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ABSTRACT

MULTIVARIATE STATISTICAL PROCESS CONTROL
AND CASE-BASED REASONING FOR
SITUATION ASSESSMENT OF SEQUENCING BATCH REACTORS

by Magda Liliana Ruiz Ordénez

ADVISOR: Dr. Joan Colomer Llinas

March, 2008
Girona, Spain

This thesis focuses on the monitoring, fault detection and diagnosis of Wastewater
Treatment Plants (WWTP), which are important fields of research for a wide range of
engineering disciplines.

The main objective is to evaluate and apply a novel artificial intelligent methodology
based on situation assessment for monitoring and diagnosis of Sequencing Batch Reac-
tor(SBR) operation. To this end, Multivariate Statistical Process Control (MSPC) in
combination with Case-Based Reasoning (CBR) methodology was developed, which was
evaluated on three different SBR (pilot and lab-scales) plants and validated on BSM1
plant layout.

Results showed that, MPCA is a robust technique for monitoring and fault detection
of SBR operation. The MPCA was successfully tested for on-line (real-time) monitoring
of pilot scale-SBR performing nitrogen removal - the first time this is achieved (to our best
knowledge). The MPCA methodology is now ready to be used as part of daily operation
of the SBRs.

For the diagnosis part, a comprehensive evaluation of the CBR methodology for au-
tomatic diagnosis of SBR process operation (BIOMATH and LEQUIA) was performed -
the first time an artificial intelligent method applied within WWTPs. The methodology
was then tested on the BSM1 plant layout which were used to construct abnormal events,
e.g. faults, sensor failures, etc. The CBR method used input from the MPCA (rather
than raw process data) and the best descriptors for the assessment of the situation (cases)
were found to be principal components and errors (Q) of the statistical model. The main
results showed that the CBR successfully diagnosed a wide range of operational problems
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such as sludge bulking, influent inhibition/toxicity, high influent flow and sensor faults.
The diagnosis performance of CBR method using several statistical extensions such as
MPCA, Dynamic PCA and PCA were also studied. This comparison showed that the
MPCA + CBR combination has a good diagnosis performance. However, a more theoret-
ical and in-depth study of which inputs and descriptors to use for the situation assessment
step in the CBR are needed to further improve the diagnosis.

In addition, the ability of CBR to maintain and update the knowledge was also stud-
ied and tested successfully using DROP and IB family of algorithms. This showed that
repeating the cycle of learning helps maintaining and updating the case-base of the CBR.

Overall, this adaptive and intelligent aspects of the method makes it a good candidate
for helping the management in the daily plant operation as an automatic diagnosis and
real-time warning tool. Such artificial intelligent methods are promising tools which has
the potential to contribute to good management and operation of plants. Further re-
search is, however, needed to improve and consolidate the application of CBR to WWTP
operations, including input descriptors, retrieve and update algorithms and decision mak-
ing rules. All in all, this is expected to save operational costs as well as improve plant
performance to comply with the goals of urban water management.
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Instances of the same class
Nearest neighbor

b Number of successful classifications in number of attempts
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co Standar deviation to a given «
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) Loading Y matrix

S Covariance matrix

ST Set of instances

st one instance
@  Q-statistics
SPE-squared prediction error
T  Score matrix
Score vectors
T Training instances
T? Hotelling T? statistics
D-statistic
Standard deviation
Variance
Sum of eigenvalues
Mean
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Historical data matrix of process variables

SRS
[N}

mE
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2l m-dimensional observation vector
X  Three-dimensional array
Y  Predicted matrix
z  Confidence limit
Abbreviations
2D Two-dimensional data array
3D Three-dimensional data array
AOC Abnormal Operation Condition
AS Auto scaling
ASM1 Activated Sludge Model Nol
BIOMATH Department of Applied Mathematics, Biometrics and
Process Control
BSM1 Benchmark Simulation Model Nol
BSM1_LT  Benchmark Simulation Model Nol long-term
CA Cluster Analysis
CB Case Base
CBR Case-Based Reasoning
CS Continuous Scaling
CUSUM Cumulative Sum
DA Discriminant Analysis
DPCA Dynamic Principal Component Analysis
DO Dissolved Oxygen
DROP Decremental Reduction Optimization Procedure
ICA Independent Component Analysis
ED Equipment Defects
EF Electrical Fault
EU European Union
EWMA Exponentially Weighted Moving-Average Chart
eXiT Enginyeria de Control y Sistemas Inteligentes
GS Group Scaling
IB Instance-Based Learning
ILC Influence Load Change
TAWQ International Association on Water Quality
IWA International Water Association
KLA Mass transfer coefficient
KPCA Kernel Principal Component Analysis
LEQUIA Laboratorio de Ingenieria Quimica y Ambiental
MATLAB  Matrix Laboratory
MBPCA Multi-Block Principal Component Analysis
MPCA Multiway Principal Component Analysis
MPPCA Multi-Phase Principal Component Analysis
MSPCA Multi-Scale Principal Component Analysis
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Chapter 1

Introduction

1.1 Legal framework

The treatment of wastewater has become one of the important environmental topics.
Wastewater treatment is an important part of maintaining the highest possible quality of
natural water resources (rivers, lakes and seas). With new regulations for quality mon-
itoring of WasteWater Treatment Plants (WWTP) under directive 98/15/CE (Directiva
98/15/CE de la Comision, de 27 de febrero de 1998, por la que se modifica la Direc-
tiva 91/271/CEE del Consejo en relacion con determinados requisitos establecidos en su
anexo I n.d.), it is necessary to introduce new technology for control and supervision.
The objective is to harmonize urban wastewater treatment legislation throughout the Eu-
ropean Union (EU), in an attempt to protect the environment from any adverse effects.
If the treatment of wastewater is insufficient in one member state of the EU, it often
influences other members, affecting human integrity (de los Diputados de Espana 1978).
The treatment of urban water must vary according to the receiving waters, which can be
more sensitive or less sensitive, so the requirements for discharges from urban wastewater
treatment plants are different (CEE 1991). In this way, legislations minimize the adverse
effects on the environment of this discharges.

1.2 Project framework

Title: Development of an Intelligent Control System applied to a Sequenc-
ing Batch Reactor (SBR) for the removal of Organic Matter, Nitrogen and
Phosphorous. SICOTIN-SBR2

This project is a continuation of a previous project DPI2002-04579 whose promising
results prompted the consideration of a more ambitious control system. Goals are to im-
prove the overall process performance and adapt it according to the influent wastewater
characteristics in a wastewater treatment plant.

In the previous project, a system of Case-Based Reasoning (CBR) was elaborated.
This system is qualified to identify the situation of the process when finalizing a cycle,
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as well as to recover historical cases of operation in order to propose modifications to
the current operation conditions of the process. First, qualitative trends were used to
depict tendencies of the process in order to obtain variables profiles. Second, the cases
were stored in a case-base. Finally, a comparison between the recovered historical cases
and the diagnosis was developed (Rubio et al. 2004). In addition, due to the amount of
collected data, a brief application of Multivariate Statistical Control technique was made
with promising results.

The results using Multivariate Statistical Control suggest the continuation of this line
of research in pursuit of other objectives, such as estimation of the characteristics of in-
fluent water and the quality of effluent water. The nature of the process (by batches,
nonlinear, highly variable in time) and a complete system of data acquisition and storage
indicates suitable tools for CBR, (with an initial version already implemented) Multi-
variate Statistical Process Control (MSPC), and a combination of both.

In this manner in this project, the use of CBR and MSPC is proposed to diagnose the
state of the process and to consider the characteristics of influent and effluent water.

1.3 Objectives

In this thesis, the monitoring and diagnosis of WW'TP are investigated. The main ob-
jective is to develop a methodology to assess Sequencing Batch Reactors (SBR) WWTP,
focusing on Statistical Models and diagnosis using MSPC and CBR. The evaluation in-
cludes determining whether abnormal operation is present and defining the fault class and
its features. More specifically, the objectives of this work are the following:

To develop a methodology to detect and diagnose Normal and Abnormal
Operation Condition (AOC) using historical data from several Wastewater
Treatment Plants. The information will be processed in order to obtain parameters
that determine the real situation into the processes. This methodology could be used in
the future for situation assessment in full-scale plant.

To introduce a Multivariate Statistical Process Control (MSPC) approach
in a Sequencing Batch Reactor plant for on-line monitoring. Since the process
has many sensors measuring variables for a long time, and since these data are highly
correlated, Principal Component Analysis (PCA) and its extensions are proposed for re-
ducing the dimensionality of the problem. Combined with other techniques, this will help
improve and accelerate the monitoring and diagnostic processes.

To include Case Based Reasoning (CBR) to improve the results obtained from
the MSPC methodology. CBR is an expert system which applies the experience and
knowledge from experts about past situations. This experience can often provide a solu-
tion to new problems to help operators in their daily management and operation of the
plant.
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To validate the developed methodology in several processes with differ-
ent kind of operating condition Since the main objective is situation assessment of
WWTPs, several plants with different types of problems and several operation condition
are considered in order to refine and improve the best methodology with the ability for
determining the situations in whatever kind of SBR process.

1.4 Contributions

The main contributions presented in this work are the following:

e Mainly, this doctoral thesis makes a rigorous evaluation and testing of Multiway
PCA (MPCA) + CBR approaches on several systems with different scales allowing
a realistic assessment of the methods and their feasibility to practice.

e A new approach to situation assessment to detect the abnormal behavior in Wastew-
ater Treatment Plants is proposed. This approach uses MSPC and CBR. MSPC is
used to reduce the dimensionality and to remove non-linearity in the data. CBR is
used to build the Case-base to diagnose future events. Maintenance and updating
are made through the learning capacity of this tool.

e Several combinations of the above approaches are performed using two pilot plants,
one semiindustrial pilot plant and one Benchmark simulation model. These pro-
cesses have differences between them, for instance influent, size of reactors, prob-
lems and operating conditions. The influent for the first two plants are prepared in
the laboratory with several ingredients (syntectic influent). In semi-industrial pilot
plant the influent is taken directly from the real wastewater treatment plant which
mainly comes from residential area. In this aspect, a rigorous evaluation and testing
of the methodology using various systems with different scales have been performed.
This means that it should be possible to generalise the obtained results.

e Several options of data scale before building the model using MSPC are studied in
order to find the best option for this kind of process.

e A full implementation of the CBR approach for a WWTP is performed including
case base building, maintenance and updating and on line application.

e The MPCA methodology in a WWTP is implemented on-line. A new module for the
application of the proposed methodology has been added to the existent monitoring
systems.

e A combination of the MSPC with the LAMDA algorithm (monitoring + clustering)
to situation assessment in WWTPs is performed to identify normal data and to
classify situations.



4 1. Introduction

1.5 Outline

The structure of the thesis consists of six chapters and two appendices where supplemen-
tary materials are provided.

In the present Chapter (Chapter , the background, the general context and the
problem statement of the research carried out in this thesis is provided. Next the research
objectives are outlined, which guide the research carried out throughout the thesis. Last,
the structure of the book is given.

Chapter [2| provides a general description of the wastewater treatment systems used
throughout the thesis to test and develop the MPCA and CBR methodology. In total,
four different systems were used. The first one is the semi-industrial SBR pilot which per-
forms nitrogen and organic matter removal. The second one is a lab-scale SBR performing
nitrogen and organic matter removal. Both of these plants were hosted and operated in
the laboratory of LEQUIA research group (University of Girona, Catalonia, Spain). The
third one is a lab-scale SBR that performs biological nitrogen, organic matter and phos-
phorus removal hosted and operated in the laboratory of BIOMATH (Ghent University,
Belgium). The last one, is the BSM1 benchmark plant layout which is developed by Task
Group on Benchmarking of Control Strategies for WWTPs.

Chapter [3| presents a review of multivariate statistical methods used mainly for pro-
cess monitoring purposes. To this end, the classification of monitoring, fault detection
and diagnoses algorithms and a state-of-the-art in the PCA applications are provided.
Basic concepts and various methodologies developed within the context of univariate and
multivariate statistical process control are introduced. Special attention is given to multi-
way principal component analysis with the possible unfolding and control charts for batch
monitoring process are explained.

Chapter | provides the theoretical background of the case-base reasoning (CBR) cy-
cle. The four fundamental R’s of the CBR that is retrieve, reuse, revise and retain, are
explained. The artificial intelligence capacity of the approach to adapt and learn using
decremental reduction optimization procedure (DROP) and instance-based learning (IB)
algorithms are explained in detail. The detailed introduction of the DROP family of
algorithms was felt necessary since it is the first time (to our best knowledge) a full imple-
mentation of case-based reasoning (CBR) methodology to wastewater treatment plant is
done. In the same way, IB is also explained indepth, which ensures a continuous update
of the case-base.

Chapter [5 provides results from the evaluation of the MPCA methodology at two SBR
systems (semi-industrial pilot plant at LEQUIA group and lab-scale BIOMATH SBR).
First, a preliminary work was performed using the data from the semi-industrial plant.
Due to the correlation performed with the variables by means of the statistical model,
several types of situations could be determined. Second, an indepth analysis of the appli-
cation of MPCA to lab-scale SBR was done. The research in this section was done in a
didactic sense to help find out how to build good MPCA models for process monitoring
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purposes. In this regard, issues such as type of scaling and unfolding, number of principal
components were investigated in view of their impact on process monitoring performance.
Finally, implementation of the MPCA for on-line monitoring of the semi-industrial pilot
plant (at LEQUIA group) were performed and the results were given.

Chapter [0] describes results from the evaluation of the methodology combining CBR
with the MPCA approach. Three historical data were used for the evaluation: lab-
scale BIOMATH SBR, COST/IWA simulation benchmark and lab-scale LEQUIA SBR.
The development and evaluation of the methodology was carried in two parts. In Part
one, the descriptors, the building of case-base and the retrieve algorithms of the CBR
methodology were addressed. This evaluation was performed using historical data from
lab-scale BIOMATH SBR plant. The objective was to find the best combination of de-
scriptors, the retrieve procedure and the case-base structure. Having found that, the CBR
methodology was tested /validated using COST /TWA simulation benchmark generated set
of operational data. In part two, the maintenance and updating algorithms of the CBR
method were investigated using the data from lab-scale LEQUIA SBR. In this way, the
CBR ability to delete redundant information and learn automatically were added.

Finally, the main conclusions obtained from the research results as well as recom-
mendations for future work are described in Chapter [7] Additionally, results from the
combination of the LAMDA algorithm with the MPCA methodology are given in the

Appendix [A]

1.6 Publications

The following articles were published from the research results generated in this thesis
study. The contribution of the author has been mainly to develop the MPCA and CBR
algorithms and the analysis and interpretation of results.

Book chapters
Ruiz M., Colomer J. and Meléndez J. (2006) ”Monitoring a sequencing batch reac-
tor for the treatment of wastewater by a combination of multivariate statistical process

control and classification technique”. Frontiers in Statistical Quality Control ISBN 10
3-7908-1686-8 Physica-Verlag Heidelberg New York.

Contribution: MPCA modeling, analysis, interpretation and writing.

International Journal Publications

Mujica L, Vehi J., Ruiz M., Verleysen M., Staszewski W. and Worden K. (2008)
”Multivariate Statistics Process Control for Dimensionality Reduction in Structural As-

sessment” Mechanical Systems and Signal Processing, 22:155-171.

Contribution: MPCA analysis and interpretation of preliminaries results.
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Ruiz M., Villez K., Sin G., Colomer J., Rosen C. and Vanrrolleghem P.A. (2008) ” Dif-
ferent PCA approaches for monitoring nutrient removing batch process:Pros and Cons”
in preparation for publication in Water Science and Technology.

Contribution: MPCA modeling, analysis, interpretation and writing.

Ruiz M., Sin G., Colprim J. and Colomer J., ”"MPCA and CBR methodology for moni-
toring, fault detection and diagnosis in wastewater treatment plant” (2008) in preparation
for publication in Water Science and Technology.

Contribution: MPCA modeling, CBR algorithms, analysis, interpretation and writing.
National Journal Publications

Ruiz M., Colomer J. and Melendez Q. (2006) ” Combination of statistical process con-
trol (SPC) methods and classification strategies for situation assessment of batch process”
Revista Iberoamericana de Inteligencia Artificial. 29:99-107.

Contribution: MPCA modeling, analysis, interpretation and writing.
International Conferences

Villez K., Ruiz M., Sin G., Rosen C., Colomer J. and Vanrrolleghem P.A. (2007) ” Com-
bining Multiway Principal Component Analysis (MPCA) and clustering for efficient data
mining of historical data sets of SBR processes” Proceedings of the 3rd International
IWA Conference on Automation in Water Quality Monitoring (AutMoNet2007), Ghent,
Belgium, September 5-7, 2007, appeared on CD-ROM.

Contribution: Preliminary LAMDA methodology.

Ruiz M., Rosen C. and Colomer J. (2007) ”Diagnosis of a continuous treatment plant
using Statistical Models and Case-Based Reasoning”, Proceedings of the 3rd International
IWA Conference on Automation in Water Quality Monitoring (AutMoNet2007), Ghent,
Belgium, September 5-7, 2007, appeared on CD-ROM.

Contribution: Modeling and diagnosis analysis using PCA, DPCA, MPCA and CBR,
interpretation and writing.

Jaramillo M., Ruiz M., Colomer J. and Melendez J. (2007) ” Multiway Principal Com-
ponent Analysis and Case Base Reasoning methodology for abnormal situation detection

in a Nutrient Removing SBR” Proceedings of the European Control Conference, Kos,
Greece, July 2-5, 2007, appeared on CD-ROM.

Contribution: Modeling and diagnosis analysis using MPCA and CBR, interpretation
and writing.
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Ruiz M., Villez K., Sin G., Colomer J. and Vanrolleghem P.A. (2006) ”Influence of
scaling and unfolding in PCA based monitoring of nutrient removing batch process” 6th
IFAC Symposium on Fault Detection, Supervision and Safety of Technical Processes.
September, 2006, Beijing P.R. China.

Contribution: MPCA modeling, analysis, interpretation and writing.

Ruiz M., Colomer J., Rubio M., Melendez J. and Colprim J. (2004) ”Situation as-
sessment of a sequencing batch reactor using multiblock MPCA and fuzzy classification”
BESAI Worshop in Binding Environmental sciences and Artificial Intelligence, ECAT 2004
European Conference on Artificial Intelligence, ISSN.0922-6389, August, 2004, Valencia
(Spain).

Contribution: MPCA modeling, LAMDA classification, analysis, interpretation and
writing.

Ruiz M., Colomer J., Colprim J. and Melendez J. (2004) ”Multivariable statistical
process control to situation assessment of a sequencing batch reactor”, CONTROL 2004,
pp.11, ISBN.0 86197 130 2, September, 2004, Bath (UK).

Contribution: MPCA modeling, analysis, interpretation and writing.

Ruiz M., Colomer J., Rubio M. and Melendez J. (2004) ” Combination of multivari-
ate statistical process control and classification tool for situation assessment applied to
a sequencing batch reactor wastewater treatment” ISQC Intelligent Statistical Quality
Control pp.257-267. ISBN.83-88311-69-7. June, 2004, Warszawa (Poland).

Contribution: MPCA modeling, LAMDA classification, analysis, interpretation and
writing.

Ruiz M., Melendez J., Colomer J., Sanchez J. and Castro M. (2004) ”Fault location
in electrical distribution systems using PLS and NN” Proceedings of the International

Conference on Renewable Energies and Power Quality (ICREPQ’04), Barcelona, Spain,
2004, appeared on CD-ROM.

Contribution: PLS modeling, NN classification, analysis, interpretation and writing.






Chapter 2

Wastewater Treatment Plants

Every community produces solid and liquid wastes. Liquid waste refers to water after
of residential, industrial and commercial sectors usage (wastewater). If it is accumulated
and stagnated bad-smelling gases are generated, including a big number of human harmful
microorganisms. Also, it includes nutrients favoring the growth of aquatic plants which
contain toxic compounds. To prevent this situation, the European Union has regulated the
final quality of urban wastewater with the new directive 98/15/CE (Directiva 98/15/CE
de la Comision, de 27 de febrero de 1998, por la que se modifica la Directiva 91/271/CEE
del Consejo en relacion con determinados requisitos establecidos en su anexo In.d.). The
main objective is to protect the environment from the negatives effects of this wastewater.
As a consequence, the biological nutrient removal technology has been increased around
the world in WWTPs (Figure [2.1)).
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Figure 2.1: Wastewater system
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Extracted from Benchmark-Web 2007

In an Activated Sludge (AS) process, the most commonly used technology for mu-
nicipal wastewater treatment is the biomass. This is composed of a wide mixed culture
of microorganisms is blended with the wastewater, which is composed of organic matter,
suspended solids and nutrients. The mixture is then discharged to another reactor which
is typically a settling tank to separate the biomass from the treated water.

2.1 The continuous process

Treatment plants perform primary treatment (physical removal of floatable and settleable
solids) and secondary treatment (biological removal of dissolved solids).

Primary treatment involves (Federation 2003):

1. Screening - to remove large objects such as stones or sticks, which could plug lines
or block tank inlets.

2. Grit chamber - slows down the flow to allow grit to fall out.

3. Sedimentation tank (settling tank or clarifier) - settleable solids settle out and are
pumped away, while oils float to the top and are skimmed off.

Secondary treatment consists of a biological conversion of dissolved and colloidal or-
ganic compounds into stabilized, low-energy compounds and new biomass cells, caused by
a very diversified group of microorganisms that respire in the presence of oxygen. Three
options are explained below (Comas 2000):

1. Activated Sludge - The most common option uses microorganisms in the treatment
process to break down organic material with aeration and agitation. The mixture
is continually recirculated back to the aeration basin to increase the rate of organic
decomposition.

2. Trickling Filters - The wastewater is sprayed on stone or plastic beds, allowing it
to trickle. Microorganisms growing on the beds break down organic material in the
wastewater. Trickling filters drain at the bottom; the wastewater is collected and
then undergoes sedimentation.

3. Lagoons - These are slow, cheap, and relatively inefficient, but can be used for
various types of wastewater. They rely on the interaction of sunlight, algae, mi-
croorganisms, and oxygen (sometimes aerated).

In this thesis, the goal is to diagnose normal and abnormal operation condition in
WWTPs. Two kinds of plants are considered, a COST /TWA simulation benchmark (Copp
2002) and a Sequencing Batch Reactor (SBR) process. Each of these processes is explained
in the next sections.
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2.1.1 The COST/IWA simulation Benchmark

The International Association on Water Quality (IAWQ) held a meeting in 1983 in which
a group was formed to promote and develop practical applications of models for the de-
sign and operation of biological wastewater treatment systems (Jeppsson 2007). To date,
several objectives have been developed. One is the COST/IWA simulation benchmark
which compares and evaluates different control strategies for a biological nitrogen re-
moval process. In “benchmark simulation the goal is to obtain good performance and
cost-effectiveness in wastewater management systems, given detailed descriptions of plant
layout, model parameters and simulation models. The benchmark simulation compares
past, present and future control strategies without reference to a particular facility col-
lecting large amounts of data (Copp 2002).

The benchmark simulation system includes a plant layout, simulation models and pa-
rameters, a detailed description of influent disturbances (dry weather, storm and rain
events), as well as performance evaluation criteria to determine the relative effectiveness
of proposed control strategies (Copp 2002). The plant has five completely mixed reactors
with a total volume of 5999 m? of which tanks 1 and 2 are each 1000 m3 and tanks 3,4
and 5 are each 1333 m? (see Figure [2.2h)). The biological process is modeled using the
Activated Sludge Model Nol (ASM1) (Henze et al. 1987), and the settling processes are
described using the Tékacs ten-layer model (Takacs et al. 1991). Several platforms have
been used to develop for the Benchmark simulation using C/C++-, Fortran and Simulink-
MATLAB among others. In this thesis, the Simulink-MATLAB platform is used, see

Figure 2.2p).

The Benchmark Simulation Model Nol (BSM1) has seen continuous improvements
to the control system, procedure and evaluation criteria, however, it does not allow for
Long-Term (LT) evaluation. To overcome this inconvenience, Rosen et al. (2004) and
Jeppsson et al. (2006) have proposed long-term monitoring strategies (BSM1_LT) and
another extension to allow control strategy development and performance evaluation at
a plant-wide level (BSM2). Among other changes in BSM1_LT, the toxic components
have been characterized by their concentration and not as a percentage of toxicity.

