and
their parameters are calibrated to optimal values. Typically, there are several
techniques for the same data mining problem. Some techniques have specific
requirements on the form of data. Therefore, going back to the data preparation
phase is often necessary.

Check:

Evaluation: At this stage, model (or models) is built that appears to have high
quality from a data analysis perspective. A key objective is to determine if there is
some important business issue that has not been sufficiently considered. At the end
of this phase, a decision on the use of the data mining results should be reached.

Act:

Deployment: Creation of the model is generally not the end of the project. Even if
the purpose of the model is to increase knowledge, the knowledge gained should be
organized and presented in a way that the customer can use it. It often involves
applying “dynamic” models within an organization’s decision making processes—
for real-time control. Depending on the requirements, the deployment phase can be
as simple as generating a report or as complex as implementing a repeatable data
mining process across the enterprise.

The previously presented data mining procedure should be embedded into the
whole quality development process. As we mentioned, most of quality management
methodologies are based on intensive analysis of data. Among the wide ranges of
methodologies, we suggest the application of DMAIC (Define, Measure, Analyze,
Improve, and Control) process (see Fig. 9.3). DMAIC is a structured
problem-solving procedure extensively used in quality and process improvement.

Among the wide range of data mining tools, in this chapter we focus on mul-
tivariate statistical tools that are extensively applied in process monitoring and
quality development.

Process monitoring based on multivariate statistical analysis of process data has
recently been investigated by a number of researchers (MacGregor and Kourti
1995). The aim of these approaches is to reduce the dimensionality of the correlated
process data by projecting them down onto a lower dimensional latent variable
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Fig. 9.3 The DMAIC process of quality development

space where the operation can be easily visualized. These approaches use the
techniques of principal component analysis (PCA) or Partial Least Squares (PLS).
Beside process performance monitoring, these tools can also be used for system
identification (MacGregor and Kourti 1995), ensuring consistent production
(Martin et al. 1996) and product design (Lakshminarayanan et al. 2000). Data
analysis based formulation of new products was first reported by Moteki and Arai
(Moteki and Arai 1986), who used PCA to analyze data from a polymer production.
Jaeckle and MacGregor (1998) used PLS and principal component regression
(PCR) to investigate the product design problem. Their methodology was illustrated
using simulated data from a high-pressure tubular low-density polyethylene pro-
cess. Borosy (1998) used artificial neural networks to analyze data from the rubber
industry.

The large number of examples taken from polymer industry is not surprising.
Formulated products (plastics, polymer composites) are generally produced from
many ingredients, and high number of interactions between the components and the
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processing conditions has an effect on the final product quality. When these effects
are detected, significant economic benefits can be realized. The major aims of
monitoring plant performance are the reduction of off-specification production, the
identification of important process disturbances and the early warning of process
malfunctions or plant faults. Furthermore, when a reliable model is available that is
able to estimate the quality of the product; it can be inverted to obtain the suitable
operating conditions required for achieving the target product quality
(Lakshminarayanan et al. 2000).

When we attempted to use standard data mining, KDD, and multivariate sta-
tistical tools for industrial problems such as extracting knowledge from large
amount of data, we realized that production systems are typically ill-defined, dif-
ficult to model and they have large-scale solution spaces. In these cases, precise
models are impractical, too expensive, or non-existent. Furthermore, the relevant
available information is usually in the form of empirical prior knowledge and
input-output data representing instances of the system’s behaviour. Therefore, we
need an approximate reasoning system capable of handling such imperfect infor-
mation (Abonyi and Feil 2005). Computational Intelligence (CI) and Soft
Computing (SC) are recently coined terms describing the use of many emerging
computing disciplines. According to Zadeh (1994): ... in contrast to traditional,
hard computing, soft computing is tolerant of imprecision, uncertainty, and partial
truth.” In this context Fuzzy Logic (FL), Probabilistic Reasoning (PR), Neural
Networks (NNs), and Genetic Algorithms (GAs) are considered as main compo-
nents of SC.

Most of the SC based models can be effectively used in data mining and lend
themselves to transform into other traditional data mining or advanced SC-based
model structures that allow information transfer between different models. For
example, in Sethi (1990) a decision tree was mapped into a feed forward neural
network. A variation of this method is given in Ivanova and Kubat (1995) where the
decision tree was used only for the discretization of input domains. Another
example is that as radial basis functions (RBF) are functionally equivalent to fuzzy
inference systems (Jang and Sun 1993), tools developed for the identification of
RBFs can also be used to design fuzzy models. The KDD process also includes the
interpretation of the mined patterns. This step involves the visualization of the
extracted patterns/models, or visualization of the data given the extracted models.
Among the wide range of SC tools (Pal 1999), the Self-Organizing Map (SOM) is
the most applicable for this purpose (Kohonen 1990). The main objective of this
chapter is to propose an SOM based methodology that can be effectively used for
the analysis of operational process data and product quality.

