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THESIS SUMMARY

Diagnosing faults in wastewater treatment, like diagnosis of most problems, requires bi-
directional plausible reasoning. This means that both predictive (from causes to
symptoms) and diagnostic (from symptoms to causes) inferences have to be made,
depending on the evidence available, in reasoning for the final diagnosis. The use of
computer technology for the purpose of diagnosing faults in wastewater process has been
explored, and a rule-based expert systems was initiated. It was found that such approach
has serious limitations in its ability to reason bi-directionally, which makes it unsuitable
for diagnosing tasks under the conditions of uncertainty. The probabilistic approach
known as Bayesian Belief Networks(BBNs) was then critically reviewed, and was found
to be well-suited for diagnosis under uncertainty. The theory and application of BBNs are
outlined. A full-scale BBN for the diagnosis of faults in a wastewater treatment plant
based on the activated sludge system has been developed in this research. Results from
the BBN show good agreement with the predictions of wastewater expert. It can be
concluded that the BBNs are far superior to rule-based systems based on certainty factors
in their ability to diagnose faults and predict symptoms in complex operating systems

having inherently uncertain behaviour.

Key words: expert systems, reasoning under uncertainty, rule-based systems, Bayesian

Belief Networks, wastewater treatment.
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CHAPTER 1 INTRODUCTION

The treatment of wastewater involves complex processes that are dynamic in nature.
Changes in the flow rate, concentration and composition can often affect the normal
operation of the system. Thus such systems require skilled and properly-trained
wastewater operators on site to ensure satisfactory system performance, so that treated
effluent can consistently comply with regulatory requirements. The challenge that is
faced by these operators is to detect early symptoms before any effluent problem occurs.
If left unchecked, these problems may escalate into a crisis situation costing heavy

penalties and bad publicity for the organization.

Unless the operator is very well-trained and experienced, his/her task may seem quite
challenging. Furthermore, the type of skill required is gained mainly from practical field
experience rather than through classroom training. The challenge is further compounded
by the fact that as new industries are set up, there is usually a shortage of skilled
operators. Those who are very skilled may be promoted to a higher position, or simply
leave the organization upon retirement. They will take with them their extensive
knowledge and experience, with little passed on to their successors or the organization.
Though many would like to share their experience, this is usually done on an ad hoc

basis, rather than through a systematic approach.

The desire to capture expert knowledge systematically prompted research into the use of
computer technology. Although experts' knowledge, especially their heuristic knowledge,
may not be fully emulated, research into the use of Artificial Intelligence (AI) has
achieved significant success in this field. There are many well-developed techniques in
the broad domain of Al including: expert systems, robotics, neural networks, and visual

recognition.
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In view of the potential needs, the author initiated a project to conduct research in the
wastewater treatment area. The work initially centred around choosing an appropriate Al
technique on which to base such work. It was decided that a rule-based expert systems
approach be used, because of its good structuring system and the ready availability of
commercial tools seemed to best facilitate the system’s development. In particular, a
software package produced by Creative Logic Limited called LEONARDO was chosen
for the work. It was envisaged that an expert system, CLAR_EX (CLARifier EXpert - an

expert system for detecting faults in clarifiers), would be developed to fulfill the

objectives of this project.

The ensuing work focused on the development of the knowledge base for CLAR_EX.
The knowledge needed was on the diagnosis of faults found in the clarifiers of an
activated sludge wastewater treatment system. So the first step was to conceptualise and
put into writing the common symptoms of this process, their causes and recommended
remedial actions. A diagram for each symptom was made depicting its linkage to its
possible causes. 21 such diagrams, known as Inference Diagrams, were developed and
these formed the foundation for transforming this knowledge into computer code that
formed the knowledge base of CLAR_EX. The knowledge was originally acquired from
literature review and the author's own personal experience, then further verification was

made by interviewing domain experts.

A prototype of CLAR_EX was developed. However, in the subsequent work of
examining how CLAR_EX could handle uncertainty in the relationship, the author found

that it was difficult to implement the necessary interactions between the 21 inference

diagrams in a truely representative way.