The final version of BSM1 is still in evolution; in this work, the most recent pro-
totype has been used in order to acquire data. This version is closest to reality and a
well known benchmark plant for evaluating the methodology developed in this doctoral
thesis. In total, 9 sensors were simulated to monitor the process; they are: flow_rate,
Nitrate and nitrite nitrogen (SNO), units gN m=3 : SNO_reactor2, SNO _reactor5;
NH} + NHj nitrogen (SNH), units gN m=3: SN H reactor5; Total Suspended Solids
(T'SS), units mg/l: TSS reactorb, SNIT plantinput; Mass transfer coefficient( K LA),
units m/s: K LA _reactor3, K LA reactord, K LA reactor5. 96 samples per variable were
collected. 609 days were simulated so that the dynamic influent data become steady state.
The first 63 days are disregarded would become steady state. 364 days were used to iden-
tify and train the statistical models and the CBR approach. Immediately afterwards, 182
days were used to evaluate the monitoring models and diagnosis. The AS process is a
complex system with operational problems. One of these problems has been simulated:
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Figure 2.2: a)Simulation benchmark system b)Representation in the Simulink-MATLAB
configuration: mixed tank 1, tank 2 and tanks 3, 4 and 5 aerated

Filamentous bulking (Bulking event). A bulking event is mainly caused by low DO in the
aeration tank, causing growth of filamentous bacteria. This makes the separation of the
biomass from the treated water difficult (bad settling). The events used in benchmark
simulation were the following;:

e Training set (364 days): Two bulking events starting from day 30 to 46 and 329 to
355. Five incidences of low level of inhibition however enough to affect the bacterial
population due to toxicity starting from day 72 to 76, day 92 to 94, day 154 to 155,
day 261 to 263 and 285 to 295. 41 aleatory days with high flow rate event. Finally,
Day 180 with nitrate sensor fault.

e Evaluating set (182 days): Bulking event starting from day 122 to 147. Two inci-
dences of low level of inhibition, with a soluble carrier start in day 60 to 62, day 110
to 112. Another inhibition/toxicity event with a particulate carrier is imposed day
72. Finally, 21 aleatory days with high flow rate event
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2.2 Sequencing Batch Reactor

The main characteristic of the SBR is that whole process occurs in the same reactor fol-
lowing a sequence of phases, while in a continuous wastewater process plant such as the
BSM1_LT plant shown above each phase occurs in different reactors. The SBR process
has been shown to be an effective alternative to treat wastewater from domestic and in-
dustrial waste.

The advantages of the SBR process can be attributed to:
1. Design:

e the clarification occurs in the same reactor.

e a portion of the treated water is replaced by untreated wastewater for each
cycle, distinguishing the SBR process from other continuous flowtype activated
sludge systems.

e influent and effluent flows are uncoupled by time sequencing.
2. Microbiology: Biological processing is cyclic.

3. Operation: The process operation can be easily adapted for different requirements
by changing the duration of each phase.

The operation in a SBR process is performed by means of repeating a defined cycle.
This cycle has four basic phases:

1. Fill: The influent wastewater is pumped into the reactor to be treated. The reactor
can be filled under different conditions depending on operating conditions.

2. Reaction: Aerobic and anoxic conditions are combined in order for the biomass to
consume the substrate from the influent wastewater.

3. Settle: This phase occurs when the aerobic and anoxic conditions finish. Normally,
this phase is quicker than in a continuous process. The excess sludge is drained.

4. Draw: When the process finishes, the treated water is drawn from the reactor. In
this way, it is ready to start the process with new influent wastewater.

Filling and reaction phases can be combined and configured in different ways and sev-
eral times. This combination depends on the main objective of the treatment, the organic
matter and nitrogen removal. The settle and draw phases are the last ones in the cycle
structure. The most common structure is based on a combination between anoxic and
aerobic conditions ending with the settling and draw phases (Corominas. 2006).

The SBR plant carries out advanced treatment, in which the nitrogen is removed in
two steps as follows (Vives et al. 2001):
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Nitrification : Ammonia is converted to nitrate by aerobic nitrifying (autotrophic) mi-
croorganisms.

Denitrification : Nitrate is converted to NoO or reduced to nitrogen gas under anoxic
(without oxygen) conditions by anoxic heterotrophic microorganisms.

In this thesis, three SBR pilot plants have been used: two from the Laboratorio de
Ingenieria Quimica y Ambiental (LEQUIA) and one from the Department of Applied
Mathematics, Biometrics and Process Control (BIOMATH). The expert knowledge of the
process is the interpretation of profiles of some state variables which will be used to decide
special events into the processes. In SBR pilot plants from the LEQUIA, these variables
are Oxidation Reduction Potential (ORP) (mV), pondus Hydrogenium (pH), Dissolved
Oxygen (DO) (mg/L) and Temperature (C). In the BIOMATH pilot plant, the variables
are ORP, pH, DO, weight, conductivity and Temperature. These variables provide infor-
mation about the biological reactions and the process state. The on-line measurements in
the settling and draw phases of the SBR are usually not consistent due to changing prop-
erties/dynamics of settling in each batch (Sin et al. 2004) (Lee and Vanrolleghem 2003b).
As a consequence, these phases are not considered in the development of the methodolo-
gies.

2.2.1 Semi-Industrial SBR Pilot Plant at University of Girona
(LEQUIA)

Generalities

The semi-industrial pilot plant is located at a real wastewater treatment plant in Spain
(Catalonia), seen in Figure . It is composed of a metal square reactor of 1m3. The
minimum and maximum volumes of the reactor are 483 liters and 683 liters respectively,
and a volume of 200 liters of water to process (see Figures and 2.4).

a) b)

Figure 2.3: a) Semi-industrial Pilot Plant b) Operational Schema of the semi-industrial
pilot plant SBR
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Figure 2.4: Operational schema of the semi-industrial pilot plant SBR

Wastewater is taken directly from the real WWTP by means of a peristaltic pump
(Watson Marlow 621 F/R 77 RPM, flow=0—50L.h~!) after passing through a grit cham-
ber, sand and grease removal units (see Figure in order to be stored in a storage tank
under mixing conditions without refrigeration.

Figure 2.5: Storage tank Filling

Next, the wastewater is pumped to the reactor by means of another peristaltic pump
according to the operating conditions. During the reaction phase, the mixed liquor is
maintained under suspension and homogeneous conditions using a marine helix. The en-
ergy provided for mixing is used to regulate the distribution of mixed liquor solids in the
reactor. The aerobic condition is achieved by four air filters (SKS-80 EW) through porous
diffusers located at the bottom of the reactor. The air supply is controlled by an ON-OFF
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valve in order to achieve complete nitrification and avoid high DO concentration when
the anoxic conditions start (Corominas. 2006).

The monitoring and control systems consist of three parts: acquisition, monitoring
and control system. The SBR process is equipped with DO-Temperature (OXIMAX-W
COS 41), pH (CPF 81) and ORP (CPF 82) Endress-Hauser sensors. These signals are
captured by a data acquisition card (PCI-6025E from National Instruments). The whole
process is controlled by software in LabWindows (from National Instruments). The con-
trol is performed by a power relay output board (SC-2062 from National Instruments)
(Puig et al. 2004).

Operating conditions and cycle description

The semi-industrial SBR pilot plant is run with a fixed cycle found by Vives (2004), which
optimizes the cycle to achieve complete nitrification and denitrification. The duration of
operation stages are fixed. Each cycle takes 8 hours and has 5760 samples (obtained every
5 seconds) per variable. There are six anoxic-aerobic phases of reaction, with filling only
occurring during the anoxic condition. The applied operation stages are shown in Figure
2.6l The cycle is divided into 395 minutes of reaction phase, with 46% of aerobic condi-
tions and 54% of anoxic condition, 60 minutes of settling, and finally 25 minutes of draw.
The reaction phase is divided into 212 minutes of anoxic conditions and 183 minutes of
aerobic conditions (Corominas. 2006).

i
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Figure 2.6: Cycle applied to semi-industrial SBR pilot plant

Re-sampling and time warping

The plant ran continuously for 60 days. Each batch took 8 hours with 5760 samples for
each variable (one sample every 5 seconds). Due to computer limitations only 392 samples
per batch are used. To test whether the samples per variable could correctly determine
the operation of the process, the profile of each variable was studied. The profiles are
important because they contain important points that provide valuable information about
the beginning and ending of the biological reactions. In this way, one sample for each
minute is considered. The 5760 and 392 time instants are contrasted in Figure to
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verify that the variables profiles do not change. Settling and drawing have not been taken
into account because they are usually not consistent due to changing properties/dynamics
of settling in each batch (Sin et al. 2004) (Lee and Vanrolleghem 2003b).

In Figure the first variable is ORP for both lengths, the normal range of values is
around —300mV in anoxic stages and 0 to 50mV in aerobic stages. In anoxic stages, there
is a bending-point called the nitrate knee. It occurs when the denitrification reaction has
finished; this is perceived in both profiles. The third variable is pH, which has two im-
portant points that provide information about the end of nitrification and denitrification.
Comparing both profiles, it can be seen that the profiles are equal. This implies that the
SBR. biological process changes slowly.

2.2.2 Lab-Scale Plant SBR at University of Girona (LEQUIA)

Generalities

The lab-scale plant SBR is located at the University of Girona (Catalonia-Spain). The
maximum capacity of this SBR pilot plant is 30 liters, and the minimum operating ca-
pacity is 20 liters (see Figure . This minimum capacity is the residual volume at the
end of each SBR cycle. The influent wastewater is synthetic. It is a blend of carbon
source, an ammonium solution, a phosphate buffer, alkalinity control and microelements
solution. The influent wastewater is stored in a tank with a capacity of 150 liters. The
temperature in the storage tank is 4°C' to minimize microbial activity. The reactor oper-
ates in a predefined cycle of fill, reaction, settle and draw modes. This reactor is located
in a thermoregulated room at 20°C".

The influent wastewater is transferred from the storage tank to the reactor by means
of a peristaltic pump (Watson Marlow). Similar peristaltic pumps are used to fill, purge
and draw. The sludge and wastewater are mixed under homogeneous conditions. For this
purpose, a marine helix is used with a nominal value of 400 rpm. The reactor is operated
under anoxic and aerobic conditions. Injecting compressed air creates aerobic conditions,
without dissolved oxygen control. The compressed air is injected at the bottom of the
reactor. The dissolved oxygen is controlled inside the reactor by means of an electrovalve.
When the reaction has finished, the settling phase starts to separate the sludge from
the treated water, decanting at the bottom of the reactor. Finally, the treated water is
discharged. To monitor essential variables the SBR process is equipped with DO (WTW
OXI 340), Temperature (PT 100), pH (EPH-M10) and ORP (ORP M10) Endress-Hauser
probes. These sensors are connected directly to the control panel. The signal is processed
by a data acquisition and control card PCI-821PG, afterwards sending a digital signal in
order to drive the power relay output board controlling the orders to fill, draw, mix and
air supply for the process (PCLD-885). The whole process is controlled by software in
LabWindows (from National Instruments). This program has a user-friendly user interface
which makes it easy to create and change operating cycles.
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Figure 2.7: Comparison of 5760 samples and 392 samples for variables

Operating conditions and cycle description

The duration of operation stages is fixed. Each cycle takes 8 hours, divided into reaction,
settling and discharge. Two combinations of the anoxic and aerobic conditions are imple-
mented in this Lab-Scale SBR Pilot Plant, in which the number of filling events, anoxic
and aerobic conditions are alternated.
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SBR reactor

Figure 2.8: Lab-scale plant from LEQUIA

e Period 1: Three reactions are configured. The first reaction phase is a combination
of anaerobic and aerobic conditions. The second reaction is a combination of anoxic
and aerobic conditions and the third reaction is a different combination of anoxic
and aerobic conditions. Filling only occurs at the beginning of each reaction phases

(see Figure [2.9).

" EEEE

Anaerohic Anoic Aerobic Settling Filing  Wastage Drawy

Figure 2.9: Period 1 cycle configuration

e Period 2: This period has only two reactions configured. The final combination of
anoxic and aerobic conditions is eliminated from period 1 configuration (see Figure
2.10)).

Re-sampling and time warping

The data sets from both periods are contained in text files, representing data retrieved
from the wastewater treatment plant during 8 hours working time (duration of a com-
plete cycle of treatment). At the beginning of these files are found several header lines
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Figure 2.10: Period 2 cycle configuration

Ancic

Aerobic

Settling Filling

e I 1 7

YWastage Draw

430 min

including information related to the measured variables, and other information. Next to
these header lines, and lasting until the end of the file, are the measured values of the
variables with a sample time of 5 seconds. The number of data contained in each file is

5760.

Taking into account the large number of samples in each file and that the variation of
the treatment process does not occur suddenly, and in order to reduce the computational
load, it is necessary to reduce the number of samples.
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Table 2.1:

Work schedule configuration from LEQUIA Lab-Scale Plant SBR

At the same time, the obtained data present several operating plans that are shown
in Figure [2.1] notated as 3A, 3B, 2A, 2B and 2C, where the numeric value represents
the number of cycles in the process, and the character distinguishes between the different
time phases configurations in which the processes packed in the same group are divided.
Of those divisions, the last 3 (Wastage, Settling and Drawing), will not be taken into
account since the information added is not very important in this study. The strategies
studied to reduce the data are:

e Independent data treatment: Each working plan will be treated independent the
others, reducing the number of data samples to 1 sample per minute in every phase
used. The expression for this new sample value is noted below:

X =

2

N

i=1Li

N

(2.1)
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where:

x : new sample obtained for the actual time period.

X : sample value placed at position i for the actual time period.
N : number of samples needed to form a minute of real time.

One minute of sampling is sufficient since the time constant of biological reactions
are in the order of hours hence one sample per minute is selected because this is the
maximum value recommended by experts when dealing with biological processes.

e Grouped data treatment: The strategy consist of packing all working plans that
share the same number of cycles into one single pack, so the number of samples
taken must be unified in order to analyze the data. Two options are analyzed.

1. Reduction to the minimum value: As in the independent data treatment, the
maximum sample frequency allowed when working with biological processes is 1
sample per minute. This criterion will be taken as a reference for the minimum
lasting time value, and the values that are greater will be undersampled to this
value. As an example, if the different length of the anaerobic phase are taken
(Figure , the number of samples that should be used is 150, so it is the
minimum value.

Yifork 3
schedule A B
Phases SBRZE0Z $BR1-241105 SBR1912005

Fill 1 10 10 10
Fozerobic 198 195 150

Table 2.2: Three different lengths for anaerobic phase configuration

When reducing to the minimum value, it is assumed that processes with a
shorter length are more critical than others that have a longer length. Also
it is deduced that processes with a longer duration have a slower reaction; in
order to acquire the same amount of information as in the shorter processes,
the sample time must be greater. The formula to compute the new samples of
the data is the same as that shown in Equation with the number of periods
needed to have 1 minute of real time changed as follows:

_ Datafromphase
— min(dy..., dy)

(2.2)

where d is the length of the analyzed phase among the working plans that share
the same number of cycles.

2. Reduction to the maximum value: This time the more critical processes are
those that have a longer length. Those that have a shorter length value must be
artificially enlarged. Keeping in mind that all processes have the same sample
time (1 sample per minute), it has been decided to use the following strategy:
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— Compute the mean values of each time instant of those working plans that
have the maximum length.

— For each working plan take 1 sample per minute, using Equation

— For processes that have a smaller length than the maximal value, add the
mean values of the time instants needed to reach the maximal value at the
end of the new samples.

If the mean value is added when computing the data, these new values represent
0, so the new mean will not be affected.

2.2.3 Lab-Scale Plant SBR at Ghent University (BIOMATH)

Generalities

This pilot plant is located at Ghent University in Belgium. The maximum capacity of this
SBR pilot plant is 64 liters in which synthetic sewage is used as influent wastewater which
mimics real pre-settled domestic wastewater (see Figures . Detailed information
abut the synthetic influent wastewater characterization can be found in (Insel et al. 2006).

control panel

SBR reactor

Figure 2.11: Lab-scale plant from BIOMATH

The system consists of a PC, an analog/digital interface card, sensors, transmitters and
Solid State Relays (SSR). This system controls the on-off status of the parasitical pumps,
air supply and mixer and the duration of each phase; it also has a friendly interface (Lee
et al. 2005). The data acquisition, pump and valve control loops are programmed in the
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Figure 2.12: Operational scheme of the SBR

LabView platform. The sensors for pH, ORP, DO, temperature, weight and conductivity
are connected to the individual sensors. These measurements are recorded every 1 min
(360 time instants per cycle). The operating conditions are displayed on the computer,
and the collected data is stored in a data log-file. The aeration is controlled by means of
an on-off valve (Insel et al. 2006).

Operating conditions and cycle description

The pilot-scale SBR operation consists of 6-hour cycles (i.e., 4 cycles per day). The
scheduling of phases, optimized in (Sin et al. 2004), is shown in Figure The fill
phase comprises minutes 1 to 60 of each cycle. In the reaction phase (minutes 61 to 270)
the operation is switched 4 times between aerobic (20 minutes) and anoxic conditions
(32.5 minutes). The last aerobic phase from 271 to 300 minutes is followed by the settling
phase (45 minutes) and a draw phase (15 minutes). The excess sludge is wasted at the
end of the second aerobic phase for each cycle.

360 min

HE NI

Anzerobic Anoic Merobic Settling Filling Dirawee

Figure 2.13: Cycle applied to lab-scale plant SBR
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Re-sampling and time warping

The measurements of pH, ORP, DO, temperature, weight and conductivity are recorded
every minute, resulting in 360 measurements per variable per cycle in one batch run.
However, only the first 300 time instants of each batch run are used (Sin et al. 2004) (Lee
and Vanrolleghem 2003b).

2.3 Conclusions

Wastewater treatment consists of the elimination of contaminants in the water. The
treatment used depends on the type of process. The process can be structured into three
main blocks based on their nature: physical, chemical and biological. All three are based
on the separation of wastewater in two phases, one containing clean treated water and
another containing solids. In this work two kinds of plants were used: a benchmark sim-
ulation plant with a continuous activated sludge process configuration (BSM1) and the
other is sequential batch reactor (SBR) with three different scales and configurations (1
semi-industrial pilot plant, 1 lab-scale for COD and N removal and 1 lab-scale for COD, N
and P removal). While in benchmark simulation the treatment occurs in several reactors,
in SBR the whole process occurs in the same reactor following a sequence of phases. The
main goal in benchmark simulation is determine the best control strategies including a
plant layout, simulation models and parameters, as well as a detailed description of the
influent disturbances. The main goal in the SBR process is to combine the filling and
reaction phases in different ways and several times. Depending on these combinations,
the organic matter and nitrogen are removed.

In next chapters the characteristics, operating conditions and requirements associated
with each one of the these plants will be described. Then, explanations about proposed
tools to evaluate the performance of a methodology to detect and diagnose normal and
abnormal operation condition are described. Several tests are developed in order to obtain
the best methodology.



Chapter 3

Multivariate Statistical Process
Control

3.1 Preview

Many strategies for monitoring, fault detection and diagnosis are referenced in the bib-
liography. According to Venkatasubramanian et al. (2003), fault diagnosis methods can
be classified in three general categories: quantitative model based methods, qualitative
model based methods and process history based methods, as illustrated by Figure |3.1]

Monitoring
methods
Quantitative Qualitative Process History Baszed
Model-Based Model-Based
‘/l\ /\ Quallt‘;;\‘
; P W Quantitative
Observer Pari EKF Causal Abstraction
Spa::ye Models Hierarchy SE)S(F:nl:s CIES o T
m M b Statistical Neural
. S . Networks
Diagraphs Fault Qualitative Structural Functional /\
ULG: S U PCAT | statistical

PLS |Classifiers

Figure 3.1: Classification of monitoring, fault detection and diagnostic algorithms

The solution proposed in this thesis falls into the category of process history based
methods and specifically into the subgroups of statistical methods and expert systems (see
Chapter . The history of statistics dates back to the Egyptians. where the pharaohs
gathered information about the population and wealth. Later on, the Roman Empire
improved these techniques. They carried out a census of the population every five years
and recorded births and deaths. In the Middle Ages, this practice was forgotten until it
was revisited by men such as Leonardo de Vinci, Nicholas Copernicus, Galileo, Neper,
William Harvey, Sir Francis Bacon and Rene Descartes (Marte 2003). Between 1800

25
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and 1820, two fundamental concepts were generated for Statistical Theory: Laplace and
Gauss developed the theory of probability and the least squares approximation method
(Schuldt 1998). In the late nineteenth century, Sir Francis Gaston developed the Cor-
relation Method which measures the relative influence of factors on variables, and it led
to the development of the coefficient of correlation by Karl Pearson. Other important
cultivators of Biometry Science, such as J. Pease Norton, R. H. Hooker and G. Udny
Yule, carried out studies of the Measure of Relations.

Statistical process control (SPC) began with Walter Shewhart in the 1920s. He em-
phasized the importance of adapting management processes to create profitable situations
for both businesses and consumers, promoting the utilization of the SPC control chart
(Hare 2003). SPC eventually became more than the application of control charts and it
began to be used in manufacturing processes. Harold Dodge, Harry Romig, W. Edwards
Deming and Eugene Grant have been other important developers. Eugene Grant is the
author of the classic text Statistical Quality Control, first published in 1946. During this
time, the formation of control chart limits had been transformed from Shewhart’s original
concept of economic limits to probability limits usually based on group variation. The
term SPC has become much more than the application of control charts alone. Topics
such as acceptance sampling, data analysis and interpretation, and managing for quality
have been gathered into the discipline (Hare 2003).

The problems of modern processes are highly complex and operate using a large num-
ber of samples and variables, which will increase even more with further developments in
sensor technology. Therefore, the control model must consider the amount and the corre-
lation structure between variables (Ferrer 2003), characterized by the covariance matrix,
that arise due to the existing relationship between variables and processes. When Statis-
tical Process Control is used within batch processes, false alarms are often generated (Lee
and Vanrolleghem 2003b). Fortunately, this problem can be solved using Multivariate
Statistical Process Control (MSPC). MSPC compresses the multidimensional information
into a few latent variables which explain the variability of the measured variables, includ-
ing their relationships. This chapter contains a description of SPC, with an explanation of
MSPC techniques, particularity Principal Component Analysis (PCA). MSPC has been
widely used in different fields of science, mathematics, medicine, chemistry and biological
processes, among others. With regard to the last field, a review of applications in biolog-
ical processes is given.

PCA is a tool for data compression and information extraction which finds combina-
tions of variables or factors that describe major trends in a data set (Wise et al. 1999).
The history of PCA goes back to 1933, when Harold Hotelling linked Hotelling T statis-
tics with principal components. He precisely formulated the idea of a component based
in the mathematical knowledge, pointing out the implications, setting forth computa-
tional procedures, and discussing statistical inference. Six decade after, Nomikos and
MacGregor suggest the use of statistical models for monitoring batch process within the
framework of MSPC (Nomikos and MacGregor 1994a)(Nomikos and MacGregor 1994b).
The normal process behavior is captured in the statistical model, which is trained on a
historical data set reflecting the normal operation conditions (NOC). Future observations
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are projected onto that model and the resulting statistics is checked against its in-control
limits. One of the most important benefits of such an approach for process monitoring
is that no detailed mechanistic knowledge is required to assess whether the process is
operating in its normal condition. In addition to monitoring of full batches, the progress
of a new batch can be monitored as well while running. PCA has been increasingly
used in diverse fields, from medical research (Ondusi et al. 2005), (Palmer et al. 2003),
(Das et al. 2004) to eco-hydrological studies (Gonzalez-Silvera et al. 2004), in hydraulics
(Zhan et al. 2004), structural health monitoring (Mujica et al. 2008) and spectroscopy
(Stadlthanner et al. 2004).