Nowadays, more and more articles deal with SOM-based data analysis
(Astudillo and Oommen 2014; Poggy et al. 2013; Ghosh et al. 2014) that is a new,
powerful software tool for the visualization of high-dimensional data. The SOM
algorithm performs a topology preserving mapping from high dimensional space
onto a two dimensional grid of neurons so that the relative distances between data
points are preserved (Valova et al. 2013). The net roughly approximates the
probability density function of the data and, thus, serves as a clustering tool
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(Kohonen 1990). It also has the capability to generalize, i.e. the network can
interpolate between previously encountered inputs. Since SOM is a special clus-
tering tool that provides compact representation of the data distribution, it has been
widely applied in the visualization of high-dimensional data (Kohonen 1990).
The SOM facilitates visual understanding of processes so that several variables and
their interactions may be inspected simultaneously. For instance, Kassalin used
SOM to monitor the state of a power transformer and to indicate when the process
was entering a non-desired state represented by a “forbidden” area on the map
(Kassalin et al. 1992). Tryba and Goser (1991) applied the SOM in monitoring of a
distillation process and discussed its use in chemical process control in general.
Alander (1991) and Harris and Kohonen (1993) have used SOM in fault detection.
Since the model is trained using measurement vectors describing normal operation
only, a faulty situation can be detected by monitoring the quantization error (dis-
tance between the input vector and the best matching unit (BMU)), as large error
indicates that the process is out of normal operation space. SOM can also be used
for prediction, where SOM is used to partition the input space of piecewise linear
models. This partitioning is obtained by the Voronoi diagram of the neurons (also
called codebook) of SOM. The application of Voronoi diagrams of SOM has
already been suggested in the context of time series prediction (Principe et al.
1998).

Based on the aforementioned beneficial properties of SOM, a new approach for
process analysis and product quality estimation is proposed in this chapter. This
approach is applied in an industrial polyethylene plant, where medium and
high-density polyethylene (MDPE and HDPE) grades are manufactured in a
low-pressure catalytic process, a slurry polymerization technology under license
from Phillips Petroleum Company. The main properties of polymer products (Melt
Index (MI) and density) are controlled by the reactor temperature, monomer,
comonomer and chain-transfer agent concentration. The detailed application study
demonstrates that SOM is very effective in the detection of typical operating
conditions related to different products, and can be used to predict the product
quality (MI and density) based on measured and calculated process variables.

The chapter is organized as follows. In Sect. 9.2, multivariate techniques for
process monitoring and product quality estimation are overviewed. In Sect. 9.3,
case studies are presented where the proposed methodologies are applied in real-life
quality development problems of chemical industry. Finally, conclusions are given
in Sect. 9.4.

9.2 Multivariate Techniques for Quality Development

. T
Measurements on process variables z; = [kk,l, .. .,zkﬁm} such as temperatures,
pressure, flow rates are available every second. Final product quality variables

Vi = [ykyl,..ﬂyk,n]T, such as polymer molecular weights or melt index are
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available in much less frequent basis. All such data should be used to extract
information in any effective scheme for monitoring and diagnosis operating per-
formance. However, all of these variables are not independent of one another. Only
a few underlying events are driving a process at any time, and all of these mea-
surements are simply different reflections of these same underlying events. When
the quality properties are not correlated, it is customary to build a model that relates
Zx to each yi ; separately: yi; = fi(zx). This approach is satisfactory in general if the
model is just being used for calibration, inferential control or prediction. For
monitoring purposes; however, since quality is a multivariate property, it is
important to fit all the variables from the y-space in a single model in order to obtain
a single low-dimensional monitoring space. Hence, the following multivariate
models are introduced to model the joint distribution of the process and quality

. T T
variables x; = [x¢1,...,x%,] = [yl,zl|", where [ =n+m.

9.2.1 Principal Component Analysis and Partial Least
Squares

PCA and PLS are the most common algorithms used for the analysis of multivariate
processes data (Jolliffe 2008). In the literature several papers deal with the appli-
cation of these methods (Kano and Nakagawa 2008; Hoskuldsson 1995; Godoy
et al. 2014). Analysis of chemical and spectroscopic data mostly requires the uti-
lization of these models. Results of the related research work are mostly published
in Journal of Chemometrics (Kettaneh et al. 2003; Janné et al. 2001) and
Chemometrics and Intelligent Laboratory Systems (Godoy et al. 2014; Nelson et al.
2006). Multivariate statistical methods can also be used in production systems to
estimate unmeasured process and product quality variables (soft sensors) and fault
detection. Chen et al. (1998) demonstrated how PLS and PCA are used for on-line
quality improvement in two case studies: a binary distillation column and
Tennessee Eastman process (Chen et al. 1998). Kresta (1992) showed how PLS and
PCA are used to increase process operating performance in case of fluidized bed
reactor and extractive distillation column (Kresta et al. 1992).