This can be illustrated by looking at those caused by correlated evidence, which arises

when two apparently independent items of evidence relating to a particular cause or



causes are later found to have originated from a common source. For example, if you are
responsible for the maintenance of a wastewater plant and are informed of excess solids
flowing over the weirs of the clarifier from two sources: a message left with your
secretary by an operator who is a well-known joker; followed later by a telephone call
from a newly appointed plant manager. Your initial doubt about the validity of the first
message was overcome when you receive the call from the manager, but was later
renewed when you found that the plant manager had gained his information from the
same operator. This type of situation creates enormous difficulties in rule-based systems
because of their assumption of detachment (that is, how the validity of each rule is
independent of its evidence was derived). Chapter 4 fully explores and explains this

concept in detail.

In addition, effective diagnosis requires the retraction of belief in a given cause when new
evidence implies an alternative cause and explains away the earlier evidence pointing to
the first clause. Such retraction requires bi-directional plausible reasoning, that is,
predictive (cause to symptom) and diagnostic (symptom to cause). Such capabilities are
not available in modular rule-based expert system, for reasons which will be explained

later.

The inability of CLAR_EX, and rule-based expert systems in general, to effectively
represent problems involving plausible reasoning (that is, problems where the
relationships are characterized by the existence of inherent uncertainties) prompted re-
consideration of the future direction of this research work. This occurred at a time when
Causal Belief Networks were emerging as a powerful new technique in AL. The
superiority of this technique over the rule-based system approach with respect to the task
at hand was so apparent that it was decided to abandon CLAR_EX and transfer to this
new approach.

This was not too great a set back since the inference diagrams developed for CLAR_EX

provided a good starting point from which to construct the structure of the causal belief



network. The development of this causal network, known as CLAR_NET (CLARifier
NETwork - a causal belief network for the detection of faults in clarifiers) basically
consisted of two distinct stages - construction of the causal structure, and the estimation
of its conditional probabilities. However, subsequent fine tuning of the network involved

iterations between the two.

The construction of the causal structure of CLAR_NET involved integrating all the
essential components of the 21 inference diagrams into one large network. Subsequent
fine tuning was made to decompose some of the nodes having too many parents into
smaller immediate generations, so that they became grandparents or even great-
grandparents. The reduction in the number of links to each node not only resulted in
better computational efficiency of the structure, but also provided a clearer causal
relationship between the different entities in the wastewater plant. Subsequently, two
domain experts: H.A. Hawkes from Aston University in U.K., and Phil Nungesser from
the Bureau of Water Pollution Control in Atlanta, USA were consulted to provide
comments on the validity of the network. Their feedback led to further modification of

1ts structure.

In estimating the'conditional probabilities, each node was first assigned two or three
possible states; for example, low, normal and high. The conditional probabilities
associated with these states were initially assigned by the author based on his pérsonal
experience of wastewater treatment processes. The structure and conditionally
probabilities were then transferred into an Apple Macintosh software package called
ERGO to create CLAR_NET. CLAR_NET was then compiled and run to provide the
prior beliefs (that is, "no evidence" case) in the states of all the nodes. These showed that
several nodes displayed high beliefs in abnormal state, which was clearly erroneous for
the ‘no evidence’ case.

Thus, the next stage was to re-examine all the conditional probabilities and wherever

possible, modify them so as to reduce the likelihood of abnormal prior beliefs. By
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successive adjustments, a modified network with a set of refined conditional probabilities
for all the nodes was obtained; in which all the prior beliefs in ‘normal’ states were at
least 90%. The only exception was the 'Influent Type' node which had three states:
industrial wastewater only, domestic wastewater only, and mixed domestic/industrial

wastewater. Clearly, the concept of normal operation did not apply to this node.

CLAR_NET was then subjected to four types of tests to assess its accuracy of predictibn.
The first assessment was to determine whether CLAR_NET has the ability to predict
results accurately. This was done by putting CLAR_NET under the normal plant
condition (denoted as the “No Evidence” case) to check whether all relevant node

probabilities obtained were indicative of the “normal” state condition.

The next test was designed to test the behaviour of CLAR_NET under several conditions
that could possibly occur in an activated sludge system of a wastewater treatment plant.
Forty cases were conducted, of which twenty-three cases were predictive-type cases, and
the rest were diagnostic-type. Results were generally found to be acceptable within the

range of the author’s expectation.

CLAR_NET was then subject to sensitivity tests to demonstrate its sensitivity and
stability with respect to the evidence received. Eight cases with different sets of evidence
were presented. In each case, those nodes within CLAR_NET d-connected to the
evidence node were examined, and they were colour-coded to illustrate the magnitude of

impact due to the evidence received.