PCA applications in wastewater treatment are relatively recent. Rosen and Olsson
(1998) demonstrated the applicability of statistical models for the detection of process
disturbances, making a comparison between PCA and PLS modeling. In the literature,
integration of PCA techniques with other data-driven modeling techniques is common.
For instance, Yoo et al. (2003) integrated PCA with adaptive credibilistic fuzzy-C-mean
(CFCM) adaptive discriminant monitoring index and a Takagi-Sugeno-Kang (TSK) fuzzy
model to predict the important output variables in a full-scale WW'TP which treats cokes
wastewater from an iron and steel making factory. Recently, Grieu et al. (2005) integrated
multi-layer neural networks, K-means clustering and PCA to estimate the process quality
and efficiency in the Saint Cyprien WWTP (France). First, the data were treated by
K-means clustering and in turn PCA was used to improve the results of the next step,
the neural network training. The main advantage of the PCA application is elimination
of redundancies and correlation from the data set, which results in a better convergence
in the neural network training step. Another hybrid approach is shown in Singh et al.
(2005) where Cluster Analysis (CA), Discriminant Analysis (DA), PCA and PLS were
used to analyze the composition of wastewater. The CA generated six groups of drains
on the basis of similar characteristics. PCA was then used to extract information on sea-
sonal variations and differences between domestic and industrial wastewaters. PLS-DA
was applied to determine the most important (i.e., most discriminating) characteristics of
the studied wastewater. Several extensions of PCA-based process monitoring have been
reported in the literature. Among others, these extensions are denoted as ’Adaptive’,
'‘Dynamic’ (DPCA), 'Kernel’ (KPCA), "Multi-block’ (MBPCA), "Multi-phase’ (MPPCA),
"Multi-scale’ (MSPCA), "Multi-way’ (MPCA) or various combinations of these. As an al-
ternative to PCA, Independent Component Analysis (ICA) and Kernel PCA have been
applied to process monitoring by Lee and Dorsey (2003), Lee, Yoo and Lee (2004a) and
Lee, Yoo and Lee (2004b). Several applications of the aforementioned extensions and
alternatives are reported in the wastewater treatment field. Lee, Yoo and Lee (2004a)
compared the application of PCA and ICA fault detection to a benchmark simulation of
a WWTP. Lee, Yoo and Lee (2004b) compared PCA, Dynamic PCA, ICA and Dynamic
ICA for process monitoring of a simulated multivariate dynamic process. Lee and Dorsey
(2003) evaluated the integrated application of adaptive, multiblock, multiway PCA to
identify the major sources of process disturbances in a pilot-scale Sequencing Batch Re-
actor (SBR) for biological nutrient removal. It is claimed that the adaptive structure
allows accounting for non-linear process variation, while the multi-block approach allows
for systematically identifying the phase(s) which the eventual disturbances occur. Ruiz,
Colomer, Rubio, Melendez and Colprim (2004) Multi-block was used as monitoring tool
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for a SBR wastewater system. Rosen and Lennox (2001) proposed during the application
of wavelet transformations to account for process dynamics at different time-scales which
resulted in a Multi-Scale PCA (MSPCA) model. Lee et al. (2005) applied multi-scale,
adaptive MPCA to detect and to analyze a wide range of faults and disturbances in a
pilot-scale WW'TP. All variable trajectories were subjected to wavelet decomposition be-
fore PCA modeling and for each resulting scale an adaptive MPCA model was developed.
Adaptive modeling refers to the automated updating of the covariance structure to deal
with acceptable process changes. Yoo et al. (2004) applied MPCA and Multiway ICA
(MICA) to monitoring of a WWTP and explains the calculation of the statistical confi-
dence limits for the IC scores based on kernel density estimation. Aguado et al. (2006)
compared different predictive models for a SBR WWTP: Principal Component Regres-
sion (PCR), Partial least Squares (PLS) and Artificial Neural Networks (ANNs) as well
in (Aguado, Ferrer, Ferrer and Seco 2007) and (Aguado, Ferrer, Seco and Ferrer 2007)
applied PCA to find the best way for modeling SBR process. In consequence, MSPC
has been recently started to use as a tool for monitoring with successful results. In this
way, this ch contributes chapter to development of this potent approach in order to detect
abnormal situations in WW'TP.

3.2 Univariate Statistical Process Control

The objective of SPC is to monitor a process over time in order to detect statistically
significant events or abnormalities (Lennox 2003). A univariate statistical method can be
used to determine the thresholds for each observation variable (a process variable observed
through a sensor reading), where these thresholds define the boundary, and any violation
of these limits indicates fault (Keats and Hubele 1989).

This demarcation typically employs the Shewhart chart(Russell et al. 2000) (see Figure
3.2) which has a baseline or central line Ly, two lines L;,Ls (UCL) above Ly and two
lines L},L, (LCL) below Ly. Some of the suggested rules for taking action are one or
a combination of the following depending on the configuration of the successive plotted
points (Rao 1973):

1. If a point falls above L; or below L)
2. Two successive points between Lq,Ls or between L;,L;

3. A configuration of three points such that the first and third are between Lq,L, and
the second between Lg,Ls, and equivalent situation with respect to LO,L;,L'1

Measurements are plotted on the chart against time. The baseline for the control
chart is the accepted value, an average of the historical standard values. A minimum of
100 standard values is required to establish an accepted value. The upper UCL and lower
LCL control limits are:

UCL = Accepted value + k* process standard deviation
LCL = Accepted value - k* process standard deviation
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Figure 3.2: An illustration of the Shewhart chart. The rhombuses are observations. The
process is said to be ’in control’

where the process standard deviation is the standard deviation computed from the
standard database. The interest is in assessing individual measurements (or averages of
short-term repetitions). Thus, the standard deviation over time is the appropriate measure
of variability (NIST 2003). Generally, the control limits are chosen to be £30 (Colomer
et al. 2000). Montgomery (2000) showed another control chart which uses the same range.

Univariate control chart monitoring does not take into account that variables are not
independent of each other and their correlation information can be important for un-
derstanding process behavior. In contrast, multivariate analysis takes advantage of the
correlation information and analysis the data jointly (Chen 2001). The difficulty of using
independent univariate control charts is illustrated in Figure In this figure, the ellipse
represents a contour for the in-control process with high confidence limits; circles and tri-
angles represent observations from the process. Individual Shewhart charts are plotted
for each quality variable, and it is observed that each individual Shewhart chart appears
in a state of statistical control, and none of the individual observations gives any indica-
tion of a problem (Chen 2001) because the univariate statistical charts do not consider
the information contained in the other variables and in the dynamic dependencies of the
quality variables (Barcel and Capilla 2002).

Cumulative sum (CUSUM) and Exponentially Weighted Moving-Average Chart (EWMA)
are other procedures for a single variable (Cinar and Undey 1999). CUSUM charts in-
corporate all the information a data sequence to highlight changes in the process average
level, and are effective with samples of variable. EWMA is a weighted average of several
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Figure 3.3: Multivariate statistical analysis vs. univariate statistical analysis and a com-
parison of the in-control status regions using 7

consecutive observations, which is insensitive to non-normality in the distribution of the
data (Cinar and Undey 1999). EWMA is also known as geometric moving average, ex-
ponential smoothing or first order pole filter. However, these charts (Shewhart, CUSUM
and EWMA) do not consider the relation contained in others variables.

T? Statistics or so-called Hotelling’s T takes into account the correlations between
the variables. T2 is used as a tool for fault detection (Norvilas et al. 1998). T2 is based
on the level of significance (o), where a specifies the degree of trade-off between the
false alarm rate and the missed detection rate, so T2 can be determined by assuming
that the observations are randomly sampled from a multivariable distribution (Russell
et al. 2000). This is represented in Figure as an elliptical confidence region. The
number of samples and variables has been further increased and the processes are highly
complex (Kourti 2003b) (Castell et al. 2002). Because of this, projecting the data onto
a lower dimensional space that accurately characterizes the state of the process has been
developed. These techniques of dimensionality reduction can greatly simplify and improve
process monitoring procedures. PCA and Partial Least Square (PLS) are dimensional
reduction techniques. These methods address all of the above problems and provide
analysis results that are easy to present and interpret. In the same way, CUSUM and
EWMA have versions for multivariable analysis.
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3.3 Multivariate Statistical Process Control

Businesses have different goals: utilities (outsources, consultations and commercial), in-
dustrial or production (changes of raw material), financial (banks, securities) and virtual.
All these businesses manage a great quantity of information and have large volumes of
historical data stored in databases. Exploitation of these data is a critical component
in the successful operation of any industrial process over the long term, however, until
a decade ago, nothing has been done with them, due to the nature of these data. This
amount of data is enormous and often highly correlated. To utilize this data, a database
must be able to deal effectively with all these difficulties. Research has been focused on
developing models by using latent variable methods such as PCA and PLS (Kourti 2002).
Another method is autoregressive moving average ARMAX. This model can accurately
represent a high order ARX model containing a large number of parameters, where the
ARX model is the mathematical relation between the output at time ¢ and the past h
inputs and outputs. To avoid the problems of the classical approach, a class of system
identification methods for generating state space models, called subspace algorithms, has
been developed in the past few years. The most common subspace algorithms are: nu-
merical algorithms for subspace state space system identification (N4SID), multivariable
output-error state space (MOESP) and Canonical Variate Analysis (CVA). The CVA algo-
rithm is actually a dimensionality reduction technique in multivariate statistical analysis
involving the selection of pairs of variables from the inputs and outputs that maximizes
a correlation measure (Russell et al. 2000). MSPC has been applied in different areas,
including diversification of the financial system (Skonieczny and Torrisi 2003), applica-
tions in medicine (Ambroisine et al. 2003), semiconductor processes (Wise et al. 1999)
(Li et al. 2000), desulphurization process (Dudzic and Quinn 2002), and monitoring of a
bioprocess (Cimander and Mandenius 2002).

3.3.1 Principal Component Analysis

PCA is the favorite tool of chemometricians for data compression and information extrac-
tion which finds combinations of variables or factors that describe major trends in a data
set (Wise et al. 1999). The aim of PCA is to describe a given data-set in a space whose
dimension is smaller than the number of variables, in order to easily visualize similarities
and differences. In Figure three process variables are represented in which two prin-
cipal components have been calculated.

That is, PCA is concerned with explaining the variance-covariance structure through
a few linear combinations of the original variables. Its general objective is a reduction of
dimensionality, which means to produce a lower dimensionality in which the correlation
structure between the process variables is preserved (Russell et al. 2000).

The multivariate data can be organized in m variables and n samples per variable as
is defined in Equation
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Figure 3.4: Projection of the process variables in a new space using PCA
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X can be decomposed into the noise or residual part (E) and the systematic part which
is conformed by scores T" and loadings P according to (Nomikos and MacGregor 1994a)
(Kourti 2002):

N
X =TPT + E=tpl +toph + ...+ txph+ E=3 tupl + E (3.2)
n=1
where N is the number of principal components selected for the model ¢, and p,.
Before applying PCA, it is necessary preprocess the data matrix X (Martin et al. 2002).
Several studies of this have been presented in the literature (Law et al. 1984), (Westerhuis
et al. 1999) and (Gurden et al. 2001). Preprocessing refers to any transformation of the
original data set which is performed before developing the main analysis model. Law
et al. (1984) describes several reasons for preprocessing as follows:

1. To adjust the data set for the model by removing unwanted conditions. This condi-
tion means that the variables of the data set must be strictly proportional between
themselves.

2. To emphasize relationships among patterns of change of the data set.
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3. To weight or ignore particular data during the analysis or inversely to make equal
the influence that different variables have on the form of the final solution.

4. To make equal the size of presumed error variance across the data set.
5. To standardize the data that later can be compared in an uncomplicated manner.

6. To standardize the data so that useful interpretations are possible.

Two classes of preprocessing are distinguished: data conversion and data adjustment
(Law et al. 1984).

1. Data conversion that transforms one kind of data into a different kind, implicating
a change in the form of the model. Two types of data conversion principles are

identified:
e Profile conversion of the data into covariances.
e Multidimensional scaling as scalar products.

2. Data adjustment that does not require any change of the model that will be after
performed. Two types of data adjustment principles are identified:

e Centering the data, which is an additive adjustment. The mean of the data
set is placed to the origin or zero-point.
e Rescaling or normalizing the data, which is a multiplicative adjustment. The

data is adjusted in such a way that the variance is unity.

Sometimes a third type of adjustment can be used: linearizing the data, which is a
nonlinear adjustment.

Once the variables have been standardized, two algorithms for performing PCA can
be performed: the Singular Values Decomposition (SVD) and Non-linear Iterative Partial
Least Squares (NIPALS).

Singular Values Decomposition (SVD) algorithm
First, the X covariance matrix is calculated (equation [3.3])

1
n—1

S = XTXx (3.3)

The matrix P, in the columns, are the eigenvectors of S, and the diagonal matrix A,
with eigenvalues of S on the main diagonal are found in equation [3.4}

SP = P\ (3.4)

Each eigenvalue is associated with an eigenvector. The eigenvector with the highest
eigenvalue represents the most important pattern in the data, i.e., it contains the largest
quantity of information. Thus this vector is called the principal component of the data set.
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Ordering the eigenvectors by their eigenvalues, highest to lowest, gives the components
in their order of significance. In order to reduce the dimensionality, the less important
components can be eliminated (information is lost, but if the eigenvalues are small, this
information loss is minimal), then only the first n eigenvectors are chosen (loading vectors
and denoted by P) and the final data set will be n-dimensional. The projected matrix T’
(or score vectors) in the new space is defined in equation [3.5}

T=XP (3.5)

Projecting T' over the new-dimensional space results in:

X =1pP" (3.6)

where the difference between X and X is the residual matrix E:
X=X+EX=TP"+FE (3.7)

Non-linear Iterative Partial Least Squares (NIPALS)

NIPALS is the most common algorithm used to calculate the principal components. This
algorithm was developed by Herman Wold first to solve PCA problems and later to
generate models using PLS. Fundamentally, the method starts when one column is selected
from matrix X as the first principal component ¢;. In this manner, the iterations begin
using the "alternating least squares” method and the corresponding loading value p; is
calculated using the "regression” method. Next step removes the variance explained by
this component and the process is repeated for obtaining the next component.

X1:X, T():[ ],P():[ ],tOl = 000].
o= (o[ X (:9)])
is k=1 then lv
u=Xx(:,1),conv=1
while tol < conv
=X} u (ulu)™!
kaﬁ

t=Xy P

conv = (tp — u) (ty-u)
U:tk

end

Tp=[Tk—1 | ti]

Pr=[Pe_1 | pi]

__ 1000 (t
Vk— o2
xr

Xpr1=Xk — tgph
end

Figure 3.5: NIPALS algorithm
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The NIPALS algorithm calculates the matrix T (scores or principals components),
matrix P (loadings) and V' (variance captured per each principal component)

Control Charts

The score matrix and the residual matrix can be used in order to detect abnormal opera-
tion in a process. With this aim, the Q-or SPE-statistics and the D-statistics (Hotelling
T? statistics) are used. These methods are based on the assumption (generally stemming
from the central limit theorem) that the underlying process follows approximately a mul-
tivariate normal distribution where the first explain vector is zero (see Figure [3.4)).

Multivariate control charts based on 72 can be plotted based on the first N principal
components as follows (MacGregor 2003):
N t2

=Yy g Tj (3.8)

where

PILAEDIPY (3.9)

This control chart will only detect variation in the plane of the first N principal com-
ponents which are greater than what can be explained by the common-cause variations.

The statistical confidence limit for 72 can be calculated by means of the equation
k(m — 2)

m—k

Tk,m,a - Fk,m—k,a (310)

where m is the number of samples used in the PCA model, k& the number of principal
components included in the model and Fj ,,,—j.o, the value for the F-distribution for k
and m-k degrees of freedom and a given «.

When a new type of special event occurs which was not present in the in-control
data used to build the PCA model, the new observations will move off the plane. This
type of event can be detected by computing the @-statistic or Squared Prediction Error
(SPE) of the residual for new observations. It is defined as (MacGregor 2003) (Yoon and
MacGregor 2000):

N

QX - Z< 'rj new) (xnew - jnew>T(xnew - «i’new) (311)

7=1

where X, is computed from the reference PLS or PCA model using Equation
(Kourti 2002). Normally, @Q-statistics is much more sensitive than T2. This is because
@ is very small and therefore any minor change in the system characteristics will be
observable. T2 has great variance and therefore requires a great change in the system
characteristics for it to be detectable.
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The @ confidence limits can be calculated according to the equation

Ca\/202h} Oxhg(hg — 1). L
Q= O] 2 o+1+ 2ho( ;) )]ho (3.12)
@1 @1

where

©;= > A for i=123 (3.13)

j=k+1
and
20,04
B — 14

where £ is the number of principal components retained in the model, A; is the eigen-
value associated with the jth principal component, n is the total number of principal
components and ¢, is the standard normal deviation corresponding to a given «. It is
assumed for the validity of the () statistics and its confidence limits that the measurement
errors are independent and normally distributed and that the rank of the PCA model is
correct.

Information about the control sample can also be obtained from the plot of scores for
the relevant principal components. When there is a change in the system, the scores of the
new spectrum for the control sample will be very different from the previous scores, and
the change will be detected. However, this information is also included in the Hotelling
T? statistics since it is calculated using the scores. Moreover, the @Q statistics gives us
additional information which is not included in the scores plot, because it is related to
the variation which is not accounted for by the model, and the plots of Q and T2 are a
hypothesis test which clearly signals any out of control sample whereas the inspection of
the scores plot is a qualitative tool (Rius et al. 1997).

3.3.2 Dynamic Principal Component Analysis

When the data contains dynamic information, applying PCA on the data will not reveal
the exact relations between the variables. Alternative PCA extension can be used aug-
menting each observation vector with the previous V observations and stacking the data
matrix in the following manner:

T T T .
fk xlq@;l .. va
Li—1 L2 e Ty
X = ' ' ’ (3.15)
T T T
L karvfn ‘karvfnfl 4 d

Where x} is the m-dimensional observation vector in the training set at time k interval.
Afterwards, the monitoring can be performed using normal PCA on the data matrix in

equation [3.15]



3.3. Multivariate Statistical Process Control 37

3.3.3 Partial Least Squares

PLS, also known as Projection to Latent Structures, is a dimensionality reduction
technique that maximizes the covariance between the predictor matrix X (identical to
PCA, see equation and the predicted matrix Y for each component of the space
(Russell et al. 2000).

1 .10 0 .0
0 .01 1 .0
0 .00 .0

YT = .0 (3.16)
.0
(0. . .00 ...0 1]

The predicted matrix YeR™ ™ (m is the number of variables and n is the number
of samples) contains the fault location or quality index. There are two possibilities for
creating Y (Wold et al. 1987):

1. PLS1: each of the p predicted variables is modeled separately, resulting one model
for each class

2. PLS2: all predicted variables are modeled simultaneously.

PLS requires calibration and prediction steps. The goal of PLS is to determine the
loading and score vectors which are correlated with Y while describing a large amount of
the variation in X (Cimander and Mandenius 2002). The most popular algorithm used in
PLS to compute the parameters in the calibration step is NIPALS (Appendix A) (Wise
et al. 2003) (Kourti 2002)

The PLS is achieved by decomposing X and Y into a combination of loadings P and
@ (these are determined by orthogonal vectors), scores T' (the projections of the loading
vectors associated with the first singular values), weights W and residual matrices F and
F (Wise et al. 2003) (Martin et al. 2002).

X=TP'+FE (3.17)

Y =TQ" + F (3.18)

The matrix product TPT can be expressed as the sum of the product of the score
vectors t; (the j™ column of T') and loading vectors p; (the j column of P). Similarly,
Y is decomposed as the sum of the product of the score vectors t; (the 4" column of T
and loading vectors ¢; (the j™ column of Q) (Russell et al. 2000).

N
X=>tip +E (3.19)

=1
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N
Y=Y tid"+F (3.20)
j=1
where N is the number of principal components deemed to be significant. Control
charts can also be applied as in PCA.

For example, fault location in the number of electrical distribution systems where
the matrix X has a size of 100x7 where 100 are voltage sag cases (voltage sags are a
short duration reduction in rms voltage), which are registered faults in a 25kV Spain
Electrical Facility, and 7 corresponds to descriptors of voltage sags. The descriptors are:
three phase sag magnitude, three phase sag duration, starting time, ending time and the
minimum, the maximum and the average PN-factor (PN-factor is the difference between
positive-sequence and negative-sequence of voltage (Zhang and Bollen 1998)). The goal is
to locate voltage sags based on descriptors, so that the matrix Y contains the voltage sags
location, Y € R where one denotes voltage sags in distribution and zero represents
the transmission voltage sags (equation m

FPercent variance Captured by Regression Model

A {1 — ——Y-Block-—--
Lv# Thisly Total ThisLy Total
1 8442 8442  61.09 61.09
2 1085 9527 442 6551

Table 3.1: Principal component extraction of PLS example

The PLS model obtained with this data is given in Table [3.1] The charts Q-statistic
and T? contain all the information required to identify voltage sags. Figure shows
that some events are outside the limits. These events have been identified as interruption,
overvoltage, and not fault recovery (see Table . They are not sags, and therefore
extracted and a new model is developed. The principal components have incorporated

descriptors and location information. ) )
Finally, the two principal component resultants of PLS were introduced into a Neural

Network (NN) for voltage sag location (Ruiz, Melendez, Colomer, Sanchez and Castro
2004).

Sample File Remark
14 Salt17-07-2002_10-26-<4 interruption
16 Salt2z-10-2002_13-37 50 It iz mot fault recoveny
17 Salt22-10-2002_13-91-11 It is not fault recoveny
18 Salt2z-10-2002_13-5313 It iz mot fault recoveny
rri Acebsa 10-12-2002_13-55-28 It is not fault recoveny
a3 Salt_TRIZ1-1-2003_15-36-59 overnmoltage
a3 Salt_tra5 1402-2002_21-23-565 intzrruption
a5 Salt_t35 19-02-2003_13-25-52 intermuption
aj
Sample File Remark
T4 Salt 16-12-2002_09-54H00 interruption
o4 Salt_tr25 1902-2003 12-21-24 interruption
ar Salt_tr34 2102-2003_23-23-11 interruption

ki
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Figure 3.6: (Q)-statistic and D-statistic with 95.27% confidence limits

Table 3.2: Events exceeding limits a) Q-statistic b) D-statistic

The use of PCA and PLS to build low dimensional models for the analysis and moni-
toring of process operations is now well established and many large industrial applications
exist (MacGregor 2003), but this information corresponds only to one process. At the
present time, the processes are becoming more heavily instrumented and data (measure-
ments of process variables) are being recorded more frequently, e.g. in pharmaceutical,
chemical, biochemical, microelectronic processes.

3.4 MSPC for Batch Processes

A batch process is an industrial process, such as manufacturing, that goes through a
pre-defined cycle and has a definite beginning and end. The processes designed to be
time varying: several inputs are added and conditions are altered throughout its run
to convert raw materials into a final product (Singh 2003). The trajectories of process
variables contain significant information about product quality since the properties of
the final product are affected by the operating conditions during the batch (Undey and
Cinar 2002) (Kourti 2003a).

Some batch processes include a single step, whereas many others are carried out in a
sequence of stages. Events taking place in each step have an impact on the final prod-
uct yield and quality (Undey and Cinar 2002). The heart of the matter is to achieve
high-quality production. The main goal of batch process monitoring is to detect and
identify process errors. The bases of MSPC for batch processes are the extensions of
PCA and PLS (Nomikos and MacGregor 1994b)(Lee and Vanrolleghem 2003b)(Nomikos
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and MacGregor 1994a)(Lee and Vanrolleghem 2003a). These methods have proven par-
ticularly suitable for handling noisy and collinear or correlated data (Smilde 2001). Some
applications of MSPC for batch processes are: Polymerization (Norvilas et al. 1998), phar-
maceutical processes (Lopes et al. 2002), SBR processes (Yoo et al. 2004) (Ruiz, Colomer,
Rubio and Melendez 2004), (Ruiz, Colomer and Melndez 2006), (Aguado, Ferrer, Ferrer
and Seco 2007), (Aguado, Zarzo, Seco and Ferrer 2007) and industrial batch processes
(Kosanovich et al. 1994) (Kourti 2003a) (Flores and MacGregor 2004).

To understand the nature of the data available with which to monitor batch pro-
cesses, consider a typical batch run in which 7 = 1,2,...,J variables are measured at
k=1,2,..., K time intervals throughout the batch. Similar data will exist on a number
of such batch runs ¢ = 1,2,..., 1. All the data can be summarized in the X (I x J x K)
array illustrated in Figure where different batch runs are organized along the verti-
cal axis, the measurement variables along the horizontal axis, and their time evolution
occupies the third dimension. Each horizontal slice through this array is a (J x K) data
matrix representing the time histories or trajectories for all variables of a single batch (7).
Each vertical slice is a (I x J) matrix representing the values of all the variables for all
batches at a common time interval (k)(Wold et al. 1987) (Nomikos and MacGregor 1994a)

(Westerhuis and Coenegracht 1997).

Lin]
20X
5 Gt
E /me
(K
—_—
hMeasurements

i)

Figure 3.7: Arrangement of a three-way array

3.4.1 Multiway PCA

The objective of MPCA is to decompose the three-way X into a large two-dimensional
matrix X. The method accomplishes this decomposition in accordance with the principle
of PCA and separates the data in an optimal way into two parts. MPCA is equivalent
to performing ordinary PCA on a large two-dimensional matrix constructed by unfolding
the three-dimensional array (Kosanovich et al. 1994) (Duchesne et al. 2003). Six possible
ways of unfolding the three-way data array X are indicated in Table |3.3| as suggested by
Westerhuis et al. (1999).