Fault detection and isolation algorithms detect outliers and isolate (root) causes
of faults. PLS and PCA models can evaluate the consistency of multivariate data,
characterize normal operation, and generate informative symptoms of deviations
(Chiang et al. 2001; Wise and Gallagher 1996; Hu et al. 1995). It should be noted
that these outliers may significantly reduce model accuracy when they are involved
in the identification of PLS and PCA models. Therefore, data preprocessing and
cleaning are important steps of model building (Wang and Srinivasan 2009;
Fujiwara et al. 2012).

PLS and PCA are similar in that they are both factor analysis methods, and they
both reduce the dimensionality of the variable space. This is done by representing the
data matrix (X) with a few orthogonal variables that explain most of the variance.
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The main difference between PLS and PCA is that PLS can be referred to as a
supervised technique that maximizes the covariance between the response (Y) and
input variables (X) in as few factors as possible while PCA simply aims to maximize
the covariance of X (Jolliffe 2008).

Mathematically, PCA reduces the data matrix using eigenvector decomposition
of the covariance matrix of the data matrix. Essentially, the data matrix is broken
down into principal components (PCs), represented by pairs of scores (¢) and
loadings (p) (Jolliffe 2008). The loading vectors are equivalent to the eigenvectors
of the covariance matrix of X, and the corresponding eigenvalues (4) represent the
variance of each corresponding PC. Suppose X is composed of n samples on ¢
variables. The first PC is defined as ¢#; = Xp, and explains the greatest amount of
variance, while the second PC is defined as #, = Xp, having the next greatest
amount of variance, and so on. Up to g PCs can be defined, but only the first few
(M) are significant in explaining the main variability of the system (Jolliffe 2008).
Selection of optimal number of PCs can be accomplished in various ways.

Partial Least Squares (PLS) regression combines principal component analysis
and multivariate regression. PLS captures variance and correlates X and Y (Vinzi
2010). The first latent variable (LV) #; = Xw; is a linear combination of the X
variables that maximizes the covariance of X and Y, where w; is the first eigen-
vector (called weight vector) of the covariance matrix. The columns of X are then
regressed on #; to give a regression vector p;. The original X matrix is then deflated
as follows: X, = X — tlplT. X is the resultant data matrix after removing the ele-
ment of the original data matrix (X) that was most correlated with Y. The second
LV is then computed from X», £, = Xw,, where w, is the first weight vector of the
covariance matrix of X, and Y. These steps are repeated until g number of LVs is
computed. As with PCA, the optimum number of LVs may be chosen via
cross-validation methods.

PCA and PLS are widely applied tools of quality development. PCA can be used
in monitoring of groundwater (Sdnchez-Martos et al. 2001), essential oil (Ochocka
et al. 1992), pig meat (Karlsson 1992), and soil quality (Garcia-Ruiz et al. 2008).

PLS is essentially a regression tool and may be used to relate process variables to
product quality attributes. PCA can also be used as a regression tool in that the
significant PCs may be used to generate a regression model that relates process
variables to product quality attributes (when PCA is used in such a way, it is
referred to as principal component regression—PCR) (Vinzi 2010). Application
examples can be found from biotechnology (measure fruit and vegetable or veg-
etable oil quality) (Nicolai et al. 2007; Pereira et al. 2008), chemical industry
(predict gasoline properties (Bao and Dai 2009), prediction of crude oil quality
(Abbas et al. 2012), quality improvement of batch processes (Ge 2014), food
industry (food quality improvement (Steenkamp and van Trijp 1996).

PLS can also be used for the visualization of the data. We apply the algorithm
developed in Ergon (2004) for the two-dimensional visualization of the PLS model.

Two components that are informative for visualization may be obtained in
several ways. One example is principal components of predictions (PCP), where in
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the scalar response case y = Xb normalization is used as one component, while
residuals of X not contributing to y are suggested for use as the second component
(Ergon 2004).

The basic idea behind the applied mapping is illustrated in Fig. 9.2. The esti-

mator b is found in the space spanned by loading weight vectors in W=

[Wi,Wa,..., W4 i.e. it is a linear combination of these vectors. It is, however, also
found in the plane defined by w, and a vector w, orthogonal to Wi, which is a
linear combination of the vectors wo, W3, ..., Wa.

The matrix W = [W1, ws] is thus the loading weight matrix in a two component

PLS solution (2PLS) giving exactly the same estimator b as the original solution
using any number of components. What matters in the original PLS model is not the

matrix W as such, but the space spanned by W1, W, ..., 4. In the 2PLS model,
this represents the plane spanned by w; and w, that is essential. Note that all
samples in X (row vectors) in the original PLS model are projected onto the space
spanned by W, Wj, ..., W4.