The final tests involved presenting to four domain experts with a questionnaire containing
case studies. They were asked to predict the likely states of specific nodes in the network,
given the states of other selected nodes. The results obtained were compiled and

evaluated. For each case, the deviation of CLAR NET prediction to an expert's response,

known as error (in terms of percentage), was calculated. From the results obtained from
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each domain expert, the average error using the root mean square (RMS) formula was
computed. The CLAR_NET'"s predictions were found to fall within an acceptable range of
those of the experts', with the RMS of RMSs of error of only 7.37%. The system was
deemed able to predict and diagnose faults in clarifiers serving activated sludge plant to a

satisfactory level of precision.

The above summarizes the whole content of this thesis. The following chapter reviews
the literature in the two specialist fields which together form the basis of this project;
namely: a) biological wastewater treatment systems, b) artificial intelligence and expert
systems, and c) the application of expert systems in wastewater engineering. This
provides the basis for understanding the motivation for this project, its basic principles

and the way in which it developed.

Chapter 3 brings into picture the development of the diagnostic model for clarifiers. The
initial work of which was conducted using the rule-based expert system shell, which
resulted in the development of the prototype system (CLAR_EX). The stages in its
development, its strengths and weaknesses, and especially its inadequacy in handling

uncertainty using the certainty factors are highlighted.

The concepts behind the Bayesian Belief Networks are fully explained in Chapter 4, with
an Example Network to illustrate its application. Results from cases consulted shows that

the network is able to handle plausible reasoning like human experts.

This leads to the development of CLAR NET, a diagnostic and predictive network for
wastewater treatment based on the concept of Bayesian Belief Networks. The process of

constructing the causal structure and eliciting the probabilities for CLAR_NET are

explained in Chapter 5.

16



In Chapter 6, the full network of CLAR_NET is subjected to tests to check its accuracy
and sensitivity to changes in evidence. The methodologies for these tests and the results

are also presented.

Chapter 7 gives a conclusive summary to the above, together with a section on an
over-view of the whole project and recommendations for further improvement to the

system and possible directions of future research.

Various segments of the work conducted, such as the inference diagrams for CLAR_EX,
computer codes for CLAR_EX transcripts of interviews with domain experts,
questionnaire presented to domain experts to check system performance, and references

used throughout work here are also contained in the thesis.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Before exploring in detail the application of Bayesian Belief Networks (BBNs) in
biological wastewater treatment, it would be more appropriate to fully understand some
underlying principles, as well as the research and published work relating to the

application of computer technology in the wastewater treatment area.

This chapter will begin with some fundamental concepts of wastewater treatment
processes, specifically in relation to the activated sludge system and clarifiers, which are
principal components covered in this project. It will then proceed to discuss the concept
of Artificial Intelligence (Al) in general, and the application of expert systems in greater
detail. Various techniques for handling uncertainty will also be discussed. This will bring
forth an understanding of the strengths and limitations of these techniques as a prelude to
explaining why the Bayesian technique was finally chosen in preference to the rule-based

system.

2.2 Wastewater Treatment Operations in Environmental Protection

2.2.1 Historical Background

Although the earliest sewers known in the Western World were the great underground
drains of ancient Rome, wastewater treatment is a comparatively recent development
dating from the late 1800s and early 1900s. Development of the germ theory in the latter
half of the nineteenth century by Koch and Pasteur marked the beginning of a new era in

sanitation [Metcalf and Eddy, 1979].

In England, wastewater treatment and disposal did not receive much attention until the
construction of sewerage systems in the mid-1800s after the cholera epidemic which

claimed over 25,000 victims between 1848-1854. Because of the small size of British
streams, untreated wastewater which discharged into them soon became a nuisancc. As

the rivers became adversely polluted and the amount of land suited for wastewater

18



disposal by irrigation was limited, intensive methods of treatment were developed. One of
the first recorded wastewater treatment processes used in England was chemical
precipitation and sedimentation in 1762. The activated sludge process which is the most
common biological wastewater treatment today, can be traced back to England as early as

1882 when the aeration of sewerage in tanks was investigated.

In the United States, wastewater treatment and disposal did not receive as much attention
as in England in the late 1800s, because the extent of pollution caused by wastewater
discharged into the relatively large bodies of water was not as marked, and also there
were greater areas for land treatment of wastewater. The first septic tanks used in the
United States were reported in 1876, and in 1887 the Lawrence Experiment Station was
established by the Massachusetts State Board of Health to study both water and
wastewater treatment [Department of Army, 1975]. The research at Lawrence produced
many intensive wastewater treatment methods. By 1948, wastewater treatment plants
served some 45 million Americans out of a total population of 145 million people. A
needs survey indicated that in 1980 there were approximately 15,251 wastewater
treatment facilities in the United States serving a total population of 157 million people,
and it was projected that in the year 2000 there will be 21,600 treatment facilities serving

247 million people [U.S.EPA, 1981].