When aiming at PCA-based monitoring, unfolding types B and D will lead to models
that are equivalent to the models constructed using the C| respectively £ unfolded ma-
trices. Matrix F' is the transpose of A, and a PCA would simply switch the scores and
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Type | Structure | Direction

IKxJ variable
JIx K time
IJx K time

Ix KJ batch
IxJK batch
Jx IK variable

i wik@llivslie

Table 3.3: Types of unfolding a three way data array

loadings of the two matrices if no centering or scaling is applied. The unfolding used by
Nomikos and MacGregor is of type D. This is straightforward for analysis of historical
data and monitoring of batch processes because subtracting the mean of each column of
the matrix X removes the main nonlinear and dynamic components in the data. Never-
theless, batch-wise unfolding (type D and E) presents a problem for monitoring in real
time (ON-line monitoring) since the new batch is incomplete during the progress of the
batch (Nomikos and MacGregor 1994b). Nomikos and MacGregor (1995) suggest three
ways to overcome the problem of incomplete batches, while not changing the unfolding
type. Alternatively, Wold et al. (1987) suggest a variable-wise unfolded PLS approach,
which does not require complete batches. Applications of batch-wise unfolding (type D or
E) in biological batch processes can be found in Lee et al. (2005), Lee and Vanrolleghem
(2003Db), and Wold et al. (1998). In this thesis, methods A in variable wise (Figure[3.8)) and
E in batch wise (Figure are used. Type F was chosen instead of the mathematically
equivalent type D, for simplicity of interpretation

Batch wise unfolding

It is important to determine differences between batches and to project new batches on
the model. X contains vertical slices() side by side to the right, starting with the one
corresponding to the first time interval. The resulting two-dimensional matrix has size
(IxzJK), see Figure (Lee and Vanrolleghem 2003b) (Kourti 2003a). This unfolding
method allows us to analyze the variability among the batches in X by summarizing the
information in the data with respect both to the variables and their time variation (Wold
et al. 1987), (Westerhuis and Coenegracht 1997) and (Nomikos and MacGregor 1994a).

Variable wise unfolding

Another suggestion is to unfold the three-way array into a two-way matrix of size (KIxzJ)
by preserving the variable direction, as shown in Figure ((Undey and Cinar 2002),
(Undey et al. 2003) and (Kourti 2003a)).

The MPCA algorithm derives directly from the NIPALS algorithm and has the fol-
lowing formulation (Wold et al. 1987) (Nomikos and MacGregor 1994a):
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Batches (1) \

/Time 381

Historical Batch Data

_ Variahbles (J)
1 24 kJ K.l

Batches | Time({1) | Time(2) o Time(k) o Time(k)

Variables x Times

Batches x variable time

Figure 3.8: Decomposition of a three-way data array, X, by MPCA

,]VariabIeSJ
1
Batches time x variable =1
K
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Historical Batch Data : | (I x )
K

Figure 3.9: Other decomposition of a three-way data array, X, by MPCA

i. Scale X by subtracting from each column its mean and dividing by its standard
deviation.

ii. Arbitrarily choose a column of X as t
iii. E=X
P=Et
i
P= 1P
t=EoP
If ¢t has converged then go to step 5, otherwise go to step 1.
E=E-t®PFP

where @ denotes the Kronecker product

A A e
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iv. Go to step 1 to calculate the next principal component.

The matrix operations in the above algorithm are:

P=FEt (3.22)
P(k,j) = >_E'(i,j, k)t (i) (3.23)

K J
I P ll= jZZP(k,jV (3.24)

t = EoP (3.25)
J K
ti) =>_ > E(i,5,k) Pk, j) (3.26)

J K
ti) =>_ > E(i, 5, k) Pk, j) (3.27)

j=1k=1
X=tQP (3.28)
X(i, 4, k) = t(i) P(j, k) (3.29)

The array X is a summation of the product of score vector ¢, and loading matrixes
P,, plus a residual matrix E, that is minimized in a least-squares sense as

N N
X=YtQP o X=tPIl+E=X+E (3.30)
n=1

n=1

MPCA decomposes the three-way X array (X = t® P is X(i,j, k) = t(i)P(j, k)T)
and N denotes the number of principal components retained. The first equation in (]3.30))
is the 3-D decomposition while the second equation shows the more common 2-D decom-
position (Undey and Cinar 2002).
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Control Charts

Control charts can be applied to both unfolding methods. Abnormal operation is iden-
tified by projecting the new batches onto the model (Qin 2003). Control charts that are
used for monitoring batch processes are based on the Q-statistic and T2, in which control
limits are used to determine whether the process is in control or not.

The @Q-statistic is a measure of the lack of fit with the established model. For end-of-
batch i, ); is calculated as:

J K
Qi =22 (ejn)’ ~ gy ~ gﬂC?h) (3.31)
j=1k=1

where ej;, are the elements of E and (); indicates the distance between the actual
values of the batch and the projected values onto the reduced space. The distribution of
the calculated Q; values can be approximated by a chi-square distribution, gx?, where g
is a constant and h is the effective degrees of freedom of the chi-square distribution.

The Hotelling T? or D-statistic, measures the degree to which data fit the calibration
model:

I0-N) .
N(Z—1) RI-R

where N denotes the number of principal components, I is the number of batches in
the reference set, and S is the estimated matrix of scores. The T? statistic gives a mea-
sure of the Mahalanobis distance in the reduced space between the position of a batch
and the origin that designates the point with average batch process behavior (Lee and
Vanrolleghem 2003b) (Undey and Cinar 2002).

T? =tI'S™'t (3.32)

3.5 Conclusions

MSPC is a tool has been satisfactorily used in complex manufacturing processes, includ-
ing process industries and batch-oriented manufacturing types such as pharmaceutical,
chemical, petrochemical, and pulp & paper manufacturing. This tool provides early infor-
mation about abnormal operation conditions reducing the complexity of the process and
thereupon simplifying the monitoring and situation assessment of the processes. The par-
ticularity of a batch process is due to the nonstationary behavior of the process. Solving
this characteristic problem, MSPC is an efficient tool for process understanding, monitor-
ing and diagnosing assignable causes for special events.

MSPC should be applied in complex processes when large amounts of historical data
are obtained from process sensors. This is the case for many Wastewater Treatment
Plants. For this reason MSPC is proposed as an adequate tool for situation assessment
of the plants described in Chapter [2|



Chapter 4

Case-Based Reasoning (CBR)

4.1 Preview

In this thesis, Case-Based Reasoning (CBR) is proposed as an Artificial Intelligence ap-
proach which can be applied to improve expert supervision by exploiting data acquired
from the MSPC approach. The main CBR advantage is that the Case Base is built
just once, in addition, maintaining and updating is accomplished through the learning
capacity of this tool. CBR is a relatively recent problem solving technique that is at-
tracting increasing attention. However, the numbers of people with first hand theoretical
or practical experience of CBR is still limited. The main objective of this Chapter is to
provide the theoretical concepts related with CBR. In CBR systems, a library of past
cases expertise is built. Each case typically contains a description of the problem and a
solution. The knowledge and reasoning process used by an expert to solve the problem is
not recorded, but is implicit in the solution.

The first ideas about CBR started in 1977 with Schank and Abelson (1977). They
proposed that the general knowledge about situations should be recorded as scripts which
allow the set up of expectations and performance of inferences. These situations should
describe information about past events, such as going to a restaurant or visiting a doctor.
However, the experiments were not satisfactory due to incomplete theory of memory rep-
resentation, people often confused events with similar situations. In 1982 Schank (1982)
continued exploring the role of the memory with respect to the roles previous situations,
situation patterns, or memory organization packets (MOPs) play in both problem solving
and learning. At the same time, Gentner (1983) developed a theoretical framework for
analogy which also has relevance to CBR. This work has been a philosophical basis for
CBR (Aamodt and Plaza 1994). The work of Roger Schanks group at Yale University in
the early eighties produced a cognitive model for CBR, and the first CBR applications
were based upon this model. Derek Sleemans group from Aberdeen in Scotland studied
the use of cases for knowledge acquisition, developing the REFINER system (Sharma
and Sleeman 1988). Likewise, Mike Keane, from Trinity College Dublin, undertook cog-
nitive science research into analogical reasoning that has subsequently influenced CBR
(Keane 1988). Agnar Aamodt at the University of Trondheim investigated the learning
facet of CBR and the combination of cases and general domain knowledge resulting in

CREEK (Aamodt et al. 1989), (Aamodt 1991). Wang and Wang (2005) described the

45
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development of web based expert systems for a steel company which involved Rule Based
Reasoning (RBR) and CBR to detect equipment failure.

CBR has been applied in different areas, such as recommendation systems, help desks,
decision support systems, medicine and others. Mujica et al. (2005) and Chang and Lai
(2005) proposed a hybrid system that combines the self-organizing map (SOM) Neural
Network with CBR, the former detecting damage of structures and the latter predicting
the sales of new books. CBR has also been used for supervision of WWTP. Comas
(2000) explained the development of a module for supervision of the WWTP in Granollers
(Spain). In Rodriguez-Roda et al. (2002), cases represent a day’s knowledge. Each case
is described through the most relevant measurements and observations (quantitative and
qualitative) and describes a specific situation to be diagnosed. The set of specific cases
is stored in a structured way in a hierarchical case library. More applications to WW'TP
are found in Nunez et al. (2004) and Martinez et al. (2006).

4.2 The CBR Cycle

CBR is a tool used in expert systems. CBR is an approach to problem solving that is
able to use specific knowledge of previous experiences (de Mantaras and Plaza 1997). A
new problem is solved by matching it with a similar past situation. In the case of diag-
nosis, solving the problem means that the CBR-system proposes a solution satisfactory
enough to identify the new fault. When building a CBR system, it is necessary to select
an appropriate case base. It can be either an empty base that will grow by learning from
new situations or a base containing some previous events. Reduction of the data base is
applied to get a data base without information redundance.

The processes involved in CBR can be represented by a schematic cycle (see Figure
4.1). (Aamodt and Plaza 1994) describe CBR typically as a cyclical process comprising
the four R’s:

Retrieve If a past situation is similar to the new one. It is necessary to define a metric
function and the number of cases to retrieve from the case base.

Several algorithms have been implemented to retrieve appropriate cases, including
serial search (Navichandra 1991); (Acorn and Walden 1992), hierarchical search
(Maher and Zhang 1991) and simulated parallel search (Domeshek 1993). Among
well known methods for case retrieval are nearest neighbor, induction, knowledge
guided induction and template retrieval. These methods can be used alone or com-
bined into hybrid retrieval strategies. Wilson and Martinez (2000) list extensive
information about possible methods. Before applying the retrieval step, it is neces-
sary to normalize the attributes because they have different orders of magnitudes.
The number of neighbors or cases k to retrieve from the case base will be the value
that produces the best diagnosis results. Chapter [0 explains several empirical proofs
developed as a part of this work in order to find the best way to retrieve the neighbor
cases.
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Figure 4.1: CBR cycle

Reuse Once the k nearest cases are extracted, they are used to propose a possible diag-
nosis.

Once the solution to the new presented case is proposed, it has to be revised. If the
solution is considered to be correct and is accurate enough, it is not necessary to retain
the new case. On the other hand, if it is considered wrong or has poor accuracy, the
new case will be kept in the case data base. The revision analyzes how the cases that
constitute the adapted solution are performing the diagnosis.

Revise According to a similarity index, a voting technique, or adapting the cases, the
system provides a possible diagnosis. The adaptation can be transformational or
derivational (Aamodt and Plaza 1994). The former uses the past case solution
instead of the past method that constructed the solution to evaluate the suggested
solution.

Retain The revision can be evaluated in a model or in the real world, and the CBR
knowledge base can be uptaded with the newly learned case. After the revision
process, according to the proposed solution, it must be decided if it is useful to
retain the knowledge obtained from the new problem. Control and supervision of
the process is a domain where CBR can rapidly extend its benefits because data is
systematically collected and registered for further analysis.
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To revise and retain it is necessary that the CBR adapts and learns. The main idea is
to select potential cases to be stored into the case dictionary. For this purpose, Instance-
Based learning algorithms (IBs) have been used.

Another important aspect is related to the building of the case base. The case base
is an array in memory organizing all the cases to facility the search for the case most
similar to the current problem. When building a CBR methodology, the case base is the
most important item as it is important to select the correct initial case base (Leake 1996).
The case base can be initiated empty and grow by learning with new problems, or a case
base that start with some initial problems. In accordance with Sheppard and Simpson
(1998) the selection can be £20% and +50% from the original or first problems. These
problems are distributed well enough in order to cover a possible set of typical faults. For
this, algorithms are used to reduce the number of problems inside the database. When
the dictionary of cases is generated, it generally has a large size and wastes memory space
while keeping noisy and redundant cases. The reduction algorithms are based on the
improvements of the nearest neighbor and they are called Decremental Reduction Opti-
mization Procedure.

Finally, the sum of the similarity of all attributes multiplied by a weighting factor
can be used to calculate the distance to find the neighbor (Sanchez-Marre et al. 1997)
(Watson 1998). In Nuez et al. (2002), seven different distances were checked for two
environmental systems: Euclidean, Manhattan, Clark, Canberra and L’Eixample. Wiese
et al. (2004) developed another Euclidean distance implementation for a WWTP. Mujica
et al. (2005) applied neural networks in order to find the best neighbor. The technique
of "neighbor” determines the gap between the characteristics of the new case or problem
and the cases that already exist, finding the case that is closest.

X2 Case B -

z2

X1

Figure 4.2: The distance between the new case or new problem and cases A and B. X1
and X2 are the characteristics that define the cases.
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Normally to highlight a feature, the technique considers the distance, with a weight
w;, lets that the new case will be near or more particularly, as shown in the following
equation:

distance(C,Cy) = Z (C;, Coj)w (4.1)

where f is a function of similarity, C' is the new cases, () is a prior case and n is the
number of attributes of the case.

The technique of ”Inductive Recovery” requires prior preparation of a decision tree.
The drawbacks with this technique is that if you do not have all the answers, it is impos-
sible find one similar case.

4.3 Decremental Reduction Optimization Procedure
Algorithms

The Decremental Reduction Optimization Procedure Algorithms (DROP) family of algo-
rithms are used to remove noisy instances. A noisy instance si has a different class than
the class of the instances that have been associated (Wilson and Martinez 2000).

DROP removes a set of instances si in the center of a cluster surrounded by instances
of the same class A = A, Ay, As,..., Ax as is shown in Figure [£.3h. On the other hand,
if si is surrounded by enemies (instances that different class), then si can not be re-
moved because it leads to misclassifying A; as is shown in Figure[4.3] In this manner, the
DROP family of algorithms tends to keep non-noisy border collection points (Figure )

a) b} c)

Figure 4.3: a)Central cluster instance b)Non-noisy border point ¢)Collection of border
instances
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4.3.1 DROP1

The main idea of this algorithm is to check whether an instance si has to be removed
from the instance set ST (SI = T where T is the initial data base and S/ is the new
data base without redundancy cases or instances for the first iteration) according to the
following rule (Wilson and Martinez 2000):

If the number of associates of si classified correctly without si is greater than or equals
to the number of associates of si classified correctly with si, then si is removed from S1T.
Associates are those instances from ST that have si as one of its nearest neighbors. The
goal of this rule is to avoid the elimination of instances that alter the behavior of the
training set, preserving its correct classification ratio. When s¢ is removed, each of its
associates uses its k+1st nearest neighbor to determine its class. If this new instance
class is different than the one of the associate, its classification is weaken, reaching a
misclassification in the worst case. On the other hand, if the class of si is different from
the instance class, the classification is strengthened, leading to a better classification ratio
and increasing the number of correct instances classified.

In essence, this rule improves the efficiency of determining the class of each instance,
since with fewer instances in the training set the computational cost is reduced to a linear
relation between computational time and size of the training set. In order to better
understand this algorithm, the procedure is explained as follows:

The algorithm builds a list of nearest neighbors for each instance in ST and the as-
sociate list. One instance in ST is removed if and only if its removal does not alter the
classification of the remaining instances in SI. When an instance si is removed, each
associate must replace s¢ with a new nearest neighbor in order to maintain k+1 nearest
neighbors in their list. Whenever a new neighbor N is found, then each associate of si is
added to N’s associate list. Therefore, at all the times every instance in ST has a current
list of neighbors and associates.

4.3.2 DROP2

As an evolution of DROP1, DROP2 improves the selection of instances to remove by using
more information and sorting the order of removal. DROP1 removes the noisy instances
without taking into account any specific order (Wilson and Martinez 2000). This can
cause the elimination of several neighbors that are considered to be noisy instances, but
as a consequence of this action, the instance hoped to be removed can be kept in the train-
ing set. Then, the search for the new neighbors begins. This can provoke the inclusion of
associate instances of the same class, located on the other side of the decision boundary.
If this is the case, this instance can not be removed, due to it being surrounded by enemies.

DROP2 solves this problem by considering the effect on the original training set 71,
instead of SI. This provokes a modification of the basic rule explained in DROP1 (section

4.3.1)), restated as follows:
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function instance set ST = DROP1(Training set 7'7)
SI =TI
for si = 1 to number of instances in ST
find(k+1 nearest neighbors)
add(si at each neighbors’ associates list)
endfor
for si = 1 to number of instances in ST
with = number of associates correctly classified
with si
without = number of associates correctly classified
without s?
if without > with
remove(si from ST)
for a = 1 to number of associates of si
remove(si from nearest neighbors of a)
find(new nearest neighbor of a)
add(new neighbor to associates list of a)
endfor
for n = 1 to number of neighbors of si
remove(si from associates list of n)
endfor
endif
endfor
endfunction

Figure 4.4: DROP1 algorithm

If the number of associates of si classified correctly without si is greater than or equals
to the number of associates of si classified correctly with si, then si is removed from ST
and the associates are extracted from 7TI. With this variation, instances in SI can have
as an associate an instance that does not belong to S7, and the instances removed from
ST do not have a list of associates because they are no longer a neighbor of any instance.
Moreover with the use of additional information to estimate the generalization accuracy,
it avoids the removal of entire clusters.

The order of removal of instances used by DROP2 is based on sorting by the distance
to the nearest enemy starting with the furthest value of distance. This removes instances
located far from the decision boundary, which tends to keep non-noisy border points.

After these modifications, the DROP2 algorithm states as follows:
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function instance set SI = DROP2(Training set 7'7)
SI =TI
ST = sortBy(S1, furthest enemy distance)
for f = 1 to number of instances in ST
find(k+1 nearest neighbors)
add(si at each neighbors’ associates list)
endfor
for si = 1 to number of instances in ST
with = number of associates correctly classified
with s2
without = number of associates correctly classified
without s7
if without > with
remove(si from ST)
for a = 1 to number of associates of s:
remove(si from nearest neighbors of a)
find(new nearest neighbor of a)
add(new neighbor to associates list of a)
endfor
endif
endfor
endfunction

Figure 4.5: DROP2 algorithm

4.3.3 DROP3

As distinguished from DROP2, DROP3 adds a noise filter before starting to analysis the
instances in ST (Wilson and Martinez 2000). This is because starting by the borders
tends to remove central points. If a noisy instance is in the center, surrounding instances
are considered border points, avoiding its removal. Any instance misclassified by its k

nearest neighbors is removed due to being considered a noisy instance. After this, the
order of removal is the same as DROP2. The modifications are shown in Figure [4.6]

4.3.4 DROP4

DROP4 applies the same idea as in DROP3, but uses more caution in the filter noise step
(Wilson and Martinez 2000). This removal depends on two conditions:

1. Any instance misclassified by its k£ nearest neighbors.

2. Its removal does not alter other instances classification.

Sometimes DROP3 eliminates too many instances, causing poor generalization accu-
racy DROP4 avoids this situation at the expense of a bit more storage requirements. The
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function instance set S1 = DROP3(Training set 7'7)
SI =TI
S1 = noise filter(ST)
S1 = sortBy(S1, furthest enemy distance)
for si = 1 to number of instances in ST
find(k+1 nearest neighbors)
add(si at each neighbors’ associates list)
endfor
for si = 1 to number of instances in ST
with = number of associates correctly classified
with si
without = number of associates correctly classified
without si
if without > with
remove(si from ST)
for a = 1 to number of associates of st
remove(si from nearest neighbors of a)
find(new nearest neighbor of a)
add(new neighbor to associates list of a)
endfor
endif
endfor
endfunction

Figure 4.6: DROP3 algorithm

algorithm is presented in Figure [4.7]

4.4 Instance-Based learning algorithms

The main objective of the Instance-Based learning algorithms (IB) algorithm is to give a
classification for each new instance drawn from the problem domain, ”Similar instances
have similar classifications”. To make this classification, the following components are
necessary (Aha et al. 1991):

1. Similarity function: This function looks for the similarity between a training instance
T'I and the new problem given. This similarity is a numeric value.

2. Classification function: From the results of the similarity function and according to
the classification performance record, a classification is given to T'I.

3. Concept Description Updater: This function is used to decide which instances are
kept in the training set, according to its classification performance, the similarity
function and the actual training set.
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function instance set SI = DROP4(Training set 7'7)
SI =TI
ST = carefully noise filtering(S7)
S1 = sortBy(S1, furthest enemy distance)
for si = 1 to number of instances in ST
find(k+1 nearest neighbors)
add(si at each neighbors’ associates list)
endfor
for si = 1 to number of instances in ST
with = number of associates correctly classified
with si
without = number of associates correctly classified
without si
if without > with
remove(si from ST)
for a = 1 to number of associates of st
remove(si from nearest neighbors of a)
find(new nearest neighbor of a)
add(new neighbor to associates list of a)
endfor
endif
endfor
endfunction

Figure 4.7: DROP4 algorithm

IB algorithms differ from most of the other supervised learning methods in the follow-
ing way:

1. IB algorithms do not construct explicit abstractions, like decision trees or rules.

2. 1B algorithms do not store explicit generalizations from instances because they do
not use matching criteria.

3. The work load is higher because the computation of similarities between saved
instances and those that are new is done every time.

4.4.1 1IB1

The IB1 algorithm is a variation of the nearest neighbor algorithm in terms of values range
normalization, the incremental processing of instances, and a simple policy for tolerating
missing values (Aha et al. 1991).

For each instance x in the training set 7'/, the most similar instance y in ST has to be
found according to the similarity function described in [£.4] If the class of x is different
than the class of y, then the classification is incorrect; therefore, the classification record
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function instance set SI = IB1(Training set 7'1)
SI =10
for x = 1 to number of instances in T'1
for y = 1 to number of instances in ST
sim[y] = similarity(x,y)
endfor
ymax = max(sim|y])
if (class(x) == class(y))
classification = correct
else
classification = incorrect
endif
SI =51 Ux
endfor
endfunction

Figure 4.8: IB1 algorithm

of y has to be updated with a misclassification. Otherwise, the classification record of y
is updated with a correct classification.

The main goal of the IB1 algorithm is to maintain the classification record in order to
classify each instance in ST according to its class. This is achieved because only instances
near the decision boundary are needed to produce an accurate classification of instances.
Unfortunately, this set of instances is not known without a complete knowledge of the
problem, but can be approximated by the set of instances misclassified by the IB1 algo-
rithm. This is the basis for the IB2 algorithm, which is presented in the next section.

4.4.2 1B2

The IB2 algorithm is similar to the IB1 algorithm, but it only saves instances in ST if
and only if the instance is misclassified. This modification is shown in Figure [.9

For each instance x in the training set 7'/, the most similar instance y in ST has to be
found according to the similarity function described in Section If the class of z is dif-
ferent than the class of y, then the classification is incorrect. Therefore, the classification
record of y has to be updated with a misclassification and x will be saved in the training
set. Otherwise, only the classification record of y is updated with a correct classification.

By only saving the misclassified instances, the storage space used is reduced dramati-
cally. This reduction slightly reduces the classification ratio that would be reached with
the IB1 algorithm. A study of the relation between the degree of sacrifice and accuracy
lost was presented in (Aha et al. 1991). The main conclusion of this study was that IB2
is too sensitive to noisy instances, leading to the development of the IB3 algorithm.
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function instance set SI = IB2(Training set 7'7)
ST =1
for x = 1 to number of instances in T'1
for y = 1 to number of instances in ST
sim[y] = similarity(x,y)
endfor
ymax = max(sim[y])
if (class(x) == class(y))
classification = correct

else
classification = incorrect
SI =851 Ux
endif
endfor
endfunction

Figure 4.9: 1B2 algorithm

4.4.3 1B3

The IB3 algorithm is a noise tolerant version of the IB2 algorithm that employs a simple
selective utilization filter to decide which of the saved instances have to be used in the
classification decision.

The main differences between IB3 and its predecessor are:

1. IB3 maintains a classification record, the number of correct classifications divided by
the number of classification attempts, with each of the saved instances. This record
can predict the future performance of this instance according to the performance
with the training instances.

2. IB3 employs a significance test to decide which are the good classifier instances and
those that can be considered as noisy instances and removed from the classification
set.

These variations modify the algorithm as shown in Figure [4.10

IB3 is based on discriminating acceptable and unacceptable instances. An instance
is acceptable if its classification accuracy is greater than its class classification. This
comparison is made using a confidence interval, and if this value is extremely poor, it is
removed from the training set. The confidence interval is based on the actual instance
performance (number of successful classifications) and its class classification (number
of instances correctly used of the class during the classification process). An instance is
accepted if its lower endpoint of the confidence interval is greater than the higher endpoint
of the class record. On the other hand, if the higher endpoint is less than the class lower
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function instance set SI = IB3(Training set 7'1)
SI =10
for x = 1 to number of instances in T'T
for y = 1 to number of instances in ST
sim[y] = similarity(x,y)
if 3y € SI | acceptable(y)
ymax = max(sim|y])
else
ymax = randomInstance(ST)
endif
if class(x) == class(y)
classification = correct

else
classification = incorrect
SI =51Ux

endif

for y = 1 to number of instances in ST
if (sim[y] > sim[ymax])
update classification record of y
if record classification of y is
significantly poor
SI = remove(y from ST)

endif

endfor

endfor
endfunction

Figure 4.10: 1B3 algorithm

endpoint, the instance is dropped. The equation to compute the confidence interval is
shown in equation 4.2}

b+ 2 42 /p00 4 2
G — 2h : 22h an? (4.2)
Tw

where:

o b — humber of successful classifications
number of attempts ’

e > = is the confidence limit (0.9 for acceptance; 0.7 for dropping) and

e 1L = number of instances stored in the data base.