Samples may thus be further projected onto the plane spanned by @; and @,
and form a single score plot containing all y-relevant information. When for some

reasons, for example, w, is more informative than w, a plane through w, and b
may be a better alternative. It will in any case result in a 2PLS model that gives the

estimator 5, as will in fact all planes through b that are at the same time subspaces
of the column space of \ (Ergon 2004).

9.2.2 Self-organizing Map

Cluster analysis organizes data into groups according to similarities among them. In
metric spaces, similarity is defined by means of distance based upon the length from
a data vector to some prototypical object of the cluster. The prototypes are usually
not known beforehand, and are sought by the clustering algorithm simultaneously
with the partitioning of the data. In this chapter, the clustering of the operational
data is considered. Hence, the data are the measured input and output process
variables, parameters of the operating conditions, and laboratory measurements of
the product quality. Each observation consists of / measured variables, grouped into

an [-dimensional column vector x; = [x,-,l, .. .,x,;,]T. A set of N observations is
denoted by X and represented as a matrix X = [xy,...,xy]. In pattern recognition
terminology, the columns of X are called patterns or objects, the rows are called the
features or attributes, and X is called the pattern matrix. The objective of clustering
is to divide the data set X into ¢ clusters.

The SOM algorithm is a kind of clustering algorithm which a performs a
topology preserving mapping from high dimensional space onto map units so that
relative distances between data points are preserved. The map units, or neurons,
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form usually a two dimensional regular lattice. Each neuron, i, of the SOM is

represented by an /-dimensional weight, or model vector m; = [mi_l, .. .,m,;y,}T.
These weight vectors of the SOM form a codebook and can be considered as cluster
prototypes. The neurons of the map are connected to adjacent neurons by a
neighbourhood relation, which dictates the topology of the map. The number of
neurons determines the granularity of the mapping, which affects the accuracy and
the generalization capability of the SOM.

SOM is a vector quantizer, where the weights play the role of the codebook
vectors. This means that each weight vector represents a local neighbourhood of the

space, also called Voronoi cell. The response of a SOM to an input x; =

T . . . .
(X1, x| is determined by the reference vector (weight) m, which produces
the best match of the input

ig = arg(min;||m; — x;||) (9.1)

where i represents the index of the Best Matching Unit (BMU) of the kth input.
During the iterative training of SOM, the SOM forms an elastic net that folds
onto the “cloud” formed by the data. The net tends to approximate the probability
density of the data; the codebook vectors tend to drift there where the data are
dense, while there are only a few codebook vectors where the data are sparse.
The training of SOM can be accomplished generally with a competitive learning
rule as

m Y =m! 4 nAiS’i(xk - ml(-t)) (9.2)

i

where Ai}()_j is a spatial neighbourhood function and # is the learning rate, and the (z)

upper index denotes the iteration step. Usually, the neighbourhood function is

2
rl-—r;k)

2620

Ap;=exp| — (9.3)

where

ri—rpo
! k

o || represents the Euclidean distance in the low dimensional output

space between the ith vector and the winner neuron (BMU).

There are two phases during learning. First, the algorithm should cover the full
input data space and establish neighbourhood relations that preserve the input data
structure. This requires competition among the majority of the weights and a large
learning rate such that the weights can orient themselves to preserve local
relation-ships. Hence, in the first phase relatively large initial 62 is used. The second
phase of learning is the convergence phase where the local detail of the input space
is preserved. Hence the neighbourhood function should cover just one unit and the
learning rate should also be small. In order to achieve these properties, both the
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neighbourhood function and the learning rate should be scheduled during learning
(Kohonen 1990).

SOM is increasingly applied in quality development (Pdlzlbauer 2004). Thanks
to the robustness of the method SOM is applied water management (Kalteh et al.
2008; Juntunen et al. 2013) for soil and sediment quality estimation (Olawoyin
et al. 2013), in pulp and paper processes (Alhoniemi et al. 1999), and in biotech-
nology (Mele and Crowley 2008).

In addition, SOM is capable of detection of faults. Since SOM is a gradient based
iterative technique, it is less sensitive if outliers are in data sets. Since this technique
is a mapping, the performance of whole procedure is not influenced by outliers
because they grouped or they are on the edge of the map.

When a cell contains outliers the performance of the local model may decrease.
Since this cell represents the edge of the normal operating region, outliers do not
influence the global modelling performance. Hence, SOM is much less sensitive to
outliers than PCA or PLS. Therefore, SOM is excellent for fault detection, because
cells contain outliers and data related to malfunction of the process can be easily
identified (Fustes et al. 2013; Munoz and Muruzabal 1998).