2.2.2 Biological Wastewater Treatment Using Activated Sludge System

Recent studies show that environmental standards imposed by regulatory agencies are
defining the technologies needed for effective operation of wastewater treatment systems
[Wett, 1995]. However, the conventional method of biological wastewater treatment

using the activated sludge process still proves to be both cost effective and efficient.

The activated sludge process involves treating sewage and other bio-degradable waste
water, by aerating and agitating the liquid in admixture with activated sludge, and
subsequently separating it from the treated effluent by settlement. Activated sludge can be

defined as the flocculant microbial mass which is produced when sewage is continuously
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aerated. It consists mainly of organisms which are able to metabolize and break down the

principal contaminants of waste water.

Some of the sludge is returned for re-use with the excess being discharged as waste
sludge. The returned sludge is called return activated sludge (RAS). It has been estimated
that about 50% of the sewage in the United Kingdom is treated in activated-sludge plant

[The Institute of Water Pollution Control, 1987].

Figure 2.1 Shows a typical layout plan of the biological wastewater treatment plant using
an activated sludge process. It should be noted that the configuration of the treatment
components within the layout plan can vary depend on the nature and volume of the

influent waste water to be treated, and the desired quality of the effluent.

When waste water enters a treatment plant, it usually flows through a series of
pretreatment processes such as screening, shredding and grit removal. Coarse materials in
the waste water are removed. In addition, an oil-water separator is used to remove the oil

if it is contained in the influent.

The wastewater then receives primary treatment. This process is usually done in the
primary clarifier where some of the solids carried by the waste water will settle down or

float to the water surface. The solids are separated from the wastewater being treated.

Secondary treatment processes follow primary treatment. For the activated sludge
process, this usually consists of an aeration basin and a secondary clarifier.
Microorganisms digest dissolved organic wastes in an aeration basin, generating

biological solids that are removed in the secondary clarifier.
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The waste sludge removed from the clarifier then goes to the solids handling facilities
such as anaerobic digesters and dewatering equipment to thicken and compact the sludge
for easy disposal. The clean effluent from the secondary clarifier is usually disinfected by
chlorination or by using ultra-violet light to remove pathogenic organisms before being

discharged to the receiving stream.

The whole range of processes used in biological treatment systems and the mechanisms
involved in each of these processes are described in detail in most of the standard texts on
wastewater treatment, such as the MOP/11: Operations of Wastewater Treatment Design

(WPCF [1985]).
As the scope of this project deals with the diagnosis of faults in activated sludge system.
the following will explain in greater detail the functions of the activated sludge process.

In particular, the process involved in the aeration basin and the secondary clarifier.

2.2.3 Aeration Basin Operations

The aeration basin can be in the form of a deep tank of square cross-section, or a ditch in

the form of an oval circuit, or a large extensive rectangular tank.

The influent wastewater containing the biodegradable wastes is inoculated with recycled
activated sludge as it enters the aeration basin. The mixture, referred to as the “mixed
liquor”, is then subjected to a period of aeration when it flows through ‘the basin. This
“retention” period differs from one treatment plant to another. As a guide, in British
practice, it is usual to provide a nominal retention period of at least 5 hours based on the
daily dry weather flow to produce a non-nitrified 30 mg/l suspended solids and 20 mg/l
BOD effluent from domestic sewage [Curds and Hawkes, 1983]. Figure 2.2 shows the
main process involved in removal of organic matter from influent wastewater in the

aeration basin and clarifier using the activated sludge process.

8]
8]



Aeration is usually provided by mechanical aerators. and the process serves two
important functions:
e to supply adequate oxygen for the respiratory activity of the microorganisms
which are mostly aerobes; and
¢ to maintain the flocs in a continuous state of agitated suspension to ensure

maximum contact between them and the waste.

When the activated sludge is mixed with the influent wastewater, there is a rapid uptake
of some components of the waste by the sludge flocs which results in rapid reduction of
Biochemical Oxygen Demand (BOD) of the wastewater. The rapid removal of waste is
achieved by a combination of processes such as adsorption, flocculation of soluble and
colloidal matter on the floc surfaces, and the entrainment of particulate solids in the floc

matrix.