For further comparison of the performance of IB algorithms more details can be found
in Aha et al. (1991).
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4.5 Conclusions

Case Based Reasoning is the process of solving new problems based on the solutions of
past situations. The CBR is one of the fastest growing areas in the field of knowledge
based systems. This paradigm is often used to solve a myriad of situations, this being one
of the main reasons for its acceptance in the Artificial Intelligence research community.
The quality of such systems depends on the experiences that are stored and the ability
to understand, adapt, assess and repair new cases. Several steps are necessary in order
to develop the CBR cycle. The aim is to reuse these cases for solving new problems by
analogy. A problem is solved by retrieving a similar problematic situation (case or cases)
from the past and reusing its solution in the new situation. Reusing implies a procedure
of adapting the retrieved solution, which is then completed with the revision. Once a
diagnosis is proposed, it must produce a review of the cases to decide whether the new
case will be entered in the database, or if the content of the base is already sufficient to
diagnose the new problem. Immediately afterwards, it considers whether the new problem
is retained or eliminated from the case base. In this way, DROP4 and [ B3 are used to
reduce the dimension of the case base.

As MSPC, CBR should be applied to complex processes with large amounts of his-
torical data. In the next chapters, CBR will be proposed to complement the MSPC tool
(MPCA) within a situation assessment methodology. In this way, MPCA can be used as a
dimensionality reduction tool while CBR can use the results obtained from the application
of the MPCA approach as descriptors for the case.



Chapter 5

Application of MPCA Methodology
to SBR pilot plants

The main objective of this chapter is to evaluate the behavior of MPCA for monitoring of
biological nutrient removing Sequencing Batch Reactors (SBRs) in wastewater treatment
in order to improve the operation of this kind of process. The chapter is divided into
two sections. The first section describes work using MPCA for the Semi-Industrial Pilot
Plant SBR from the LEQUIA group. This pilot plant is pertinent to the project ” Devel-
opment of an Intelligent Control System applied to a Sequencing Batch Reactor (SBR)
for the removal of Organic Matter, Nitrogen and Phosphorous. SICOTIN-SBR2”. The
second section describes the methodology used to find the optimal method for building a
statistical model for a SBR process; for this, the Pilot Plant SBR from the BIOMATH
group was used. This pilot plant was used during the research period in Ghent-Belgium.
Both pilot plants have different combinations of filling and reaction phases. In this way,
the chapter will aim to prove the efficiency of the methodology for this kind of process.

5.1 Semi-Industrial SBR Pilot Plant from the LEQUIA
group

5.1.1 Types of batch processes

The SBR process is very complex. For this reason, chemical engineers (LEQUIA) and
the control engineers (eXiT) together created a classification for the types of batches.
Two types of analysis were necessary. The first one was based on the analytical methods
proposed in Puig et al. (2004) in which the sludge reaction is explained. The second
analysis is a preliminary MSPC application, in which some batches are found outside the
control limit. Figure [5.1] shows the preliminary results of this technique. Batches with
an Abnormal Operation Condition (AOC) are outside the control limit, whereas those
groups with Normal Operation Condition (NOC) are inside the limit (solid line).

As a result of the combined knowledge of the engineers, five types of events in the
Semi-Industrial SBR process were proposed.

29
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Figure 5.1: Score plot for batches. Dashed line is the model

1. Electrical Fault (EF): Corresponds to voltage sags. Voltage sags are short duration
reductions in rms voltage that are caused by short circuits, overloads and starting
of motors. The interest in voltage sags stems mainly from the problems that they
cause for several types of equipment (Bollen 2000). Figure shows the response
when a voltage sag is presented. At the moment that a voltage sag is present, there
are sensor problems; when the voltage sag disappears, the sensors resume their nor-
mal operation.
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Figure 5.2: DO (green line) and ORP (blue line) profiles when an EF occurs

2. Variation in the Composition (VC) can be due to problems in either microorgan-

isms or the influent composition that cause disturbances in the process variables
(Puig et al. 2004). The univariate plot of two of these process variables (Oxidation
Reduction Potential (ORP) and dissolved oxygen (DO)) is shown in Figure [5.3| for
NOC and AOC.
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Figure 5.3: ORP and DO profiles when and VC fault condition is presented a) NOC b)
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3.

4.

Equipment Defects (ED) are present when the computer does not register data due
to permanent faults in sensors or its acquisition card or due to. missing data, (Fig-

ure [5.4).
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Figure 5.4: ORP and DO profiles when and ED fault occurs

Influent Load Change (ILC) correspond to a rain period. Wastewater contains a
lot of rainwater; therefore, the concentrations of organic matter and nitrogen is low

(see Figure [5.5).

Normal Operation Condition (NOC) corresponds to all batches where nitrogen and
organic matter removal are satisfactorily obtained. Based on the knowledge of the
chemical engineers and checking the off-line variables (effluent measurements) and
compare with the discharge limits, it was possible to categorize the final quality of
the water as excellent, good or normal. Figure |5.3|shows a profile of the ORP when
an excellent final quality of the water was obtained. Figure [5.6] shows the same
variable for good and normal qualities of the water. The difference between these
is the variable magnitude.
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Figure 5.6: ORP and DO profiles a)Good final quality b)Normal final quality

From this classification, it is possible to determine the number of the batch for each
group. Tables and summarize all batches of the process. There are 60 (equivalent
to 33.5%) batches with AOC, and these have been divided into several events: Electrical
Faults (EF), Variation in the Composition (VC), Equipment Defects (ED) and Influent
Load Change (ILC) (AC). The NOC is the most common type of event, and 66.5% of
these have a nitrogen efficiency higher than the legally required efuent standards. These
are classified according to the final quality of the water.

AOC Amount | %
ILC 17 9,50
ED 8 4,47
vC 33 1844
EF 2 1,12

| TOTAL | 60 [ 3352]

Table 5.1: Types of events with AOC
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NOC Amount | %

Excellent 98 54,75
Good 14 7,82
Normal 7 3,91

| TOTAL | 116 | 66,48 |

Table 5.2: Types of events with NOC

Finally, Figure summarizes the types of events present in the Semi-Industrial Pilot
Plant.
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Figure 5.7: Types of events

5.1.2 Application of MPCA

The MPCA algorithm was applied to the three-way data array, X, which has dimensions
179 x 4 x 392. In this array, K = 392 is the number of time instants throughout the batch
(samples), J = 4 is the number of process variables (ORP, DO, pH and temperature),
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and [ = 179 is the historical data set. The three-way array X has been unfolded in the
batch wise (I x KJ) array, which is the same (179 x 1568). Afterwards the model was
built using only 8 principal components. Therefore, the array is a matrix with a size of
(179 x 8). The model explains 92.79% of the total variability (see Table [5.3)

0
o, o,
Principal % %
Eigerwalue  “ariance  “Wariance
component
numoer of Cov (X)) Captured  Captured
This PC Total
% 1 1.06e+000 26.44 26.44
5 2 8.39e-001 20,98 47.42
z 3 6.21e-001 159.53 52.95
E 4 4. 69e-001 11.73 7468
; 5 3.80e-001 5.49 8417
] 1.56e-001 3.80 g8.08
¥ 9.85e-002 2.46 90.54
3 9.03e-002 226 9274

1 2 3 4 5 3 7 g

Principal component number

Table 5.3: Principal component extraction

To examine the process data in reduced space, defined by a small number of latent
variables, the first and the second principal components were plotted (see Figure . In
this figure, several groups of batches are outside the model space. These batches corre-
spond to AOC batches, more precisely, they represent the variation in the composition.
Figure shows the Q-statistic and T?-statistic disntances for all batches.

Using this knowledge, each batch is analyzed. In this study, it was found that 60
batches contain AOC. It is possible to determine whether the batches were correctly
classified as NOC or AOC. Table[5.4]summarizes the batches appearing outside the control
limit. The @Q-statistic detects only onethird of the total of AOC occurrences, and there
are 8 false alarms. The T? statistic detects 20 batches with AOC (without false alarms).
These are distributed as follows: 4 are influent load change, 6 are equipment defects, 8
are variation of the composition and 2 are electrical faults. Using the @Q-statistic and
T?-statistic, 31 batches with AOC were found; of these, 9 batches were found in both
control charts.

Combining MPCA and the knowledge from the experts made it possible to classify the
batches into five types of events. Individually, the results have been satisfactory because
they made it possible to build a model. The model can detect faults in the processes. The
results of this section were published as a book chapter in Frontiers in Statistical Quality
Control (Ruiz, Colomer and Melndez 2006).
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Figure 5.8: Q-statistics and T?-statistics with 92.79% confidence limits for the Semi-
Industrial Pilot Plant

(Q-statistic

AOC Amount | %
ILC 9 5.03
ED 0 0.00
VC 11 6.15
EF 7 0.00
| TOTAL | 20 [11.17]|
NOC Amount | %
Excellent 5 2.79
Good 3 1.68
Normal 0 0.00
\TOTAL \ 8 \ 4.47 \

T?-statistic

AOC Amount | %
ILC 4 2.23
ED 6 3.35
VC 8 4.47
EF 2 1.12
[TOTAL | 20 |[1L17]
NOC Amount | %
Excellent 0 0.00
Good 0 0.00
Normal 0 0.00
TOTAL | 0 | 0.00 |

Table 5.4: Batches detected using Q-statistic and T2-statistic
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5.2 SBR Pilot Plant from BIOMATH group

In Camacho and Pic (2006) and Aguado, Ferrer, Ferrer and Seco (2007) several studies
have been developed in order to test the best way for the modeling of batch processes
and SBR process. However, normal questions about what items are necessaries to have in
mind when the data is collected from the process?. In this section, it is didacticism and
empirically explained several steps in order to perform a MPCA model. Two important
degrees of freedom in building MPCA models are investigate: unfolding and scaling by
means of several proof in order to demonstrate which is the better methodology for apply-
ing MPCA in a SBR WWTP. During the time of this study, a large amount of knowledge
was collected. The large amount of data collected in this plant permits facilities to divide
the data into different sets, such as a set to build the model and sets to validate the
model. In this study, the problem of multiple comparisons does not occur because the
variables are entirely dependent. The main objective is to show the effects of the unfold-
ing and preprocess effects on fault detection and diagnosis in a SBR process. Initially,
knowledge from experts was used to classify the types of batch processes. This knowledge,
which contained both qualitative and quantitative information on process variable, was
necessary in order to apply MSPC.

5.2.1 Systematic comparison of PCA models

In total, 1711 complete batches were available. Each of these batches contained 6 different
trajectories of 300 samples each. These included the weight of the reactor, temperature,
pH, DO, ORP and the conductivity in the reactor. The approach taken to compare the
discussed options for PCA-based monitoring is as follows (Figure [5.9).

Step 1

The three-way data array is first unfolded in a batch wise manner (type E, see Section
. The data X (I x JK) were normalized using auto-scaling as suggested by Nomikos
and MacGregor (1994b) and Westerhuis et al. (1999) to construct an MPCA model for
data screening. The resulting MPCA-model identified 248 batches as showing abnormal
operation, and these batches were thus excluded from the data set for future use.

Step 2

The 1711 remaining batches were used to compare different unfolding and scaling ap-
proaches to PCA-based monitoring of the pilot-scale SBR. The data base (1711x6x300)
is divided in order to first develop models with 80% of the total data in a three way
(1369x6x300) data matrix and then validate the models with 20% of the data in a
(342x6x300) data matrix. Two options with regard to unfolding are available when con-
sidering batch process monitoring:

1. The first one involves unfolding the data in a batch wise manner (type E). This
unfolding is used for OFF - LINE monitoring.
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Figure 5.9: MPCA Methodology applied to pilot-scale SBR

2. The second option involves unfolding the data in a variable wise manner (type A,
see Section |3.4.1)). This method is typically used for ON - LINE monitoring.

For both options; the data in X (I x JK) are again normalized using three different
options: continuous scaling (CS), group scaling (GS), and auto scaling (AS).

1. continuous scaling (CS) was applied by Wold et al. (1987), and this method treats
data as if all samples were drawn from the same distribution. For each variable, j,
one mean and one standard deviation are calculated on the basis of all the data (all
batches and all time instants). By doing so, J mean values (;;) and J standard
deviations (o) are obtained. They are calculated as follows:
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. Zf Zf Lijk 51
SIS (e — 1) (5.2)
o; = % .

All of the measurements (throughout the entire set of batches and time instants) are
then scaled with the same mean and standard deviation. In general, however, it is
not expected that samples during a batch run are drawn from the same distribution;
this may lead to poor performance of the monitoring model.

2. Group scaling (GS) avoids the poor performance of CS by removing the trajectory
from the variables throughout the batch run. This is done by defining a separate
mean for each variable at each time instant in the batch runs and thereby obtaining
a mean trajectory for each variable. After scaling of the mean trajectories, one stan-
dard deviation is calculated per variable in a manner similar to that of CS. Then,
one obtains J.K mean values () as is shown in Equation [5.3| and J standard
deviations (o) as is presented in Equation .

Zf T
i = = (5.3)

Even if the trajectory of the data is removed from the data set by GS, the standard
deviation of the variables is assumed not to change during the batch runs.

3. Auto scaling (AS) calculates the mean and standard deviation of each variable
calculated at each time in the batch over all batches. Then, J.K mean values and
standard deviations are calculated as is presented in Equations [5.3] and [5.4l

Z'l(«xijk - Mjk)
— 4
ij [K (5 )

When prior knowledge is available, the scaling approach may be defined by an
operator or expert. For instance, Westerhuis et al. (1999) argued that auto scaling
is appropriate in systems where the variables have different units (e.g. temperature,
pressure and concentration).

In total, six models for monitoring SBRs were thus generated (3 using the variable
way and 3 using the batch way). In variable wise the scale process was performed in two
steps: firstly, in batch wise eliminating the major nonlinear and non-stationary behavior
of the process and after re-scaled in v. Secondly, in variable wise (see Figure .

Table [5.6| summarizes how the respective models were labeled in the framework of this
research. Before making further inferences, the normal probability plot for the first score
is made. This allows a visual inspection of validity of one of the assumptions in PCA
modeling (i.e. that the scores exhibit a Gaussian distribution). Immediately after this
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Figure 5.10: Scale process for variable wise models

inspection, the number of principal components is determined and analysis of the models
are performed.

Type A | Type E
CS | Modell | Model4
GS | Model2 | Modelb
AS | Model3 | Model6

Table 5.5: Names for each developed model

5.2.2 Results
Normal probability plot

Before doing a detailed model comparison, it is useful to evaluate whether; first, the ex-
tent of linearization of the original data, which are typically non-linear and dynamic, by
different combinations of unfolding and scaling approaches, satisfies the assumption for
the normal linear model and second to have an approximately normal distribution (Yoo
et al. 2004). Two hypotheses have been performed in accordance with Giudici (2003).
The first one states that the value of the response variable is a linear combination of the
explanatory variables. This is plainly stated for the linear combinations of PCA. The
second hypothesis concerns the data set.
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If the data comes from populations with a normal distribution, these could be tested
using the measures of Kurtosis and the Quantile-Quantile plot (q-q plot). Figure m
organized as in Table with models 1 to 6 arranged from top to bottom and left to
right, shows the q-q plots for the first PC of all models. If the values of the first PC come
from a normal distribution, then the plots should appear as a linear curve.

The plots show that the data from models 1, 3, 4, 5 and 6 can be considerer as a
normal distribution. The plots are approximately linear for these models. However, in
model 2 a distortion of the operation is found due to the presence of two batches (1010
and 1011) reflecting a specific fault in the temperature sensor, which generates (see Figure
. These two batches were removed.

A gap is clearly visible at the left hand side of the g-q plot for variable wise unfolded
models, whereas batch wise unfolded models show a bump in the same region of the plot.
These non-linearities were not considered to be extreme violations of the assumptions of
linearity, but, some errors or omissions may be expected when the process monitoring is
developed. It should be noted that none of the six unfolding and scaling combinations
removed these non-linearities in the data set in an acceptable manner. When faced with

extreme non-linearities, the monitoring process may be improved by applying non-linear
methods like Kernel PCA (Yoo et al. 2006).

Determination of the number of principal components using contribution plots

A critical step in PCA modeling is the determination of the number of principal com-
ponents to be retained in the model. Qin and Dunia (2000) and Al-Kandari and Jolliffe
(2005) elaborate on this subject within the framework of PCA-based sensor validation
and reconstruction. In this section, a empirical method to use the loading plots of the
principal components will show and evaluate. The selected principal components are lim-
ited to a number of components that capture all the present variables. The principal
components are ordered along their captured variance (equivalent to ordering by their
eigenvalues) from high to low and are evaluated in that order. When the dominant vari-
ables of the principal component under consideration are already dominant in the retained
components, this and all following components are omitted. To illustrate the method, the
selection for model 6 is explained in detail below.

Figure shows the contribution plots of the first five components (with the 5 high-
est captured variances) for model 6. It can be observed that temperature and ORP are
the dominating variables in PC1. The same holds for conductivity in PC2 and pH in PC3.
PC4 is dominated by the weight. If the inclining method had been used, the PC4 will be
de last one. But, in PC5, the DO is the dominating variable. DO is a very important
variable in this process, but it is detected until PC5, because it is a variable very con-
trolled. Thus, all the variables are well represented using the first principal components.
Based on these observations, five principal components are thus selected, which capture
85.16% of the total variance. The rest of PC can been considered as noise. The same
approach was used to select the principal components for models 4 and 5. It was observed
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Figure 5.11: The Q-Q distribution of the first principal component for models that are
unfolded variable wise (left) and batch wise (right) and scaled with a) CS b) GS and c)
AS approaches

(data not shown) that the variables could all be found as dominat variables in the first
five components. Table summarizes the number of principal components and the total
percentage of captured variance for each batch wise model.
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Figure 5.12: a) Batches 1010 and 1011 b) New Gaussian distribution for Model 3

Scaling | Name of | # of Principal | % Variance Captured
process | model Components Total

CS Model4 5 91.50%

GS Model5 5 85.27%

AS Model6 5 85.16%

Table 5.6: Variances for models 4, 5 and 6

It was possible to observe that the three types of scaling led to similar captured vari-
ances until component number four. The fifth component magnified the difference between
continuous scaling and other types of scalings. It should be kept in mind that auto-scaling
and group scaling cause a larger decrease in the total variance than continuous scaling.

To find an adequate number of principal components using a variable wise method, Yoo
et al. (2003) used the cross validation of the prediction residual sum of squares method.



73

5.2. SBR Pilot Plant from BIOMATH group

AS

AS

q00
Samples

&00

1400 1800

1200

i

] =
-+
R
Voo
Y
I i i : i i Il
w =t o (v — o — ™ (o) =t
2 8 2 o & 5 o o 35
o o o o o o (=) (=) L]
7 OMITFO
=
T T T 2 T T
P " P
" " =
.ﬂ i i [
e =5 POE
E— O e ) o
" L 4
T 5
: B
i =
Lo - m -._r...Cm ..........
: Lo
i =g
bl °
8T g
] T N N
! ] h H
: Lol
\ : 3 =
i ' o i |
| R e Rl = e e el ety g R T
= : Lo N S T S S S
o : oo Lo [ I E N B
Bt “ L U S O O = b= Lo
s " T -
w . . . . ' . . . [ o i i i i o i
i ! ! ! ! ! ! ! ! [ ' i i i i ' i
= i i [ i i L& : : : : : :
S T A AN A B g I
2 i ; ; i i ; . T I i i i i i i i
2 8 8 8 © 5 8 8 & 2 2 8 8 5 = 5 &8 B
o o o9 o Q o 2 9 [= T =} (=T =} [=J =)
b OMITF O £ anIdro]

1300 1500

1200

1500 1800 0 300 E00

1200

Zamples

A5

Samples

Jdeight

Fonduct ity

L_.ORE

'
v

200

S O IdT07

1500

1300

=l
Samples

1tob

Figure 5.13: Loads graphics from components

In this work, six principal components were selected for models 1, 2 and 3 (see Table [5.7)).

Each PC represents different variables with 100% of the total variance for each model.
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Scaling | Name of | # of Principal | % Variance Captured
process | model Components Total
CS Modell 6 100%
GS Model2 6 100%
AS Model3 6 100%

Table 5.7: Variances for models 1, 2 and 3

Process monitoring by means of the resulting MPCA models

To evaluate the performance of the resulting MPCA models, the validation data set was
projected onto the models. Each batch in the validation set was projected onto the 6
models, and the corresponding statistics were calculated and checked against their in-
control limits. This means that each batch was classified 6 times. The analysis was
divided in two parts:

1. First, each model was evaluated separately.

2. Second, the results were interpreted in terms of the effect of the scaling method
by comparing the models within the group of batch-wise models and variable-wise
models separately. Variable wise models are normally used for ON-LINE monitoring

and batch wise models are used for OFF-LINE monitoring. In Tables and [5.9]
the criteria for fault detection are shown.

T2 | Alarm NOC AOC
0 0 True acceptance | False acceptance
1 1 False alarm True alarm

Table 5.8: Criteria for performance assessment of the monitoring models in variable wise
mode

Variable wise models: The main application of this kind of analysis is for ON -
LINE monitoring. This monitoring allows the detection of abnormal operation in
the process before the end of the batch. This kind of monitoring provides an oppor-
tunity for performing reconfiguration of the process when an abnormal operation is

detected.
Q | T? | Alarm NOC AOC
0] 0 0 True acceptance | False acceptance
011 1 False alarm True alarm
110 1 False alarm True alarm
1] 1 1 False alarm True alarm

Table 5.9: Criteria for performance assessment of the batch wise monitoring
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Batch wise models: The main application of this kind of analysis is for OFF - LINE
monitoring. It takes place when the trajectories of the process variables are finished.
The operator reconfigures the process to correct faults when the batch has finished.

The Hotelling 72 statistic and Q-statistic charts with 95% confidence limits were used
for the batch-wise unfolded models. For variable-wise unfolded models, only the Hotelling
T?-statistic was available since the number of PCs was equal to the number of variables
(i.e. the residual matrix is zero).

For proper evaluation of the performance of the models, three numbers were calculated
from the batch runs in each of the aforementioned categories:

1. The sensitivity is the ratio of true alarms to the number of batch runs in the AOC
data set. A higher sensitivity thus signifies a higher chance of detecting an abnormal
batch run.

2. The specificity is the ratio of true acceptances to the total number of normal batch
runs. A higher specificity thus signifies a lower number of false alarms. Generally
speaking, higher sensitivity correlates with lower specificity and vice versa. Sensi-
tivity and specificity have thus to be bargained against one another.

3. An overall performance index was calculated as the mean of the sensitivity and
specificity; in this study, it was assumed that a false alarm has the same weight as
a false acceptance in the decision process.

By doing so, the effect of unequal size of the AOC and NOC validation data sets is
countered. In Tables and the number of true alarms, false alarms, false accep-
tances, and true acceptances are given together with the calculated sensitivity, specificity,
and overall performance. The false alarms and false acceptances were determined by the
95% confidence limit.

Scaling CS | GS | AS

Model # 1 2 3
True alarms (-) 43 | 430 | 426
False acceptances (-) 517 | 130 | 134
False alarms (-) 12 | 37 | 40
True acceptances (-) 268 | 243 | 240
Sensitivity (%) 7.7 | 76.8 | 76.1
Specificity (%) 95.7 | 86.8 | 85.7
Overall performance (%) | 51.7 | 81.8 | 80.9

Table 5.10: Performance assessment of Variable Wise (VW) considered models

As can be seen, models 1 and 4 (CS models) exhibit poor performance (Individual
analysis). Model 1 (CS, VW) shows an overall performance of just 51.7% and model 4
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Scaling CS | GS | AS

Model # 4 5 6
True alarms (-) 228 | 500 | 488
False acceptances (-) 332 | 60 | 72
False alarms (-) 38 | 43 | 47
True acceptances (-) 242 | 237 | 233
Sensitivity (%) 40.7 | 89.3 | 87.1
Specificity (%) 86.4 | 84.6 | 83.2
Overall performance (%) | 63.6 | 87.0 | 85.2

Table 5.11: Performance assessment of Batch Wise (BW) considered models

(CS, BW) exhibits 63.6% for the same index. The latter index differs by more than 15%
compared to the second worse model. Clearly, scaling the data with one overall mean for
all variables produces poor performance. This remains true for both types of unfolding
that were tested. These models (1 and 4) were therefore excluded from further compar-
isons. The remaining models exhibit sensitivities higher than 75%, specificities higher
than 80%, and overall performances higher than 80%.