9.2.2.1 SOM for Piecewise Linear Regression

The goal of this section is to develop a data-driven algorithm for the identification
of a model in the form of y, = f(zi), where z; represents the model inputs (process
variables) and y, contains the product quality. In general, it may not be easy to find
a global nonlinear model that is universally applicable to describe the relationships
between the inputs and the outputs on the whole operating domain of the process. In
that case, it would certainly be worthwhile to build local linear models for specific
operating points of the process and combine these into a global model. This can be
done by combining a number of local models, where each local model has a
predefined operating region where the local model is valid. This results in the
so-called operating regime based model. The applications and the possible identi-
fication of operating regime based modelling to the identification of dynamic
systems are recent and rich (Murray-Smith 1997).
The operating regime based model is formulated as

y,{ = Z ;(zk) [z,{, I]Qi (9.4)
=1

where w;(z;) describes the operating regime of the ith local linear model de-fined
by the ©; parameter matrix (or vector if y! is a scalar). The piecewise linear models
are special case of operating regime-based models. If we denote the input space of
the model by T:z € T C R", the piecewise linear model consists of a set of
operating ranges T1,75,..., Ty which satisfy T,UT,U...UTy=T and
TiNT; =3;Vi#j.
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Hence, the model can be formulated as
Ifz; € T; then y! = [ZZ, 1]@,- (9.5)

where @; denotes the parameter estimate vector used in the ith local model.

The identification of these models can be divided into two tasks: structure
identification that generates the operating ranges and parameter identification of the
local models. As the simultaneous combination of these steps results in complex
nonlinear optimization problem, several heuristic, mainly iterative algorithms have
been worked out for this purpose (Murray-Smith 1997).

When SOM is used to represent nonlinear systems, it is trained based on the N

input-output data pairs arranged in the X = [x|,.. .,xN]T pattern matrix as
T
xe= ]
The SOM can be directly used for prediction of the output, y, of the process
given the input vector z;. Regression is accomplished by searching for the BMU

using the known vector components. As the output of the system is unknown, the
BMU is determined as

.0 .
iy = arg(min;||m; — z||) (9.6)
where mf = [mj41, ..., M.
The output of the model can be defined as the unknown component of the BMU,
y]f = ml.[T = [m,-oﬁl, e mio_’n] , which results in a piecewise constant model.

The accuracy of this model can be increased by building local models for data in
the Voronoi cells of the SOM,

T
o = [ —my| @+ (m1)" 9.7)
or
yi = [z, 1] (9.8)

where the @,-2 parameter matrix of the local model is calculated by least squares
method based on the local data set on the operating regime 7; only, where T; is the
ith Voronoi cell of the Voronoi diagram of the codebook of the SOM,
M ={m;,...m:}. Vor(M) is defined as the subdivision of 7 into c¢ cells
T;,i=1,...,c, with the property that a point z; lies in the cell corresponding to the
site mj;k) if and only if # = arg(min;||m; — x,||). Thus, each cell of the diagram is the

intersection of a number of half-planes.

When the process is nonlinear there is a need for local linear approximation of
the operating regime of the system. Sliced Inverse Regression (SIR) and the related
techniques are suitable for the extraction and characterization of local linear sub-
spaces (Li 2012; Lue 2009; Kuentz and Saracco 2010). In this context these
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techniques are similar to SOM as SOM also defines local operating regimes that can
be also considered Voronoi cells of SOM. As this section showed, these clusters
can be used to build local linear models. In our case least squares regression is used
to build local models. However, local models of the clusters can also be defined by
local PCA (similar to SIR) or sub-PLS models. This approach also illustrates that
local linear modelling and clustering can be effectively combined to get accurate
and interpretable models (Kenesei and Abonyi 2013; Abonyi et al. 2002).

9.2.2.2 SOM for Classification of Product Grades and Operating
Conditions

The SOM can be used for classification purposes by assigning a class for each
codebook vector and deciding the class of a sample vector based on the class of its
BMU. The rule-based classifier consists of rules that describe N, number of classes,
given n data points. The rule antecedent defines the operating region of the rule in
the /-dimensional feature space and the rule consequent is a class label from the set

8i = {1, .. .,NL-}.
If x; € T; then classis g (9.9)

The interpretability of classifier depends on the number of utilized features. For
the selection of the most relevant features, we modify the Fischer interclass sepa-
rability method which is based on statistical properties of labeled data. The
importance of a feature is measured by leaving out a feature and calculating a cost
function for the reduced model. The feature selection is made iteratively by leaving
out the less needed feature.

9.3 Application Examples

In this chapter two examples are given to demonstrate the applicability of multi-
variate data-driven tools. In the first example, PLS is applied to visualize the
production of a fuel mixing process and estimate the product quality. The second
example is similar in the application point of view, SOM is applied to monitor
product quality of a polymerization process.