The growth of the microbial population and the accumulation of non-biodegradable solids
result in an increase in the amount of activated sludge. If aeration is continued in the
absence of external substrate, then the microorganisms will utilize their own cellular

contents, and this subsequently reduces the activated sludge.

From the aeration basin, the mixed liquor flows to clarifier where, under relatively

quiescent conditions, the sludge separates from the purified liquor by settlement.

2.2.4 Clarifier Operations

Clarifiers, also known as sedimentation basins, are one of the most common units in
wastewater treatment operations and one of the most economical unit processes for
pollutant removal [MOP/11, 1976]. They provide early detection of unusual
characteristics of influent wastewater and therefore provide protection to downstream

treatment units. No other single wastewater treatment unit provides as much opportunity
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for detection of conditions that affect the rest of the plant. A typical clarifier is shown in

Figure 2.3.

Settleable solids in clarifiers comprise of granular and flocculent materials that settle
under quiescent condition in a reasonable time (say I hour). Non-settleable solids are
divided so finely that they will not settle, and chemical treatment is used to remove these
fine solids. Factors influencing the rate of sedimentation in clarifiers are tank
configuration and influent wastewater characteristics. The removal rate of granular
particles depends on tank surface area, whereas the rate of removal of flocculent particles
depends on tank surface area as well as depth. Some of the operational factors that will
influence settling tank efficiency are recycling rate of wastewater, carryover of grit and

screening from pretreatment, and the sludge pumping rate.

Clarifiers are usually divided into four zones. The inlet zone distributes the flow equally
over the width or circumference of the tank, the settling zone occupies the bulk of the
tank volume, and should be kept free of interference from the other three zones. The
outlet zone consists of a series of weirs that allow the clarified water to leave at a low
velocity so as to keep the settling zone quiescent. The sludge zone collects the settled

sludge and allows for its removal with minimum disturbance.

All clarifiers, regardless of shape, must have a means of collecting and removing the
settled solids and floating scum. Rectangular clarifiers usually have flights attached to
endless chains. Floating grease and scum are conveyed to the scum trough and the settled
sludge is moved to the sludge hopper. The sludge is then periodically pumped from the

hopper to the sludge dewatering plant.

In circular clarifiers, scrapers attached to a rotating arm move slowly around the bottom
of the tank. The scraper push the settled sludge towards the centre and into the sludge

hopper, where it is pumped to the sludge handling facilities. The floating scum 1s



removed by a skimmer and emptied into a scum trough. The skimmer is also attached to a

rotating arm.

The clarified effluent flows out of the tank by passing slowly over a weir. The weir is
usually located at the outer peripheral of a circular clarifier and at the end of a rectangular
clarifier. The weir must be long enough to allow the treated water to leave at a low

velocity.

Two steps must be completed to remove colloidal suspended solids from wastewater.
Coagulation is the first step in liquid/solid separation. This process is accomplished by
the addition of charged short-chained organic or inorganic molecules, which attract
opposite charged suspended solids to neutralize the surface charges. The next step is
flocculation which is agglomeration by particle bridging and is accomplished by adding

long-chained organic molecules.

Microflocs, or pin flocs, formed during the coagulation process, are adsorbed onto the
surface of the polyelectrolyte which have higher molecular weights. Each polymer
molecule is therefore capable of colliding with and adsorbing many microflocs, and
bridging them into large and rapidly settling macroflocs. The principal operational
controls for secondary clarifiers serving activated sludge system include the return
activated sludge (RAS) rate, the mixed liquor total suspended solids, and the sludge

thickness level.

As an example of the diagnosis of operational problems, a decrease in clarifier efficiency
is usually indicated by an increase in overflow suspended solids. Since a clarifier usually
has a retention time of several hours, a trained operator often observes the water at the top
of the clarifier; any increase in suspended solids on the water surface and flowing over

the weirs usually indicate a decrease in clarifier efficiency in settling the solids.



In cases where polymers are used to improve the effluent clarity and increase solids
settling rate, the plant operator can easily monitor and optimize his chemical treatment

program by running a series of jar tests [MOP/11, 1976].

2.2.5 Factors Affecting the Activated Sludge Process

For a dynamic system such as wastewater treatment based on the activated sludge
process, there are many factors that can affect the proper operation and efficiency of the

process. These factors and their associated operational problems are discussed below.