The results regarding the comparison between AS and GS models for each unfolding
are similar. GS model 2 shows a slightly higher sensitivity than AS model 3 of +0.6%.
The sensitivity increases +2.1% when model 5 is compared to model 6. These increases
in sensitivity are accompanied by an increased specificity (+1.1 and +1.4%, respectively).
A bargain is thus not at hand in this case. Preference is logically given to the GS scaled
models even though the difference between these and the AS models is minor.

5.2.3 Discussion

In this chapter, a study was conducted to compare the effect of different types of unfolding
and scaling of PCA models in terms of their capabilities for ON - LINE and OFF - LINE
monitoring in a SBR Pilot Plant.

The primary result shows that scaling the batch run data with mean trajectories (as
in AS and GS) is essential. Scaling with a single overall mean (CS) for each variable was
shown to lead to poor performance.

Second, the need for monitoring during the batch run may be an important point of
interest. In such a context, it is most logical to use both types of unfolding in parallel
(i.e. to use a variable-wise unfolded model as the batch progresses and using a batch-wise
unfolded model once the batch is finished). This will permit detection of a major fraction
of the abnormal disturbances during the batch run, while ensuring an overall optimal
performance.

With respect to the scaling to be used, a slight preference is noted for group scal-
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ing (GS) over autoscaling (AS). Still, the difference in performances does not suggest a
strong recommendation for the use of one particular type of scaling. It is possible that
the slightly poorer effect of autoscaling can be explained by a magnification of the noise
in non-informative variables, and this idea was suggested by Gurden et al. (2001) in the
context of multivariate regression models. Additionally, it may be true that in our case,
it is more meaningful to apply a single standard deviation for each sensor removed so that
existing autocorrelations are not broken in the data preprocessing step.

From the ON - LINE monitoring, the best model found resulted in a sensitivity of
76.8%, specificity of 86.8% and overall performance of 81.8%. From the OFF - LINE
monitoring, the best model found resulted in a sensitivity of 89.3%, specificity of 84.6%,
and overall performance of 87.0%. In conclusion, the best scaling for monitoring is group
scaling (GS). It is important to explain here that these results may be improved by ei-
ther adjusting the in-control limits on the basis of kernel density estimation or applying
an inherently non-linear model (Lee, Yoo, Choi and Vanrolleghem 2004). However, this
was not considered within the scope of this study. In addition to the notes above, it is
important to note that all results presented here stem from a cyclic system with equal
cycle and phase lengths. Auto-scaling and group-scaling models require equal phase and
equal cycle lengths. Because of this requirement, the corresponding conclusions cannot be
extrapolated easily to systems with unequal phase lengths and/or cycle lengths. More im-
portantly, a continuous scaled (CS) model with variable-wise unfolding is the only model
that is readily applicable in such a case when no prior knowledge is available even though
this model delivers the worst performance of all the considered models. Results from this
section were presented as oral presentation in 6th IFAC Symposium on Fault Detection,
Supervision and Safety of Technical Processes, September 2006, Beijing P.R. China (Ruiz,
Villez, Sin, Colomer and Vanrolleghem 2006).

5.3 On-line MPCA application

This section is the result of a final project for industrial engineering with the purpose of
applying knowledge compiled until now. This application is installed in the semi-industrial
pilot plant described in Subsection [2.2.1] The tool allows statistical analysis for batches
establishing a connection between the data base where the values of the variables are
stored and the monitoring module.

The application implements the LABVIEW platform in which the monitoring module
is implemented. It allows the selection of different MSPC models, including the models
already created as well as models created from the new batches and/or updated by them.
For the creation and importation of these models, it is necessary to create connections
between MATLAB (PLS_Toolbox 3.5) and LABVIEW (see Figure [p.14)). The models are
created internally within the same application. The application presents a set of tables
and graphs. It allows visualization of the results obtained from the MSPC analysis.

The tool allows to make analysis in real time of the process, knowing the evolution of
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Figure 5.14: Schematic representation of the interface

a new batch and the operation of the previous batch. Also, it is possible to make off-line
analysis. The on-line application is formed by three modules, each one with determined
functions.

1. Module for on-line Monitoring (variable and batch wise)
2. Module to build the models (variable and batch wise)

3. Module to validate the new batches (batch wise)

5.3.1 Module for ON-LINE Monitoring

The main goal of this module is to automatically make the statistical analysis in real time.
Two statistical analysis methods can be used:

1. Variable wise: made over the new batch in real time for each sample.

2. Batch wise: made once the last aerobic stage is finished allowing to know the batch
operation before it is concluded.

In conclusion, this module presents the information quickly. The information is shown
in a simple manner and is updated periodically. The module works automatically, includes
the calculation algorithms and displays the statistical analysis of batches. It calculates
and displays the statistical analysis per batch connecting periodically with the sensor files
once per minute (Section [2.2.1)). The values obtained from the sensors are stored. This
connection allows to obtain the parameters like the number of batches validated, the stage
of the present batch, and the information tables.
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Once the process data have been imported and when the new batch starts, the sta-
tistical analysis is made. At any instant during the processing of the batch, the operator
can decide if the reference model should be changed. In this case, the data of the new
model selected is made by means of the connection with MATLAB.
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Figure 5.15: Interface to on-line monitoring in variable wise mode

Figure shows the interface for ON - LINE monitoring (variable wise). The scores
vector corresponding to the main components and the value of the T2 statistic from the
statistical analysis in variable wise mode are calculated. These values are shown within
the corresponding principal components (PC1, PC2, PC3 and PC4). In this way, the
operator knows the present state of the batch for any moment.

When the connection between the process and the data base detects that one new
batch is starting the purge phase, the statistical analysis in batch wise mode is made
immediately (see Figure . The fact that the purge and sedimentation data do not
contribute to the biological information (in accordance with Section allows that the
analysis of the batch to be made half an hours early. Therefore, it is possible to reconfig-
ure the system before a future batch starts. As in the variable wise analysis, the values
of the score vector, @) statistic, and 7 statistic are calculated and stored. In addition,
the percentage contribution of each component is obtained (see Figure . Each new
result is stored in chronological order (from oldest to most recent batch).
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Figure 5.17: Contribution interface of each component

5.3.2 Module to build the models

This module allows the operator to create and/or update models. These models can be
created in two different ways:

e Using a new batch.
e From batches stored in the results files.

In both cases, once the model has been created; it can be edited to eliminate any
batch and thus build a new model. This module allows the display of models details.
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Before creating the model, it is necessary to determine the number of principal com-
ponents. The module allows up to twenty principal components. Figure [5.18] shows the
graphical interface in order to apply the methodology developed in Section [5.2]
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Figure 5.18: Interface to determine the number of principal components

When the number of principal components has been determined, the model can be
built. The operator can decided which kind of batches to use in order to build the model.
The module for validation has a periodic connection with the results files. This allows the
building of models using a specific operation or batches of a particular period of time.

Once the necessary information is loaded, the models are built using MATLAB. The
communication between LABVIEW and MATLAB is done using the block of LABVIEW
Matlab Script. When a new model is built, all the information is stored inside the results
files. There are two types of information:

1. The threedimensional matrix which is used to build the model

2. Information about what kind of scaling was used, the name of the new batch, start
time, and others. In Figure the window of complementary information is
shown.

The operator can modify or update the models in variable and batch wise modes.
When the data set is ready, the model is built. In this module, the contribution plots of
the variables are calculated. When one or more batches are detected as Abnormal Opera-
tion Condition (AOC) the contributions plots are used to find the variable with the fault.
Figure shows the contribution of the principal components and the contribution of a
specific batch.
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Figure 5.19: Window of complementary information

In general, the module allows the operator to check all the information that is gener-
ated when the models are built. The operator can select the graphic. Figure shows
other windows generated by the module.

5.3.3 Module to validate new batches

The application has a special module in order to validate new batches. In this module,
the operator selects the data set stored in the results files in order to project it onto
the model. The operator can change the model as is necessary. Using this module, it is
possible to know the operation of one or more new batches. The validation is done using

the batch wise method.



5.3. On-line MPCA application

83

LR

20-

CONTRIBUCIO T 2(%)
a8 &

=
_l

] 1 1 1

3 4 5 6
COMPONENTS PRINCIPALS

-

CONTRIBUCIO T2

1000 1200 1400

600 800
Yariables (pH, OD, Temp, Redox)

Figure 5.20: Contribution analysis graphics

eXiT

g
M &
0 g
C
rR|D -
E
ElL
A
S
u o
(0]
D
E A
st
(0]
T
EIB FC [Y] PC[X]  PC[2] iD
i pc2as| reas| |9

LIMITVER LIMIT TAR LIMITS

9‘9%\_1 95%‘_1 0% -

Enginyeria de control i Sistemes Intel-ligents

Control Engineering and Intelligent Systems Group

@rmcog rmo o~ O0OP=22$OMNZ— +

[}
1600

STOP

i/

Universitat de Girena

AEncelentes\SER-Sh1| 0,4924
. AExcelentes\SBR-8h1| 0,5422
lentes\SBR-8h1) 0,1343

=0,047¢ 0,1250
-0,0334 0,0658
-0,021; 0,0300

-0,0117 0,0111

Figure 5.21: Contributions analysis graphics

The module is connected periodically with the results files. In this manner, the in-
formation is updated constantly. The batches can be projected over any model. The
calculation is done using the platform LABVIEW. The preprocessing of the validation
data set uses the information stored from the models. The results from the previous
analysis can be pictured in their corresponding graphics and tables. This information
represents the score vector, @ statistic and T statistic, as well as the contribution anal-

ysis (see Figure |5.22]).
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Figure 5.22: Contributions analysis graphics

5.3.4 Conclusions

The on-line application has been developed using a friendly interface making easy the daily
operation of a semi-industrial SBR pilot plant. Three modules were developed which a
basic knowledge about MPCA is needed. (i) The module for on-line monitoring was based
over the variable wise mode. The model represents the variables trajectories through the
real time. One, two or more samples are detected if they are outside of control limit. (ii)
The module to build models was based over the batch wise mode. The models (batch wise
and variables wise) are updated wherever it is consider needed. (iii) The module to vali-
date new batches is performed using batch wise mode. In this case, the knowledge about
monitoring and fault detection are performed until last aerobic condition. As settling and
draw phases are not included in the model, the batch situation is found with one and half
hour allowing the process reconfiguration before beginning a new batch. Results from
the last two section are in preparation for publication in Water Science and Technology
(Ruiz, Villez, sin, Colomer, Rosen and Vanrrolleghem 2008).
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5.4 Analysis and Conclusions

In the methodology applied for the SBR pilot plant from LEQUIA, a model was built
using the whole data set without any distinction of NOC and AOC batches. In general,
MPCA and knowledge from the experts are tools that complement one another very well.
Both tools contribute to a general knowledge of the state of a process. However, this
technique did not perceive all of the batches with AOC, and the methodology was com-
plemented by a LAMDA classification tool (see Appendix A). The results were promising,
and therefore it was decided to conduct an in depth study of which methodologies should
be applied to this kind of process. Therefore, the work on the SBR pilot plant from
BIOMATH was proposed.

In the methodology applied to the SBR pilot plant from BIOMATH, several ap-
proaches for PCA-based biological process monitoring that have been discussed in the
literature were compared. The constructed models exhibited different methods for moni-
toring (ON -LINE and OFF -LINE) and three types of scaling (continuous scaling, group
scaling and autoscaling).

ON -LINE and OFF - LINE monitoring differs, because variable-wise models exhibit
the advantage of being readily applicable for monitoring of running batches, whereas
batch-wise models deliver a better detection performance. As a consequence, it is sug-
gested that both types of models be used in parallel to both detect faults when possible
during a running batch and ensure an optimal overall detection rate.

In general, MPCA is an effective dimension reduction technique in data mining. To
apply MSPC methodology in SBR processes requires normalization of the original data
by appropriate scaling. Utilization of the PCA method requires proper unfolding of the
original 3D data array into a 2D matrix in order to permit proper monitoring of the
process. Another important contribution of this chapter is the way by which the best
number of principal components is selected.






Chapter 6

Automatic Detection of Abnormal
Situation in Process Operation

The main objective of this chapter is to present a methodology for diagnosis of the pro-
cess. Villez et al. (2006) obtain good results by combining PCA with LAMDA clustering.
Case-Based Reasoning (CBR) is proposed as an Artificial Intelligence approach that can
be applied to improve expert supervision by exploiting data obtained from the MPCA
results. The advantage of CBR is that the Case Base is built just once; maintenance and
updating are accomplished through the learning capacity of this tool. In Sanchez-Marre
et al. (1997), Nuez et al. (2002), Wiese et al. (2004) and Martinez et al. (2006), some
applications of CBR can be appreciated directly from the sensor of WWTP’s. Here, an
implementation of the MPCA approach with CBR is proposed. For this purpose, and in
accordance with Ruiz, Villez, Sin, Colomer and Vanrolleghem (2006), MPCA has been
used as a dimensionality reduction tool which is able to obtain good representation of the
process in few variables. Next, the results from MPCA are used as descriptors by CBR.

This chapter is organized as follows: First, the work methodology is explained, special
attention is on descriptors and distance definition (retrieve) and case base maintenance
and updating. Immediately afterwards, the results are shown. Finally, the chapter finishes
with conclusions and discussion of future work.

6.1 Methodology

The main goal of this doctoral thesis is to develop a methodology to monitoring, fault
detection and diagnosis using historical data from several WWTPs. According to the
results and analysis from the previous chapter, it is necessary to build a MPCA model
following the below steps:

e Scaling process data is performed in order to obtain samples with similar range.
e A specific number of PC’s are selected reducing the dimension of the data.

e T2 and () statistics are used to determine faults.

87
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In this way, ON-LINE and OFF-LINE monitoring are performed. Results are good,
however some omissions and false alarms are presented. As complement to MPCA, the
use of CBR is proposed in this chapter. An initial Case Base (CB) is built using in-
dices from MPCA. These are: PC’s, T? and Q-statistic. The selection of these indices to
describe one case and the way to retrieve the neighbor cases need a specific study. After-
wards, this CB needs maintenance and updating in order to further improve the results.
The methodology developed for combining MPCA and CBR for situation assessment is
illustrated in Figure (6.1

Data
v
MPCA
MODELING MPCA Model
Historical
PCs—-Q-T2
CBR

Figure 6.1: Methodology applied to SBR pilot plant
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When a new case is presented, the MPCA model has to be applied to this new data in
order to obtain the descriptors which will characterize the case. In this way, the new case
can be compared with the CB. When a similar case is retrieved, it is selected and reused
to diagnose the current situation. If this new case does not have solution, it is revised
and retained into the CB for future diagnosis. In the next subsections, some aspects the
proposed methodology application is explained.

6.1.1 Data

Three processes have been used to test the proposed methodology in order to solve the
crucial points of this chapter: select the appropriate combination of descriptors, distance
definition (retrieve) and case base maintenance and updating. The data sets were ex-
plained in Chapter [2}

1. The first data set comes from the SBR pilot plant from the BIOMATH group (see

Section [2.2.3)).

2. The second data set comes from the COST/IWA Benchmark (see Section [2.1.1)).
3. The third data set comes from the SBR pilot plant from the LEQUIA group (see

Section [2.2.2)).

These data sets are presented in different formats which should be treated properly to
be used within a working method.

6.1.2 MPCA

The data are organized to be scaled, and also organized in a three-dimensional matrix to
be unfolded in two dimensions depending on the desired direction. At this point, it is pos-
sible to obtain the respective statistical models. MPCA obtains indices that characterize
each one of the batches. These indices are the principal components PCs, ()-statistic, and
T?2-statistic with 95% confidence limit. These indices are called Descriptors. Depending
on the model, the number of principal components can change according to the selection
criteria. It is possible to detect some faults and false alarms, if MPCA is used as the only
tool for fault detection (Ruiz, Villez, Sin, Colomer and Vanrolleghem 2006). However, it
could be possible to finalize the methodology by this step; though, some omissions can be
produced. For this reason, the CBR has been used as a complement to MPCA, because
the best aspect of CBR is its capacity for learning from experience.

6.1.3 CBR

Once the descriptors are selected, it is fundamental to select a system to retrieve the
nearest neighbors and create a CB which handles maintenance and updating. Two blocks
are necessary to enhance the CBR application and both are developed at the same time.
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1. Training block: Each batch stored in the CB is called CASES. Each case is defined
by descriptors and the operation condition. When the DB is built, it is necessary
to remove repetitive cases which could induce wrong situation assessment (D RO P4
application). Additionally, to cover all possible situations, it is necessary that the
CB learns about new situations; for this, /B3 is applied. The CB is under examina-
tion constantly because if one new case is not correctly diagnosed, as a consequence,
this case will be stored automatically in the CB for future situation assessments.

2. Evaluation block: The remaining data is used in order to apply the CBR algorithm.
This means that each case of the remainder sets are compared with each case stored
in the DB by means of distance measurements from searching their neighbors.

To develop this methodology, it has been necessary to solve two main problems.

1. Descriptors and distance refining: The goal in this phase is to find the best com-
bination of descriptors as well as the best method for calculation of the distance
between new problems and the cases stored in the case base.

2. Case base maintenance and updating: The goal in this phase is to apply the D RO P4
and I B3 algorithms in order to achieve two main properties of CBR: maintenance
(clearing of redundant cases) and updating (learning of the case base).

6.2 Descriptors, case base and distance refining

In this implementation, the data used comes from the SBR Pilot Plant from the BIOMATH
group (see Section . In this data set, 1588 batches were used, with a collection of
6 variables per batch, where each variable contains 300 samples. In this manner, 1800
samples per batch are used to apply the MPCA and CBR methodology.

In order to find the best combination of descriptors and the best way to define the
selection system of the nearest neighbors, several steps were necessary to develop the
approach taken to compare the discussed options in PCA-based + CBR monitoring. The
diagnosis is explained in Figure and it is further explained below.

6.2.1 Step 1: Definition of descriptors

Each new problem and each case stored in the C'B are described by means of the results
from the MPCA approach. These results are called descriptors. In consequence, seven
descriptors were used as follows:

e Descriptor 1 corresponds to the ) value;
e Descriptor 2 corresponds to the T2 value;

e Descriptors 3 until 7 are the five Principal Components (PCs)
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Figure 6.2: Test strategies to select descriptors and distances

6.2.2 Step 2: Building the MPCA model and the validation data
set

The data are divided into three sets in accordance with Villez et al. (2006). The first is
used to build the model. The second and third sets are then used to validate the model.

e Set 1 Building the model: 1119 batches with normal operation conditions are used
to build the MPCA model. To guarantee that the seed will be homogeneous, the @
value larger than 1 due to were removed. In consequence, 1020 batches were used
to develop the C'B.

e Set 2 Validation data set of AOC: In this set, there were 560 batches with abnormal
operation conditions.

e Set 3 Validation data set of NOC: 280 batches with normal operation conditions.

Using MPCA, the model number 5 built and the knowledge obtained from Chapter
[3| was used. In this model only batches with Normal Operation Condition (NOC) are used.
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1119 batches were selected and stored in a three-dimensional data array and it was
unfolded as suggested by Nomikos and MacGregor (1994a). Next, the data were scaled,
calculating one standard deviation per variable and one mean for each sample throughout
the batch. This data scaling is commonly called ”group scaling”.

The model with the T?-statistic and Q-statistic was developed using a 95% confidence
limit. Five principal components were selected with 85.27% of the variance captured. The
validation data sets (NOC and AOC) were stored, with unfolding and scaling using the
same methodology. Using the T2-statistic and (Q-statistic, it was possible to determine
the number of batches outside the limit for each validation data set.

6.2.3 Step 3: Building the Case-Base

In some implementations, simulation situations of normal and abnormal operation are
necessaries in order to build the Case Base (C'B). But, in this work, the data process
contained a sufficient number of batches. In this way, some batches are separated in order
to build and check the better option. Two C'B are constructed. Both C'B contain NOC
and AOC data sets. The difference between them is the number of batches.

e ('B1 is composed of the entire data set of batches used to build the model in MPCA.
It contains 1020 batches with NOC as well as 20% of batches from the validation
data set of AOC (112 batches). As a consequence, this C'B has a total of 1132
batches, as shown in Figure [6.3] The entire validation data set of NOC (280) is
used in order to test the CBR. The remaining 80% of the batches from the valida-
tion set of AOC were tested as well; thus, 448 batches with AOC were used to check
the CBR approach.

1020 batches NOC 560 batches AQOC 280 batches NOC

112 448

CB1

Figure 6.3: Case Base 1

e (B2 is composed of just 448 batches from the data set used to build the model.
The same number of batches were selected from the validation data set of AOC or
80% of the total set. Thus, the C'B has a total of 896 batches, as seen in Figure [6.4]
In the same way as above, the entire data set of NOC was used to test the CBR and
the remaining 20% of the batches from the AOC data set. Because C'B2 only uses
a small portion of the model data set, the remaining portion is used to validate the
CBR approach; the remaining portion contains 572 batches, the rest of the model
data set.
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1020 batches NOC 560 batches AOC 280 batches NOC

572 448 448 112

CB2

Figure 6.4: Case Base 2

6.2.4 Step 4: Retrieval

For calculation of the distances to the nearest neighbors, four different options were con-
sidered:

e ()-distance: The distance is calculated by comparing the new problem and batch-
bybatch i from the case base using only the () descriptor for the problem and the
CB.

QZ - (Qnew - QiCB)2 (61>

e P('s-distance: the distance is calculated using only the PC’s as a unique descrip-
tor. It is accomplished by comparing each PC p=1,..5 from the new problem with
each batch i from the CB. Of particular relevance is the weight (W,) assigned to
each PC's. In this work, the weights are the eigenvalues calculated by equation [3.4]
These eigenvalues represent the percentage of variance for each of the principal com-
ponents. This means that the highest value represents the most important pattern
in the data, the second highest value represents the second most important pattern
in the data and so forth.

P
PC's? = > W, (PC' spnew — PC’siyep)? (6.2)

p=1

e Two-steps retrieval: () and PC’s distances are implemented in this method, and two
steps are take into account. First, the () descriptor is used to retrieve the 30 nearest
neighbors in accordance with equation . Second, the PC’s distance (equation
uses the 30 pre-selected cases and only the first five nearest neighbors. Finally,
the solution for the new case is determined by voting. For instance, if the nearest
neighbors are 3 NOC and 2 AOC, the case will be categorized as NOC because NOC
is the set with more population.
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e (Q + T? + PC's) distance: This distance is calculated by employing all descriptors
including 72, which was not taken into account by the other distances.

Qd - (Qnew - QiC’B)2
T3 = (Tnew — Ticn)”

new

P
PC's? = Z W, * (PC'Spnew — PC'sipon)?

p=1

distance = \/Qd + T2+ PC'sy (6.3)

6.2.5 Step 5: Testing

To improve the performance of the MPCA and CBR methodology, CB1 and CB2 were
evaluated using the four distances explained above. In other words, for both created C'Bs,
four different distances are checked. Table|6.1|summarizes how the respective options were
labeled.

CB1 CB2
()-distance TEST 1 | TEST 5
P(C’s-distance TEST 2 | TEST 6
Combining distances TEST 3 | TEST 7
(Q + T? + PC's) distance | TEST 4 | TEST 8

Table 6.1: Names for each developed CBR

6.2.6 Results

In this section, the MPCA results are given and the performance of the CBR methodolo-
gies is presented.

MPCA

The data are stored in a three-dimensional data model array that has a size of (1119 x
6 x 300), where 1119 corresponds to the number of batch runs, 6 represents the number
of process variables, and 300 represents the sample number. In figure the first three
PC’s are illustrated, where the circle is the in-control limit of the model. In order to
compare the results obtained using the classical control charts (Q and T?), a batch is
considered to be abnormal if Q or 72 are outside their control limits.

Results of validation set of AOC: In this set, 500 batches are detected with ab-
normal operation. This is a sensitivity of 89% where sensitivity is defined as the true
alarms. To obtain these results, it is necessary to join the results from the Q)-statistic and
T?-statistic charts. Table shows the percentage of batches detected by each control
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SamplesfScores Plot of mwa unfolded

Socres on PC 3 (15.40%)
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Figure 6.5: Dispossession and unfolding of three-way data array

chart.

Results of validation set of NOC: In this set, 43 batches are detected with abnor-
mal operation. This is an error or false alarm rate of 15.36%. To obtain this result, it is
necessary to join the results from the Q-statistic and T?-statistic charts (see Table .

Parameter | Specificity

Sensitivity

Q-statistic 91.79

82.14

T-statistic 91.43

61.25

Table 6.2: Specificity and sensitivity of each control charts

In agreement with the results obtained from the previous study of this process, a
robust discrimination between different anomalies and operational changes will be used
to diagnose the SBR process (Villez et al. 2006). CBR is only used for detection in order

to identify the better methodology.