9.3.1 Online NIR—PLS Example

Present research focuses on two tasks. Datasets collected at the Dune Refinery of
MOL Ltd (Hungary) are analyzed. The first task is the development of a prediction
model that can estimate product properties based on spectra taken by online NIR



9 Multivariate Statistical and Computational Intelligence Techniques ... 251

Table 9.1 Effect of the

. Property | Latent dimensions
number of latent variables to

2 6 12 18 24 48
the performance of the model
(correlation between the Density | 0.776 |0.988 |0.993 |0.993 |0.993 |0.989
estimated and measured T90 0.432 |0.654 |0.849 [0.895 |0.868 |0.796
variables are shown) CFPPO | 0.657 0942 |0.947 0953 |0.921 |0.888

CFPP 0.516 |0.755 [0.769 |0.728 |0.703 |0.610
Cloud Pt |0.668 |0.924 |0.950 |0.958 |0.955 |0.943
Flash Pt | 0.408 |0.596 |0.878 |0.901 |0.895 |0.854

analyzers. The second task is the development a monitoring tool based on the
visualization of the same spectra.

The prediction performance of the models is measured by the correlation
coefficient defined as:

C(ij)

R(i,j) = m (9.10)

where C is the covariance matrix and it is calculated as C = cov(y,y). Table 9.1
shows that the number of the available samples, N, differs for each properties.
Among the 651 spectra, only 560 were different and in most of the cases, only a
fragment of the properties were measured. Firstly the effect of dimensionality of
latent space of the PLS model was analyzed (from 2 to 48 dimensions). To perform
an adequate comparison, leave-one-out and 10-fold cross validation technique was
applied. As it is shown in this table, the accuracy of the model increases rapidly by
increasing the dimensionality of the latent space from 2 to 6 dimensions; however,
it reaches a maximum since when the complexity of the model is higher than the
complexity of the modelled system.

In Sect. 9.2.2, a special method is presented that can map the PLS latent space
into two dimensional space by orthogonal signal correction. This method is com-
pared with Principal Component Analysis and Topological Near-Infrared Modeling
(CRISP-DM 2000; Abonyi and Feil 2005) (TOPNIR) developed specifically to
visualize NIRspectra and building topological prediction models with the help of
resulted maps. As shown in Fig. 9.4, this technique is effective in visualization of
high dimensional spectral space. This plot gives information about how summer
and winter fuel samples are clustered.

9.3.2 Application in Polyethylene Production

To illustrate the proposed approach, the monitoring of a medium and high-density
polyethylene (MDPE, HDPE) plant of the TVK Ltd. in Hungary is considered.
HDPE is versatile plastic used for household goods, packaging, car parts and pipe,
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0 02 04 06 08 1
Err: 15608.9904 Dim 1

Fig. 9.4 Visualization of DS1 using PLS (CFPPO)

and TVK Ltd. is the largest Hungarian polymer production company (www.tvk.hu).
A brief explanation of the Phillips license based low-pressure catalytic process is
provided in the following section.

Figure 9.5 represents the Phillips Petroleum Co. suspension ethylene polymer-
ization process. The polymer particles are suspended in an inert hydrocarbon. The
melting point of high-density polyethylene is approximately 135 °C. Therefore,
slurry polymerization takes place at a temperature below 135 °C; the polymer
formed is in the solid state. The Phillips process takes place at a temperature
between 85 and 110 °C. The catalyst and the inert solvent are introduced into the
loop reactor where ethylene and an olefin (hexene) are circulating. The inert solvent

—{ Jacket
Catalyst tank water
cookr

Recycling = .
solvent A Water
=
="
Ethylene o |
feed o——o
=
Comonomer ?’
g A Reactor
= circulating
pemp

Fig. 9.5 Scheme of the Phillips loop reactor process (Nagy 1997)
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(isobuthane) is used to dissipate heat as the reaction is highly exothermic. A cooling
jacket is also used to dissipate heat. The reactor consists of a folded loop containing
four long runs of pipe that are 1 m in diameter, connected by short horizontal
lengths of 5 m. The slurry of HDPE and catalyst particles circulates through the
loop at a velocity between 5 and 12 m/s. The reason for the high velocity is due to
the fact that at lower velocities, the slurry will deposit on the walls of the reactor
causing fouling. The concentration of polymer products in the slurry is 25-40 % by
weight. Ethylene, olefin comonomer (if used), an inert solvent, and catalyst com-
ponents are continuously charged into the reactor at a total pressure of 450 psig.
The polymer is concentrated in settling legs to about 60-70 % by weight slurry and
continuously removed. The solvent is recovered by hot flashing. The polymer is
dried and pelletized. The conversion of ethylene to polyethylene is very high (95—
98 %), eliminating ethylene recovery. The molecular weight of high-density
polyethylene is controlled by the temperature of catalyst preparation (Nagy 1997).
The main properties of polymer products (Melt Index (MI) and density) are con-
trolled by the reactor temperature, monomer, comonomer and chain-transfer agent
concentration.