CBR

To improve the performance of the MPCA and CBR methodologies, CB1 and CB2 were
evaluated based on several methods of how to calculate distances as explained previously
(Table . Two groups of simulations were performed in order to select the best combi-
nation between the CB and the distances calculation. The analysis and discussion of the
results are divided into two parts. In the first analysis, the simulations from each CB are
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evaluated separately. For proper performance evaluation, the sensitivity and specitivity
percentages are calculated. In the second analysis, all simulations are analyzed together
in order to compare CBs.

First analysis: Table [6.3| exhibits the first group of simulations applied to CB1. The
performance level was low when the validation set of AOC was checked. The reason for
these results may be the amount of NOC batches that are loaded into the CB1 which is
higher than the number of AOC. However, the results improve when the validation set
of NOC are inspected. In spite of TEST 3 was the lowest detecting AOC, this has a
specificity of 100 due to the number of cases stored as NOC . In general when TEST 1,
2, and 4 are proved, the specificity is good.

Specificity NOC set | Sensitivity AOC set
TEST 1 92.5 85.49
TEST 2 97.1 43.75
TEST 3 100 7.37
TEST 4 95.7 70.1

Table 6.3: Specificity and sensitivity for Case Base 1 (CB1)

With respect to CB 2, Table [6.4] shows the results of these test. The validation sets
are the same as those used in CB 1. Nevertheless, the batches that were not taken into
account for CB 2 are inspected as well. This set of batches is given the name NOC rest.
When the validation data set of NOC and NOC Rest are inspected, the sensitivity was
found to be good for TEST 5, TEST 6, and TEST 8. When the AOC set is checked for
TEST 5, TEST 6, and TEST 8, the sensitivity performance was poor. However, these

results improve and show the sensitivity to 100% when the data sets are checked using
TEST 7.

% Specificity NOC set | Sensitivity AOC set | Specificity NOC Rest set
TEST 5 90.36 62.5 97.2
TEST 6 88.57 47.3 91.43
TEST 7 100 100 100
TEST 8 92.86 53.57 97.73

Table 6.4: Sensitivity for Case Base 2 (CB2)

Second analysis: In relation to the selections of which Case Base (CB) is better, the
results are clear; using CB2, the performance of the methodology for validation of AOC is
improved. In conclusion, CB2 is the best option for this work. The results of this section
were presented as oral presentation in the European Control Conference 2007, July 2-5,
2007, Kos, Greece (Garcia et al. 2007). A study using the results from this section was
applied to the COST/IWA BENCHMARK. The goal of the application is to check the
response of the methodology in a continuous process.
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6.3 Application of descriptors and distance refining
to the COST/IWA BENCHMARK

The goal is of this section is to assess normal and abnormal operation conditions from
a WWTP using the COST/IWA simulation benchmark (Copp 2002). The ”benchmark
simulation” goal is the performance and cost-effectiveness of wastewater control systems
providing detailed descriptions about the plant layout, model parameters and simulation
models. The benchmark simulation provides a base for comparing past, present and fu-
ture control strategies without reference to a particular facility collecting a large amount
of data. In this way, Multivariate Statistical Process Control (MSPC) has proven to be
a powerful tool for monitoring, compressing and extracting data and identifying linear
combinations of variables that describe major data trends (Russell et al. 2000). Due to
the process nature, different MSPC techniques, including Principal Component Analysis
(PCA), Multiway Principal Component Analysis (MPCA) and Dynamic Principal Com-
ponent Analysis (DPCA) are examined . Where one day corresponds to one complete
process.

6.3.1 Methodology

The methodology is tested using the BSM1 benchmark plant layout. One common incon-
venience in CBR is the weight assigned to each descriptor, here the percentage of variance
per each principal component is used. The necessary steps as shown in Figure [6.6]

Learning ; Validation
. : A
Training : Evaluating y
set E set /,
1 : l
Building v v v : \J v L4 Projecting on
statistical models PCA MPCA DPCA |:> PCA ‘ MPCA DPCA‘ statistical models
---------------- e e e
Y : v v
Descriptors Q statistic - PCs Q statistic/:;;» - PCs Descriptors
................ ) #*TT
v v : v 2 v

Building ‘ ) ) Retrieving from
Case Bases| CB PCA |CB MPCA |CB DPCA E{} CBRpcx | CBRypon | CBRopos  Case Bases

I | |

Figure 6.6: Projection of the process variables in a new space using PCA
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Building the statistical models

Days with Normal Operation Conditions (NOC) were simulated in the training set. They
are used to build several statistical models:

e One model using the PCA approach is developed. This model represents the relation
between the variables.

e Another model using MPCA is developed. Using unfolding, as is explained in Sec-
tion [5.2.1 the model represents the day-to-day relations of the process.

e DPCA is used to develop another statistical model. In this case, several simulations
are used to identify the best stacking (size of window), then one option is selected
to develop the model.

In conclusion, three statistical models are developed, one for each approach. In addi-
tion, the Q-statistic is calculated with 95% confidence limits.

Descriptors: Each new problem and each case stored in the CB are described by
means of the results from the statistical models. These results are called descriptors. As
a result, three sets are created per model each with four descriptors as follows:

e Descriptor 1 is the Q-statistic value;

e Descriptors 2 to 4 are the three first principal components from each statistical
model.

Retrieval: As was shown in Section [6.2] the best way to retrieve neighbors is com-
bining distances. For this, two steps are taken into account. First, the ) distance is
calculated comparing the (e, with each @Q; stored in the CB (equation . Using
this distance, the first 30 nearest neighbors are selected. Next, the Principal Compo-
nents distances (PC's) are calculated (equation [6.2). These descriptors are scaled using
the variance captured by each PC by comparing each PC (p=1, 2 and 3) from the new
problem with each data stored in the CB. Here, only the first five nearest neighbors are
inspected. According to the largest number of repetitions, the event will be marked.

6.3.2 Results

The result of the methodology is applied to the COST /IWA simulation Benchmark. First,
the data is organized in order to apply the methodology proposed. Second, the statistical
model results are given. Finally, the results of the CBR methodologies are presented.

Organizing data

The data from the benchmark simulation is separated into two sets, as was explained in

Section 2.1.1}
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1. First data set: This set included 364 days for identifying and training the statistical
models and CBR approach. This historical data set is divided in accordance with
the knowledge about the events of the process per day. In this manner, NOC days
are exclusively selected in order to build the statistical models. Days with events
considered as Abnormal Operation Conditions (AOC) are stored in another set.
Table [6.5) shows the distribution of days in this data set.

Days | %
NOC (to build statistical models) | 261 | 71.7
AOC (to validate models) 103 | 28.3
Total days first data set 364 | 100

Table 6.5: Division of the first data set

2. Second data set: This data set contains 182 days and is labeled as evaluation data
set. The methodology proposed in this work will be validate using this set. Different
types of events with Abnormal Operation Conditions (AOC) are imposed: bulking
events, inhibition-toxicity events, high flow rate events and finally, nitrate sensor
faults.

Statistical models

PCA model: The NOC data are organized in a matrix X1 R*%6% corresponding to
261 days, and scaled. Three principal components are selected in order to represent the
model with 87% of the variance captured. The remainder of the data was organized and
scaled using the same methodology.

MPCA model: The NOC data are stored in a 3D array X with a size (261 x 9 x
96) where 261 are the number of days, 9 process variables with 96 samples. The data was
unfolded in a 2D matrix X2 R?017864 a5 is shown in Figure 3.8 Immediately afterwards,
the data were scaled calculating one standard deviation and one mean for each sample
per day. Commonly, this data scaling is called ”auto scaling” (see more Section Step
2). Three principal components are selected in order to represent the model with 71.26%
of the variance captured. The rest of the data were stored, unfolded and scaled using the
same methodology.

DPCA model: The NOC data are organized in a matrix X1 R?°%5629 Ty find the
best stacking, several iterations are performed. In this manner, three stacking methods
were selected: 10, 20 and 30 observations. Therefore, three models with three principal
components are calculated. The variances captured are 83.88%, 79.87% and 76.39%
respectively. The rest of the data were organized using the same stacking principle and
scaled using the same methodology.
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Building Case Base (CB)

From the first data set the Case Base (CB) is built. Days with AOC (103 days) are pro-
jected onto the statistical models. Immediately afterwards, the descriptors are composed
in accordance with Section The same amount of NOC days are selected to complete
the CB. These NOC have been used to build the statistical models. In this manner, the
CB includes 103 NOC days and 103 AOC days. Each case stored in the CB has a class
number, which allows diagnosing new cases. The class numbers assigned to each event
are shown in Table [6.6] In addition, seven AOC days stored in the CB are present in
more than one event; their names are a combination of their class numbers.

Event Class | Amount of days | %

NOC 1 103 50

Bulking 2 39 18.92
Inhibition /toxicity 3 22 10.6
High flow rate 4 34 16.5
Nitrate sensor fault 5 1 0.49
Bulking /flow 24 5 2.43
Inhi-toxi/flow 3.4 2 0.98
Total 206 100

Table 6.6: Assignment of class numbers for each event

CBR

Each case stored in the CB is compared with the new cases. In this work, two sets are
tested: the remaining data set from the statistical models not used in the CB (only NOC),
and 182 days evaluation data set to validate the methodology. The events present in the
evaluation data set are event classes 1,2, 3 and 4; therefore, nitrate sensor faults did not
occur.

In this work, the goal is to find the best methodology for diagnosing the events pre-
sented. Three methodologies are evaluated (Table[6.7).

Methodology 1 | Methodology 2 | Methodology 3
PCA MPCA DPCA
+ + -
CBR CBR CBR

Table 6.7: Names for each methodology developed

Remaining data set:Sensitivity is the number of true diagnoses done using a specific
methodology. The sensitivity for methodology 1 is 89%, and 100% for methodology 2. In
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methodology 3, three sensitivity levels are used (stacking 10, 20 and in 30), resulting on
67%, 57% and 63%, respectively.

Evaluation data set: Figure shows the final diagnosis per day for methodologies
1 and 2. In methodology 1, the sensitivity level is 60.44%. Using this methodology, only 2
events are diagnosed. Methodology 2, with a sensitivity level of 70%, detects three events.
The inhibition/toxicity event is not detected.
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Figure 6.7: Diagnosis using methodologies 1 and 2 for the evaluation data set

Figure shows the final diagnosis per sample for three different stackings (10, 20
and 30). Few days with 10 observations are diagnosed in events 2, 3 and 4. Using 20
or 30 observations result in an increment in diagnosis of AOC events compared with
methodology 1. The sensitivity levels for each stacking are 57.86%, 62% and 67% respec-
tively. This methodology successfully detects the four events present in this evaluation set.

The results of this section were presented as poster in 3rd International IWA Con-
ference on Automation in Water Quality Monitoring (AutMoNet2007), September 5-7,
2007, Ghent, Belgium (Ruiz, Rosen and Colomer 2006).
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Figure 6.8: Diagnosis using methodology 3 for the evaluation data set

6.4 Case base maintenance and updating

For this implementation, based on the methodology described in Section [6.1], the data
used comes from the SBR Pilot Plant from the LEQUIA group (see Section . The
particularity of this data set is the configuration variation of process operating conditions
as a result of this group’s research. Each batch of the data set has 4 process variables
with 424 samples per variable. In this manner, two data sets are used:

1. Set 1: this set corresponds to 98 batches with two reaction stages.

2. Set 2: this set corresponds to 227 batches with three reaction stages.

The goal of this implementation is to apply the DROP4 and I B3 algorithms achiev-
ing the best abilities of CBR: maintenance and updating. The case base removes similar
cases which can produce errors at the moment of retrieving a solution and learns from new
situations. The implementation is divided in three parts, clearly distinguishable as follows:

1. Building the statistical model
2. Rearranging of the data

3. Applying the CBR
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The step of building the statistical models is repeated because some graphical im-
provements were applied in order to simplify the monitoring process for the operators.
Figure shows the implementation developed.

Building
Statistical model / _NOC
Data set
Unfolding Unfolding
Scaling Scaling
Statistical Model Model validation

Rearrangement
data

Applying
the CBR

[ (o] e[|

Figure 6.9: Case Base maintenance applied to pilot-scale SBR

6.4.1 Building the statistical model

In order to understand the operation of the process, it is necessary to build a statistical
model using batches with normal operation (Normal Operation Condition - NOC) ac-
cording to previous knowledge from the expert. Thus, when a new batch is projected on
the model, its principal components and distances Q and 7 determine the operation of
that new batch.
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The original data is divided in two three-dimensional (3D) arrays; one of them con-
tains part of the NOC batches, the other one contains the rest of the NOC batches and
the whole set of Abnormal Operation Condition (AOC) batches.

For building and validating the model, the 3D arrays must be unfolded, and thus the
data becomes collected in a 2D matrix. According to the study performed in Section
[.1] the data must be scaled as well. The model is built using just NOC batches. The
validation of the model is performed using NOC and AOC batches.

In this way, a new representation of every batch is obtained: A batch previously defined
by process variables (i.e four variables: ORP, DO, pH, Temperature) directly acquired
from the process (300 samples per variable) becomes defined by 5 principal components
(PC’s) and the distance Q.

6.4.2 Rearrangement of data

Once all batches are projected on the new space, the indices that represent each batch
are obtained. These indices are called descriptors in CBR. In accordance with testing
previously performed, each case can be described by PC’s and Q-statistic (see section
. In turn, these descriptors must be weighed using the eigenvalue for to each PC,
as was presented in step 4 in Section [6.2.4 Now, all descriptors have been balanced in
accordance with their percentage variance participation.

When the descriptors have been weighed, a group are selected in order to build the
case base which contains batches or cases with NOC and AOC. The remaining descriptors
are used for testing the specificity and sensitivity of the methodology.

6.4.3 CBR application

In the same way as the MPCA was tested and validated (Section , this CBR appli-
cation is performed in two stages: creation of the case base and validation. The creation
of the case base is based on the criteria that the best case base is that one which has an
equal number of cases of NOC and AOC (see Section [6.2.6). These groups of descriptors
are part of the training block (Figure [6.1)). As distinguished in Section the case
base is initiated by randomly choosing cases from both groups (NOC and AOC). Once
the first case base is built, DROP4 and I B3 algorithms are applied. The maintenance of
the case base is done by means of the DRO P4 algorithm. The updating of the case base
is made by means of the I B3 algorithm. In consequence, three case bases are built and
used to compare the results:

1. Full Case base: Contains all batches selected randomly with an equal number of
NOC and AOC cases and any treatment is applied to this case base.
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2. DROP4 Case base: A clean-up algorithm is applied to the initial case base (full
case base). DROP4 (Decremental Reduction Optimization Procedure algorithm)
eliminates the redundant information and the noise generated by neighbor classes.

3. DROP4 + IB3 Case base: A new algorithm is applied to the DROP4 case base.
IB3 (Instance-Based learning algorithm) makes of a classification each new case by
looking for the similarities between the stored cases and the new case.

Descriptors for the evaluation block (Figure [6.1]) are used for testing the effectiveness
and sensibility of every case base (Full, DROP4 and DROP4+IB3). When a new batch
is presented for diagnosis, the CBR cycle proposes retrieving batches from the case base
with similar descriptors. The retrieval step is performed in two stages; firstly, the descrip-
tor () is used for selecting the 30 batches closest to the new batch. Finally, from these 30
batches, five are selected using the Principal Component values. From these five batches
a diagnosis is performed using voting (Chapter @ step 4). If the diagnosis is correct, the
procedure ends, but if it is incorrect, the classification is revised and retained into the
case base by means of the /B3 algorithm (see Figure .

As the configuration variation of process operating conditions change, two data set
are used, and as a consequence in total six tests for this implementation are generated.
Table summarizes how the respective tests were labeled.

Case base Set 1 | Set 2
Full testl | test4
DROP4 test2 | testh
DROP4 + IB3 | test3 | test6

Table 6.8: Names for each test developed

6.4.4 Results

Determining parameters

Before applying the methodology, some parameters must be defined. In the case of the
statistical model, the methodology developed in Section is applied in order to de-
termine the number of principal components. The scaling process is selected according
to expert knowledge. In the case of specification for CBR parameters, the size of neigh-
bors, number of friends and enemies in the D RO P4 algorithm, and the size of neighbors
of cases with the same class in the I B3 algorithm are refined by means of several iterations.

Other important parameters necessary in this implementation are the different anoma-
lies and operation changes registered in the process. This provides extra information in
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relation to an in depth investigation from the experts and the quality variables or off-
line variables (Carbon (C), Ammonium (N H"), Nitrogen dioxide (NOx) and Phosphorus
(P)). However, for the case of the data set used in this implementation (LEQUIA data
set), the extra information comes as shown in Figure

INFLOW OUTFLOW REACTOR

Data ppm Q. ppm M pRm M ppm P pRm 2 pm fpm b ppm P PRm Remaoval
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050305 3 454 700 68 453 3 ] 15 152 SBRA0213 v ox v 9 *
070305 4 355 2,40 677 417 74 36 362 041 2455 BRI vox v 8 %
09.0305 7 5049 594 652 2 3,67 17 SBRI0225 vox ¥ o0 2]
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07505 SERZE011E 2 3 2 1 3 12
09-03-05 SBRZ0225 2 3 2 1 1 12
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140305 ZBR20240 2 2 1 1 2 4
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b)

Figure 6.10: Off-line variables a) Table used for the biological experts b) Table used for
the monitoring experts

In Figure[6.10] three options of quality per variable are taken into consideration: good,
regular and bad. Every variable has been associated with a number (Figure [6.10p)).

Good =1
Regular = 2

Bad =3

In this way, nine possible combinations are presented. These nine combinations are
used as subclasses in order to check the specific situation of one operation.

Application of MPCA

Two statistical models are built, and each one corresponds to a data set from the LEQUIA
SBR pilot plant.
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e Model 1: The data is stored in a 3D array (78 x 4 x 424) where 78 batches are the
80% from data set number 1, 4 is the number of process variables, and 424 are the
number of samples per variable. The contribution of the three principal components
represents a variance of 65.49%. The loading plots are shown in Figure [6.11, The
stages of the process in every variable are also shown in the figure along with their
phases (fill, anaerobic, aerobicl, fill2, anoxic 1 and aerobic 2).

e Model 2: The data is stored in a 3D array (181 x 4 x 424) where 181 batches are the
80% from data set number 2, 4 is the number of process variables, and 424 is the
number of samples per variable. The contribution of the three principal components
represents a variance of 69.42%. The loading plots are shown in Figure[6.12] The
stages of the process in every variable are also shown in the figure along with their
phases (fill, anaerobic, aerobicl, fill2, anoxic 1, aerobic 2, fill3, anoxic 2 and aerobic

3).

Figure[6.13|chronologically shows the displacement of the batches in models 1 and 2.

In Figures and [6.15] the 3D representation for model 1 can be checked. These
figures contain lines which show standard deviations 1 and 2. Clicking over any point,
the name of the batch is displayed (not shown). The three principal components of every
batch are projected there.

Rearrangement data and Descriptors generation

When all the information has been projected in the new space, the principal components
are obtained together with ()-statistic. These descriptors represent all batches. As was
indicated in Section the principal components are multiplied by their eigenvalues.
In the same manner, the value of the @)-statistic is divided by the value of the ) limit,
according to Equation [6.4] The uniformity of the batches into the database is assured by
scaling the distance of the () statistic.

Qdescriptor - Qdismnce/Qlim (64)

In this way, the Q-statistic farthest batches are eliminated from the case base, maxi-
mizing margin between sensitivity and specificity.

Case base building

Once the entire information from the statistical model step has been scaled, it is joined
together in the same group. Several options are possible to build the case base. It is
possible to start with an empty base which will grow by learning from new situations or
a base containing some cases. In relation to this last option, 80% of the data per set is
selected. The selection of these sets are random, that is to say, any criteria can be used
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Figure 6.11: Loading plots for model 1 which corresponds to two reaction stages

for selecting the batches. This procedure starts with the TRAINING block in Figure [6.9]
This block makes reference to the DB calibration. The remaining 20% of the data per set
is used to evaluate the CBR methodology; this procedure starts with the EVALUATION
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Figure 6.12: Loading plots for model 2, which corresponds to three reaction stages

block in Figure [6.9] Each of these blocks are explained in next section.
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Figure 6.13: Score plots for models 1 and 2

Applying DROP4 and B3

To understand the results, it is necessary to bear in mind that two data sets are used. The
first one (set 1) has two reaction stages. The second one (set 2) has three reaction stages.
Additionally, each data set is tested using three different case bases (Full, DROP4, and
finally DROP4 + IB3). According to Table [6.8] the data sets are compared with the
three DBs in order to check which case base is the best for diagnosing the normal and
abnormal operation of the process. Also, these tests will provide extra information indis-
pensable for a proper correction of the process when a fault or event is presented. In this
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way, several simulations are performed in order to test what happens when the DRO P4
and [ B3 algorithms are used.

In Figure the diagnosis of the operation condition improves when new cases are
added to the case base because the correct diagnosis increases as new cases are presented
to the I B3. This means that when a new case is stored in the case base, the entire case
base is reevaluated in order to determine if this new case base is better for diagnosis.
However, in Example 4, it is shown that the increase has a limit. As was explained in
Section refereing to the DROP algorithm, this algorithm is applied only once, to the
full case base and for this reason it is possible to see that the line is constant during the
entire simulation. Example 4 improves because group 4 may contain repetitive cases of
the previous groups.

In Figure [6.17] the overall percentage seems to be worse than the previous ones shown
in Figure due to the greater area of intersection between the different operation con-
ditions; however, its overall tendency is satisfactory. In the same way as for the previous
results, the DROP4 case base shows similar behavior. Results from this section are in
preparation for publication in Water Science and Technology (Ruiz, Sin, Colprim and
Colomer 2008).
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Figure 6.16: Learning evolution for tests 1, 2, and 3

6.5 Analysis and Conclusions

Group 4

In this chapter, a new methodology for the diagnosis of a WW'TP using statistical models
and CBR is proposed and several strategies based on this methodology are studied using
several data sets: data from the BIOMATH pilot plant were used to refine descriptors
and distances, and data sets from the LEQUIA pilot plant were used for implementation

of the DROP4 and 1B3 algorithms.

To refine descriptors and distances, several simulations have been tested, combining
different possibilities. In the first one, indices from the MPCA application (PC’s, Q-
statistic and T2-statistic) have been choosen as descriptors for case representation. The
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Figure 6.17: Learning evolution for tests 4, 5, and 6

combination of the () statistic and the Principal Components in two steps offered the best
results among the other possible combinations. This is because they contain complemen-
tary information. 72 is not needed because it has the same information as the principal
components. Another important selection is the initial case base. The case base with the
same number of Normal and Abnormal Operation Conditions offered the best results. In
addition, it is proven (in this specific case) that the combination of MPCA and CBR offer
better results than using only MPCA for fault detection.

From application of the methodology to the COST/IWA simulation benchmark data
set, the best solution is using MPCA + CBR. However, DPCA + CBR method gives
good results, in this way, future work will be focused in stacking decision. In addition,
redundance situations will be deleted, and the learning techniques will be used to obtain
a better diagnosis and reconfiguration.
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For case base maintenance and updating, it was necessary to develop two blocks at
the same time: training and evaluation. In each block, it is necessary to take several
actions. First, an initial case base has been selected. Then, the redundance cases are
eliminated from the case base by means of D RO P4 and supervised for learning by means
of I B3. The processes of cleaning and learning were performed by means of the knowledge
obtained from application of the algorithms in Section and Section When a
new case is incorrectly diagnosed, this is added automatically into the case base. This is
the best CBR characteristic, the ability to learn about errors and the ability to use the
knowledge from past situations in order to bring solutions to new problems.



Chapter 7

Conclusions and future work

7.1 Conclusions

The methodology developed through this doctoral thesis based on situation assessment for
monitoring, fault detection and diagnosis of WWTP’s, specially to SBR processes; using
MPCA and CBR allows to determine the operation condition of each case. In general the
methodology uses the MPCA models as a preprocessing tool for the SBR system. The
dynamic information of process variables measured is compacted in a suitable form to be
used for the definition of cases; in others words the descriptors are obtained. The MPCA
models are implemented in an interface for monitoring (on-line and off-line) and detecting
operational conditions of a SBR process. CBR can be seen as a complement to statisti-
cal models that improves the fault detection task towards a more useful event diagnosis
system when an initial CB is built. Afterwards, DROP4 and I B3 are applied in order to
achieve the maintenance and updating of the initial CB. When similar cases are retrieved,
the diagnosis of the case is determined by means of a voting system reusing the informa-
tion stored in the selected situation. New cases are revised and retained to update the CB.