9.3.2.1 Problem Description

An interesting problem with the process is that it is required to produce about ten
product grades according to market demand. Hence, there is a clear need to min-
imize the time of changeover because off-specification product may be produced
during transition. The difficulty of the problem comes from the fact that there are
more than ten process variables to consider. Measurements are available in every
15 s on process variables z;, which are the z; | reactor temperature (7T), zx» ethylene
concentration in the loop reactor (C2), z; 3 hexene concentration (C6), zx 4 the ratio
of the hexene and ethylene inlet flowrate (C6/C2in), zs the flowrate of the
isobutane solvent (C4), z; ¢ the hydrogen concentration (H>), 77 the density of the
slurry in the reactor (roz), zs polymer production intensity (PE), and zxy the
flowrate of the catalyzer (KAT). The product quality y, is only determined later, in
another process. The interval between the product samples is between half an hour
and 5 h. The y;; melt index (MI) and the y;, density of the polymer (ro) are
monitored by off-line laboratory analysis after drying and extrusion of the polymer
that causes 1 h time-delay.

Since, it would be useful to know if the product is good before testing it, the
monitoring of the process would help in the early detection of poor-quality product.
There are other reasons why monitoring the process is advantageous. Only a few
properties of the product are measured and sometimes these are not sufficient to
entirely define the product quality. For example, if only rheological properties of
polymer are measured (melt index), any variation in end-use application that arise
due to variation of chemical structure (branching, composition, etc.) will not be
captured by following only these product properties. In these cases, the process data
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may contain more information about events with special causes that may affect the
product quality (Jeackle and MacGregor 1998).

9.3.2.2 SOM Based Historical Analysis of the Process

The modelling and monitoring of processes from data involves solving the problem
of data gathering, preprocessing, model architecture selection, identification or
adaptation and model validation. The process data analyzed in this chapter have
been collected over 3 months of operation. The data have been extracted from the
distributed control system (DCS) of the process. An SQL server has been installed
to store and merge this data with the product quality database. According to the data
warehousing methodology, the application relevant data have been extracted from
this SQL database. As one of the objectives is to infer the values of product quality
from process data obtained at different operating regions, a set of transition-free
data is used that covers the whole range of specifications of the quality properties
and the process variables over all the possible operating regions. The data were
preprocessed by normalization performed on single variables. Scaling of variables
is of special importance since the SOM algorithm uses Euclidean metric. In the
current phase of the project, this data are processed by the modified version of the
MATLAB SOM Toolbox (Vesanto et al. 2015). The whole methodology is illus-
trated in Fig. 9.6.

The SOM of the process has been applied to predict polymer properties from
measured process variables and to interpret the behaviour of the process. The
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constructed SOM (size 17 by 6 units) with eleven component planes is shown in
Fig. 9.7. Based on the map the typical operating regions related to different product
grades could be determined. Furthermore, the SOM is a good tool for hunting for
correlation among the operating variables (Simula et al. 1999). For example, it can
be easily seen that the melt index of the polymer (MFI) is highly correlated with
reactor temperature (T).

Figure 9.8 shows the labels of the products and the distribution of the data
marked by black hexagons with proportional size to the number of data in the
operating regions of the clusters. This figure shows that the SOM is a useful tool for
the visualization of multivariate data. A common procedure for reducing the
dimensionality of the variable space is Principal Component Analysis
(PCA) (MacGregor and Kourti 1995). For a comparison of the SOM with “stan-
dard” techniques, the historical data have been transformed into a two-dimensional
space spanned by the first two principal components of the data. In Fig. 9.9, the grid
of the transformed codebook of the SOM is shown to illustrate how the clusters
approximate the density of the data. It is interesting to compare the SOM and the
PCA model of the process (Fig. 9.11) as in both transformed spaces the regions of
the different products are similar; the data points appear to cluster into four regions
which corresponded to different product grades and operating conditions.

Since the distance preserving mapping property of the SOM, products that are
close to each other on the map are similar. In the discrete two-dimensional output
space of the SOM, the trajectory of the production can be effectively visualized by
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Fig. 9.8 Product labels
(numbers) and distribution of
the data

Fig. 9.9 PCA scores plots for
three months of operation.
The grid of the transformed
codebook of the SOM is also
shown to illustrate how the
clusters approximate the
density of the data

PC1

plotting the trajectory of the BMUs (Principe et al. 1998), which is especially useful
in process monitoring and fault detection. Hence, the map can be effectively used
for scheduling the different products by designing the trajectory of the production
on the map of the products. An example for a grade transition is shown in Fig. 9.10,
where the production of Product 6 is followed by the production of Product 7. The
multivariate historical data of this transition depicted in Fig. 9.10 can be easily
visualized by the PCA and the SOM model of the process as shown in Fig. 9.11.
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The previous example has shown that the SOM results in a good representation
of the operating regions of the products. Hence, it can be also used for classifica-
tion. When the whole SOM is used as a rule-based classifier system with rules like

If x; € T; then classis g; (9.11)

it gives 8 % classification error. This can be considered as a good result taking into
account that the data is quite noisy and not too much effort was put to select the
training data related to normal operating conditions.