In Chapter [, description of the data sets were explained: the SBR Semi-Industrial
pilot plant data set from the LEQUTIA group was used for the first study using MPCA and
the SBR pilot plant data set from the BIOMATH group was used for in depth analysis of
MPCA and the effects of the scaling process of the data. This data set was also used for
the first test of selection of descriptors and distance in order to apply CBR. Finally, SBR
pilot plant data sets from the LEQUIA group were used for the application of maintaining
and updating algorithms in CBR. In addition data from the COST/IWA BENCHMARK
simulation were used in order to assess situations by means of CBR in addition to PCA,
DPCA and MPCA. In this point, it is important to emphasize the difference between
SBR and COST/TWA BENCHMARK simulation which the methodology gets a global
application in WWTPs. SBR is a batch process, while COST/IWA is the simulation
of a continuous process. The characteristics of the SBR process can be attributed to
a) the clarification that occurs in the same reactor, b) biological process takes place in
a cyclic way, c¢) a portion of the treated water is replaced by untreated wastewater for
each cycle, so the SBR process is distinguished from other continuous flow type activated
sludge systems, and d) influent and effluent flows are uncoupled by time sequencing. The
SBR process has a high correlation structure between variables as characterized by the
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covariance matrix. Furthermore, it is highly nonlinear, time-varying and subject to dis-
turbances with a large amount of data collected.

Main concepts about the MSPC and the CBR approaches were provided in two chap-
ters. In Chapter [3], special emphasis in monitoring for batch process was given. In Chapter
chap:4, detailed information about DROP and IB were presented making easy that any-
one develops these algorithms in any platform.

In Chapter [ the work stared with a first MPCA implementation in a semi-industrial
SBR pilot plant (LEQUIA) which without previous knowledge different groups of batches
were found. Using the MPCA and the knowledge from the experts, five types of events are
detected, four abnormal and one normal operation condition: : Electrical Faults (EF),
Variations in the Composition (VC), Equipment Defects (ED), Influent Load Change
(ILC) and Normal Operation Condition (NOC). These tools complement each other very
well. Both tools contribute to a general knowledge from the state of process. In this way,
Multiway Principal Component Analysis (MPCA) was demonstrated to be a powerful
data tool for compression and information extraction, permitting detection of linear com-
binations of variables that describe major trends in a data set. However, this technique
did not detect all the batches with AOC. As a consequence, the work using the SBR pilot
plant from BIOMATH was proposed. In this research, several models were developed
in order to find the best methodology to apply MPCA to SBR WasteWater Treatment
Plants. From this work, on-line and off-line monitoring can be used in parallel to detect
faults. Likewise, scale is essential for a correct and precise methodology where group
scaling presents a small difference when compared with auto scaling. However, this small
difference does not allow a strong recommendation for one or the other. Based on the
results, the scaling decision should be related to the objectives to the process operation.
In this thesis, the appropriate scale approach was GS. Finally, a module for a real appli-
cation at semi-industrial SBR pilot plant was developed.

In Chapter [0, CBR was added to the MPCA methodology. In this union several doubts
emerged, for example: The process variables are available, but could be used the results
from MPCA methodology, in this way, which descriptors could be used to describe a case?
Which could be the best way to build a case-base? Which should be the best procedure to
retrieve cases from the data-base? How many cases will be necessaries to retrieve? How
could be possible to take the decision about a new case diagnosis? How could be cleaned
(maintenance) the data base from redundancy information? How update the case base?
To solve all of these questions, the work was divided in two parts. In the first part, the
descriptors, case base and retrieve questions were solved. In the second part, maintenance
and updating questions were developed.

Descriptors, case base and distance refining was performed using historical data from
lab-scale BIOMATH SBR plant because it had big amount of data in which several op-
erations conditions were determined by means of MPCA and LAMDA algorithm (see
Appendix . In spite of the fact that the process variables could be used directly as de-
scriptors of the cases, the values of principal components, Q-statistic and T2-statistic were
used as descriptors because they were correlated by means of lineal combination increas-
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ing the relation and eliminating the possible sensor noise. Once, the descriptors had been
selected, several combinations were performed (not all showed). Next, the case bases were
built. The cases used for this purpose should perfectly be well-known. Quality and relia-
bility of the data was an important aspect. If these aspects were insufficient, probably the
solution would be incorrect. Three results were obtained: First, Case base should started
with same amount of normal and abnormal condition guarantying all possible situations.
Second, the best way to describe cases was using Q-statistic and PC. Third, performing
two steps retrieval was the best way to get the most similar cases where Q-statistic be-
haved as filter characterizing the similitude with the nature of the new case and PC looked
for the accurate space location of new cases. These results were used in a short study
of the methodology response over continuous processes. The historical data set was the
COST/IWA simulation benchmark. The dynamic of the benchmark process is different
than SBR, then other statistical extensions like dynamic PCA and PCA were checked
together with MPCA. The results showed the methodology can satisfactorily work in this
kind of process. The methodology could be used as a final application in wastewater sys-
tems. However new questions were presented, why redundancies cases from the data base
should be removed? why updating should be implemented? The answers were: because,
the case base could increase enormously making complex the diagnosis about the situa-
tion due to when a new case was presented, it was compared with each case stored into
the case base. Similarly, when a new situation was presented, it was incorrectly diagnosed.

Case base maintenance and updating were performed using historical data from lab-
scale LEQUIA SBR plant. This historical data set had two operational conditions. The
first operational condition (set 1) had two reaction stages and the second (set 2) had
three operational stages. Visual load windows were improved to simplify the monitoring
process. Maintenance and updating CBR abilities were obtained by means of decremental
reduction optimization procedure (DROP) and instance-based learning (IB) algorithms.

Important decisions were resolved when the next questions were analyzed: how much
redundancy information should be removed? And how many enemies and neighbors could
be selected? In addition, extra information about anomalies and operational changes were
introduced. Several proofs were developed to test the sensitivity and specificity of the best
CBR. In this way, three tests were developed: (i) using a full data base generated ran-
domly. (ii) employing DROP to delete redundant cases. (iii) used a full implementation
of the CBR abilities by means of DROP + IB algorithms. The results successfully showed
that, after two iterations, a full implementation of CBR surpassed the other two, guaran-
teeing the learning procedure saving computational cost.

In conclusion, the methodology developed in this doctoral thesis can be used to mon-
itoring, fault detection and diagnosis for WW'TPs, with some specific changes mentioned
in future work. For instance, the case base can be improve storing more information about
the process, causes, solutions and comments.
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7.2 Future work

This thesis is intended to contribute to the development of new techniques for diagnosis
in Wastewater Treatment Plants. Nevertheless, this work is only a particular approach
to the wide field of situation assessment. Future research is certainly needed to obtain a
robust, automatic and general tool. The immediate future work should be focused on the
following subjects:

7.2.1 MSPC

Implementing multi-phase algorithm

Recently, multiples multi-stage models have been proposed to performance monitoring in
batch process increasing the fault knowledge and adjustment to the process nature. The
new methodology is called Multi-Phase principal component analysis (MPPCA). In this
way, MPPCA could be implemented for detection of phases during the batch process.

Missing data

The historical data lengths were worked without take into account the missing data prob-
lem. However, in real systems missing measurements are a common problem of the
processes. It can be due to sensor failures, sensor routine maintenance, samples not col-
lected at the required times, data discarded by gross measurement errors, or sensors with
different sampling periods. This problem could be solved applying methods to estimate
the possible scores values or using MPPCA algorithm.

7.2.2 CBR

Optimal neighbors number

It is necessary to find the optimal number of neighbors k. In this thesis, this number was
found by means of several iterations, ranging from 5 to 100, and choosing the number
of iterations that procures the best performance. However, it is necessary to perform in
depth research to extract the optimum number for k.

Initial Case Base

The initial case base was made by randomly selecting and conserving an equal number
of NOC and AOC. Other modes to begin the case base can be explored in order to see if
some improvements are obtained in the final results.

Refining of distance

Several combinations have been used in order to find the best option to calculate the dis-
tance between the new case and its neighbors. Options such as trigonometrical functions
together with the indexes should be investigated.
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Decision making rules

Actually, at the end of retrieval step, there are five nearest neighbors. The final decision
to determine the operation of a new case is solved using a voting rule. The results are
acceptable when the situation assessment is only distinguished in two classes of operation
(normal and abnormal). However, this rule has problems when there are more classes, so
it is important to elaborate a deeper research in this direction.

Giving more extra information

The case base can be programmed using more extra information. This will allow, for
example, the gathering of important information about the process, possible causes for
abnormal operation, possible solutions and complementarily comments using the off line
variables N-NH and P-PO, among others.

To extrapolate this methodology to other process

This methodology has been applied only to SBR processes. Implementation in others
batch processes should be proposed. If a modification in the Benchmark model BSM1_LT
is made, the final methodology developed in this doctoral thesis could be applied also here.

To improve the on-line application

The thesis developed a previously available monitoring application. However, the applica-
tion has not implemented the CBR approach. Future work could focus on the finalization
of this approach applying it to a real case.

Improving the Benchmark application

The COST/IWA simulation benchmark evaluates different control strategies. At the same
time, the monitoring, fault detection and diagnosis can be studied. The application in
this work was superficial since sensitivity was not evaluated. Full implementation of a
CBR methodology (retain, reuse and revise) should be focused as a future work.

Reconfiguration of actuators

Until this moment, the diagnosis can show the possible solutions when a fault occurs,
but the operator has to reconfigure manually the process. The union of diagnosis and au-
tomatic control of actuators will provide a quick solution saving time and cost in WWTPs.

As a final recommendation, when the engineers know the process better methodologies,
analysis and interpretation can be developed. As a consequence, more implication between
the studied process and monitoring and control engineers must be considered.






Appendix A
LAMDA application

A.1 A short introduction to the LAMDA algorithm

LAMDA methodology (Learning Algorithm for Multivariate Data Analysis) is a classifi-
cation strategy developed by Piera (1987). It was based on an original idea by Aguliar-
Martin and Lopez (1982). LAMDA represents a system of classes by means of logical
connection of the marginal information. In this manner, the global configuration of one
object to a class is calculated starting from the marginal configuration of each attribute
following a heuristical rule. The object will be a member of one class when it has the
larger adequation scale.

When one object is not classified, it is confronted with one prototype or concept for
each of the existent classes. This diffuse nature of prototypes creates imprecision when the
concepts are formed. In this way, LAMDA is a conceptual methodology of classification.

The main feature of LAMDA is the diversity of problems that can be solved. This flex-
ibility is due to properties of the supervised and nonsupervised learning, the employment
of quantitative and qualitative attributes and sequential learning. The learning capacity
depends on specific functions.

An application of LAMDA is SALSA. SALSA is a userfriendly interface developed by
the Diagnosis Supervision and Control group (DISCO) of the Laboratory for Analysis,
Architecture of Systems (LAAS-CNRS) (Toulouse-France) which was used in eXit and
Disco (2004). SALSA provides an easy interface which has the capability to work in two
stages:

e off-line stage: Design and construction of a classification system.

e on-line stage: Classification system used to determine the function and state of the
process plant.

In this manner, it is possible to determinate the current status of the process provid-
ing more information about the operation in accordance with the methodology applied
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for diagnosis. In conclusion, SALSA is an interface to LAMDA, which is a method that
combines algorithms of numeric and symbolic classification using fuzzy logic and hybrid
connectives (Aguliar-Martin and Lopez 1982). In this work, the classification process is
described as follows:

Matrix X is conformed by the LAMDA-descriptors, where each row characterizes one
case. Each row is conformed to the principal components extracted in the MPCA model.
The descriptors report the normal or abnormal operation of each batch (see Figure [A.1]).

”~
X
I
- ™
Eatch Ea X 3 e ] HE xE ]

1 -1,18040 0,40769 -0, 18347 0.520456 037174 0z237a4 | 053304 | -0,00425
2 -0,60427 -0,45185 0,065 14 078174 -0,29000 0,076 05962 -0, 45095
3 -0,37435 -1.415490 -0,03215 070026 05338 0,0=34963 -0,30230 -0,39554
4 -0, 16242 022701 -0,00520 -0.07595 000332 -0,18824 | 0029 -0,05701
5 00,4250 0, 19542 -0,02061 -0,19555 007722 -0, 20005 0,05 0,25102
177 -0,52503 -0 85424 0, 73638 -0Fonsz 1,06240 0, 78520 00341z 082625
178 0,527 53 -0.84570 0,73503 0,704 1.06=220 0,70 002552 090762
179 -0, 524753 -0.84570 0,723503 070473 1,08220 07700 0023552 020762

Table A.1: LAMDA-descriptors used to define batches

In the classification process, each descriptor is assigned to one ”"class” (Piera 1987).
The class (k;) is defined as the universe of descriptors, which characterizes one set of
descriptors as pictured in Figure [A.T]

In accordance with Aguado (1998) and Aguliar-Martin and Lopez (1982), in LAMDA
two steps are necessary in order to obtain the final classification:

1. The MAD (Marginal Adequacy Degree): a term related of how one descriptor is
related to one class. Each descriptor is compared with each existing class. This step
has a possibility function to estimate the distribution of the descriptors based on a
?fuzzification” of the binomial probability function computed as equation [A.1}

MAD(diz;/ pigi) = pij (1= pigpe) =% (A1)

where

d;x; = descriptor i of the object
J pisk = descriptor i and class k
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Figure A.1: Basic LAMDA recognition methodology

2. GAD (Global Adequacy Degree) is defined as the pertinence degree of one object
to a given class, as in fuzzy membership functions (m.;(x)) where the partial results
from the MAD step are aggregated to form an individual class. The GAD step is
performed as an interpolation between a t-norm and a t-conorm by means of the (3
parameter such that 3 = 1 represents the intersection and S = 0 means the union
(in this application 5 = 1):

GAD = BT(MAD) + (1 — 8)S(MAD) (A.2)

where t-norm can be used with minimum / maximum values.

A.2 Semi-Industrial SBR Pilot Plant application

In this work, only the off-line stage was used for the batch classification. X is the principal
components of each batch, with dimensions 8 x 179 (Table . The training method was
not supervised but the exigency level was the maximum. Figure shows a part of the
frame tool when the SALSA-LAMDA algorithm is used in order to classify the batches
of operation from the semi-industrial pilot plant (LEQUIA group). In this Figure, the
batches are on the z axis and the classes are on the y axis.

In this way, the tool automatically classified the data into eleven classes. According
to these results and the analysis made by the chemical and the control engineers (Table
5.7), it is possible to identify classes that only contain batches with equipment defects,
electrical faults, atmospheric changes or variation in the composition. Classes 1,9 and
10 correspond to Normal Operation Condition (NOC). Class 6 is due to atmospheric
changes. Classes 3 and 11 are variations in composition. Classes 7 and 8 are electrical
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Figure A.2: LAMDA classification

faults. Finally, classes 2, 4 and 5 are composed of different types of batch processes with
Abnormal Operation Condition (AOC) (Figure [A.3).
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Figure A.3: Batch class composition according to type of batch process

Table shows a summary of the number and percentages of batches in each class,
as well as the composition and the name assigned to each class. The predominant is class
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1 which contains 48.04% of the total historical data; this class is called NOC (Normal Op-
eration Condition). Some classes do not have one specific class of operation; for instance,
class 5 is considered an Abnormal Operation Condition (AOC) because there are influent
load change and equipment defects events.

CLASSES
1 2 3 4 5 6 7 8 9 10 11
NOC 79 17 0 8 0 0 0 0 17 4 0
AT 2 1 0 10 3 1 0 0 0 0 0
EQ 1 3 0 0 2 0 0 0 0 0 2
VC 4 11 7 1 0 0 0 0 3 1 0
EF 0 0 0 0 0 0 1 1 0 0 0
Total | 86 32 7 19 5 1 1 1 20 5 2
name | NOC not VC not AOC | AC | EF | EF | NOC | NOC | ED
classified classified

Table A.2: Classes obtained by SALSA-LAMDA for semi-industrial pilot plant

The relationship between the class and principal components was also observed in this
study. Table shows the result of this analysis. The 8" principal component has the
lowest change of all the classes formed automatically. This indicates that the number of
principal components of the MPCA model, and consequently, the LAMDA-descriptors
(X matrix), is seven. If only seven components are selected, the total variability will be
90.54%. In conclusion, the MPCA model will be with only 7 principal components.

Class Claszz 8 Class9 Class10 Class 11
171 =g 0,250 0,064 0,97y 0267 0,313 0,313 03 0313 0,230 0,563 0,300
# Component IR 0,485 0,023 0,991 0,781 0,875 0125 0125 0.o0s 0,500 0100
mponent IR 0,814 0,804 nes 0,798 0,735 0125 0,875 0813 0,792 0,755
gl 0,837 0,840 0,818 0845 0,813 0,875 0.37s 0,125 0.g28 0,206 0,767
5 Component IREE 0,840 0,818 oo 0,844 0,625 0,740 0124 0,833 0,206 0,900
£ Component VRS 0,500 0,500 0500 0,969 0,875 0,500 0,500 0516 0375 0,900
=g 0,002 0,004 0,023 0009 0,031 0,875 0125 0,125 0,008 0,042 0,100
nent I 1,000 1,000 1,000 1.000 1,000 1,000 1.000 1.000 1,000 1,000

Class 4

Class 5

Class h

Class 7

Table A.3: Batch class composition according to principal component

Results from this study were published in the Revista Iberoamericana de Inteligencia
Artificial (2006) 29:99-107 Ruiz, Colomer and Melendez (2006).
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CLASSES

Amount | % | Name

Class 1 223 14.18 | pH + DO
Class 2 259 16.47 | NOC

Class 3 43 2.73 | W + DO + Cond
Class 4 261 16.59 | NOC

Class 5 139 8.84 | DO

Class 6 74 4.70 | pH + DO
Class 7 15 0.95 | DO

Class 8 4 0.25 | DO

Class 9 1 0.006 | Temp + DO
Class 10 153 9.73 | NOC

Class 11 32 2.03 | ORP + W
Class 12 146 9.28 | DO

Class 13 7 0.45 | ORP + NOC
Class 14 8 0.51 | pH + DO
Class 15 135 8.58 | Cond + NOC
Class 16 54 3.43 | DO

Class 17 19 1.21 | Temp or DO

Table A.4: Classes from SALSA-LAMDA for BIOMATH SBR pilot plant

A.3 Lab-Scale Plant SBR application

The LAMDA tool was used in order to classify the batches from the BIOMATH lab-scale
plant SBR (Chapter , section . There were six descriptors, and the MPCA model
was developed using auto-scaling for the scale data step. In this way, 17 classes were
formed automatically.

An analysis by the chemical and control engineers was made and as a result, the classes
were assigned names: Class 1 comprises batches with Abnormal Operation due to pH and
DO problems; class 2 represents batches with Normal Operation Condition (NOC); class
3 contains normal batches with problems in Weight (W), DO and Conductivity (Cond);
class 4 is formed of batches with Normal Operation Condition; class 5 is made up of
batches with AOC in the DO profile; class 6 contains two different types of events: pH
and DO; classes 7 and 8 are made up of batches with perturbations in the normal evolu-
tion of the DO variable; class 9 is formed by just one batch with problems in Temp and
DO; class 10 is made up by batches with Normal Operation Condition (NOC); class 11 is
formed by some batches with AOC in ORP and W profiles; class 12 is formed by batches
with problems in DO; class 13 formed by batches with NOC and small problems in the
ORP profile; class 14 is made up of batches with DO and pH abnormal operation; class 15
is formed by batches NOC; class 16 is formed by batches with NOC but abnormal oper-
ation in DO; and class 17 is composed of batches with abnormal operation in Temp or DO.



A.3. Lab-Scale Plant SBR application 127

Threedimensional figures are shown in order to make comparisons between classes
with NOC and AOC. Figures [A 4] [A.6] and [A_§| represent a class with normal behavior.
Figures [A.5] [A.7 and [A.9] are classes with problems in weight, DO and high values of
conductivity. In Figures (class 2) and (class 3), a plane that crosses the origin is
shown in order to help distinguish between classes with NOC and AOC. Using this plane,
it is possible to check the values larger and less than zero (pink plane). Figures and
[A 7 highlight the classification using contrast of colors. Finally, Figures[A.§ and [A.9show
a cross-section for classes 2 and 3.

Temperature,Ph,DO,ORP, Conductivity, Weight Temperature,Ph,DO,ORP, Conductivity, Weight

Figure A.4: Three dimensional representa-  Figure A.5: Three dimensional representa-
tion for normal behavior (Class 2) tion for abnormal behavior (Class 3)
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Figure A.6: Color levels for class 2 Figure A.7: Color levels for class 3



128 A. LAMDA application

25 6

20

5r 61 2t

i i i i
360 720 1080 1440 1800 2160 0 360 720 1080 1440 1800 2160
Temperature,Ph,DO,ORP,Conductivity, Weight Temperature,Ph,DO,ORP,Conductivity, Weight
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A.4 Data mining

Another study using the same Lab-Scale Plant SBR data from BIOMATH was developed,
using MPCA to build the statistical model and LAMDA is used as a classification tool.
However, in this particular work the procedure is performed twice. The first iteration
discriminates between batches with normal and abnormal operation condition (NOC and
AOC). The second iteration uses the same methodology, but using only batches with NOC
obtained from the first iteration. This procedure helps to distinguish between batches with
the same kind of operation.

In accordance with the conclusions from the previous section about the number of
principal components and together with the study developed in Section (Determina-
tion of the number of principal components), in this study six principal components and
the Q-statistic are selected in order to constitute the descriptors.

LAMDA automatically classified 16 different classes. Each of these classes is subjected
to an in depth investigation using the knowledge from the experts and the stored infor-
mation of the data. One name is associated with each of the classes. Table [A.5 shows
the names together with the number of batches per class. Class 16 could not be marked,
though this cluster exhibited only abnormal batches. Classes 1, 3, 5, 7 and 13 are identi-
fied as normal, corresponding to 73% of the data set. The 10 remaining classes could be
marked with a specific fault or set of faults.

The descriptors from classes 1, 3, 5, 7 and 13 are used for the second iteration. Simi-
larly to the first iteration, the obtained classes are investigated in detail in order to mark
them. Table[A.6]shows the obtained classes given with their number of batches and names.

Batches with the same or similar behavior are grouped together by means of the
LAMDA algorithm. Diagnosis is then easily performed by investigation of a limited
number of batches of those clusters. Combining MPCA and clustering therefore provides
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an efficient and effective diagnosis tool for SBR processes. In the first iteration, where
MPCA and LAMDA are combined, it is possible to discriminate several classes that
uniquely correspond to a certain fault or set of faults. These classes represent 93% of
the all abnormal batches found and the remainder of batches with AOC are identified by
means of the second iteration. The results show that the combination of MPCA modelling
and the LAMDA algorithm allows a discrimination of the operation and the alterations of
the process. However, LAMDA can not learn when a new fault or problem is presented.
More information about this work can be found in Villez et al. (2006).

Class | Amount % Label
1 219 11.18 | normal 1 (low DO operation)
2 31 1.58 communication problem with balance
3 241 12.3 normal 2
4 187 9.55 cooler failure
5 607 30.99 | normal 3
6 23 1.17 | high pH
7 126 6.43 normal 4, recovery from cooler failure (cluster 4)
8 5 0.26 extreme DO
9 1 0.05 low ORP and extreme DO
10 72 3.68 conductivity probe failure
11 144 7.35 conductivity probe in repair
12 39 1.99 conductivity probe in repair and communication
problem with balance
13 245 12.51 | normal 5 (optimised operation)
14 7 0.36 low ORP measurement
15 1 0.05 multiple sensor failure (ORP, temperature and weight)
16 11 0.55 | abnormal (no unique fault)

Table A.5: Names for classes of the first classification

Class | Amount % Operation Label

1 210 14.59 normal 1 low DO setpoint, transient operation

2 95 6.61 normal 2 low DO setpoint, steady operation

3 98 6.82 normal 3 high SV_30 (bad settling), low NO_3-N

4 49 3.41 normal 4 decreasing SV_30 (improving settling),
increasing NO_3-N

5 334 23.22 normal 5 filamentous bulking, decreasing/low NH_4-N;
high NO_3-N

6 4 0.28 abnormal 1 | high DO in anoxic phases

7 71 4.94 normal 6 increasing SV_30 (worsening settling),
high NO_3-N (10-20), increasing COD

8 94 6.54 normal 7 high SV_30 (bad settling), high NO_3-N (;20),
increasing COD

9 3 0.21 abnormal 2 | high DO in aerobic phases

10 5 0.35 | abnormal 3 | high DO in aerobic phases (mixing too intense)

11 289 20.1 normal 8 filamentous bulking, high NH_4-N,
decreasing/low NO_3-N

12 5 0.35 abnormal 4 | cooling system failure

13 2 0.14 abnormal 5 | pump control error:
feeding too high in anaerobic phase

14 19 1.32 abnormal 6 | pumping failure

15 116 8.06 normal 9 filamentous bulking, decreasing/low NH_4-N|
high NO_3-N

16 1 0.07 abnormal 7 | high DO in aerobic phases

17 43 2.99 normal 10 filamentous bulking, high NH_4-N, low NO_3-N

Table A.6: Names for classes of the second classification
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