9.3.2.3 SOM Based Product Quality Estimation

The SOM has been also used to estimate the product quality variables. Figure 9.12
shows the estimation error of the linear model and the SOM presented in the
previous section. Although in this case the SOM is used as a piecewise constant
model, it gives better results than the linear model. The performances of the models
have been measured by the Root Mean Square Error (RMSE) of the models. In
Table 9.2, it can be seen that the SOM is more accurate than the linear model. This
is not surprising since the linear model has only two times ten (20) parameters and
cannot capture the nonlinearity of the process. The good performance of the
BMU-based piecewise constant model shows that the SOM gives a good approx-
imation of the density of the data, hence it can be considered as a good
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Fig. 9.12 Estimation performance of the SOM based piecewise constant model (.) and a
multivariate linear model (0)
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Table 9.2 Root Mean Square

- Density Melt index

Errors (RMSE) achieved by (10) (MFI)
different models -

Linear 0.0355 0.0372

SOM pw constant (BMU) 0.0330 0.0341

Linear (4 variables) 0.0368 0.0387

SOM pw linear (4 0.0251 0.0312

variables)
Table 9.3 Relative Importance Density (ro) Melt index (MFI)
importance of process -
variables obtained by OLS 1 “Co/C2in’ T

2 ‘c4 ‘C6/C2in’

3 ‘H2’ ‘c4

4 ‘roz’ ‘H2’

5 ‘PE’ ‘Cc2’

6 ‘KAT’ ‘roz’

7 ‘C6’ ‘KAT’

8 ‘c2 ‘Ce’

9 ‘T ‘PE’

nonparametric model. Because of the large number of the clusters (size 17 by 6
units), the Voronoi cell based multiple linear model approach cannot be used. The
reason is that the identification of the most local models become badly conditioned
due to the small number of data related to the operating region of the models.
Hence, in this chapter an approach based on the reduction of the original SOM is
introduced, where for the regression purpose a smaller SOM is identified.

This task requires the selection of the most important variables having effect to
the product quality variables. This can be done by analyzing SOM of the process
(Fig. 9.7) to detect similarities between the component planes that shows the cor-
relation of the variables. Another possible approach is to use Orthogonal Least
Squares (OLS) techniques for ordering of the process variables. The ordering
obtained is shown in Table 9.3. This ordering can then be easily used to select a
subset of the inputs in a forward-regression manner. It is interesting to see that
ordering of the OLS gives similar results that we can obtain from the visual
inspection of the SOM of the process. Based on this model reduction approach, two
independent SOMs with 24 clusters on four process variables (the first four shown
in Table 9.2.) have been identified to estimate the density and the melt index of the
product. As shown in Table 9.3, these compact models give good estimations of the
quality variables.
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9.4 Conclusion

Quality development intensively applies process data. The iterative data mining
methodology effectively supports the PDCA cycle based quality development.
Since several process variables have to be monitored and unknown functional
relationships among process and quality variables have to be explored, multivariate
statistical techniques are the most widely applied tools. Beside the classical prin-
cipal component analysis (PCA) and partial least squares regression models (PLS),
we applied soft computing based tools to handle uncertainty and nonlinearity and
complexity of the problem.

We demonstrate that PLS based model is able to simultaneously predict
unmeasured material properties and monitor the state of a complex production
process. Process monitoring is realized in orthogonal two dimensional plots. These
plots can also be used for the effective identification of outliers.

Self-Organizing Map (SOM) is a soft-computing based approach and it is used for
the extraction of knowledge from the historical data of production. Since SOM pro-
vides a compact representation of the data distribution, the typical operating condi-
tions of the process are efficiently detected. It has been shown that efficient process
monitoring can be performed in the two-dimensional projection of the process vari-
ables. For the estimation of the product quality variables multiple local linear models
are introduced, where the operating regimes of the local linear models are obtained by
the Voronoi diagram of the prototype vectors of the SOM. The important process
variables having effect to the product quality have been selected by orthogonal least
squares method. The approach has been demonstrated by means of the analysis of a
polyethylene production plant. The results show that the SOM is very effective in the
detection of typical operating conditions related to different product grades and can be
used to predict the product quality (melt index and density) based on the process
variables measured. The proposed method is attractive in comparison with other
advanced process monitoring schemes such as Principal Component Analysis.

The interested reader might want to know under what conditions these methods
can be employed and what kind of diagnostic tests are available. Some books that
are dealing with only one technique in detail are suggested for them: Handbook of
Partial Least Squares (Vinzi et al. 2010), Principal Component Analysis (Jolliffe
2008), Introduction to Statistical Quality Control (Montgomery 2009) and
Self-Organizing Maps (Kohonen 2001).

More technical details and illustrative examples and MATLAB program codes
related to the application of intelligent tools for fault detection and quality esti-
mation can be found at the website of the authors: www.abonyilab.com.
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