Sludge bulking is one of the major operational challenges associated with the activated
sludge process. When bulking occurs, the sludge becomes difficult to settle and as a result
may be discharged in the effluent. This causes a deterioration of effluent quality, as well
as a considerable loss of sludge from the system. Sludge bulking is usually associated
with the presence of excess filamentous bacteria, and is known to be caused by other

factors such as organic overloading, under-aeration and shock loading.

Besides reducing BOD by carbonaceous oxidation and assimilation, stringent regulatory
limits on oxidized nitrogen requires the wastewater treatment plant to reduce the
ammonia concentration. Basically, the biological oxidation of ammonia called
nitrification is carried out in two stages by specific autotropic bacteria: Nitrosomonas
which oxidizes ammonia to nitrite and Nitrobacter which oxidizes the nitrite to nitrate.
The kinetics of the process is described in detail in standard wastewater texts such as

Curds and Hawkes [1983].

Nitrification can be affected by a number of factors: dissolved oxygen (DO) level, pH,
presence of inhibitors, and to some extend temperature. It has been suggested that for
carbonaceous oxidation, the concentration of DO in the mixed liquor should not be less
than 0.5 mg O, I and for nitrification should not be less than 2 mg O, I''. The optimum
pH ranges from 7.5 to 8.5 [Painter, 1978]. There is a proportional increase in nitrifying

organisms with increase in temperature; however, due to interaction of other factors, the



full effect of temperature change does not always occur. Cyanide, thiourea,
thioacetamide, chlorates and other metallic salts are known to be inhibitory to the

Nitrifying bacteria.

Denitrification occurs under anoxic (or oxygen deficient) condition. The facultative
bacteria are able to make use of the nitrate as the H (hydrogen) acceptor in respiration. In
the process, the nitrate is progressively reduced to molecular nitrogen (NO3;— NO,—
NO—> N,0— N,T). which is relatively unavailable to most organisms and which may
escape as gas to the atmosphere. This method of nitrogen stripping is effective only if full
nitrification has occurred. The presence of oxygen could inhibit the denitrification
process. In addition, the presence of excess denitrifying bacteria such as Micrococcus,
Pseudomonas and Achrombacter can cause ‘rising sludge’ in the clarifier, when the
nitrogen gas released by the bacteria bouys up the sludge flocs to overflow with the

effluent [Curds and Hawkes, 1983].

Rising sludge could eventually lead to a situation where excess solids are flowing over
the weirs of clarifiers. This will seriously affect the effluent quality of the clarifier. In
addition, short-circuiting of flow through the clarifier, the presence of excessive
suspended particles such as pin flocs and poor settlement of sludge could also cause such

a situation.

Excessive foam generated during the activated sludge process can be attributed to the
presence of a type of filamentous bacteria called Nocardia in the floc [Richards et al,

1990] or excessive surfactant contained in the influent wastewater.

The efficiency of the activated sludge process can also be affected by the nature of the
influent waste water being treated [Mazurczyk and Smith, 1983]. This may affect the
biological activity of the sludge and the sludge settling characteristics [Keinath, 1985].
For example, industrial waste water usually contains more toxic or inhibitory substances

than sewage from homes (or technically referred as domestic waste water).
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The presence of toxic or inhibitory substances will usually affect the metabolic activity of
the activated sludge process although the sludge may become acclimatized to low levels

of such substances if they are constantly present.

Specific wastes, such as carbohydrates, in the influent waste water may encourage
filamentous growth in the sludge, which can result in poor settling of the flocs. The
concentration of the organic matter, especially if the strength is fluctuating, can also affect

the sludge characteristics.

Changes in the hydraulic loading, such as shock loads received from sewer as a result of
heavy rain or from the return of supernatant liquors of sludge digestion plant, can also

reduce the detention time and increase the chances of short-circuiting. [Crosby, 1984].

All the above essential information on symptoms and causes in activated sludge process
that occur in the aeration basin and especially in the clarifier were transformed into
inference diagrams for CLAR_EX as shown in Appendix A. They were then combined
to form a Bayesian Belief Network known as CLAR_NET which form an essential

product of the research work here.

2.3 Artificial Intelligence and Expert Systems

2.3.1 Introduction

Artificial Intelligence concerns with several areas relating to the simulation of human
intelligence in a computing machine. It bridges many fields of study such as psychology,
philosophy of mind, linguistic, neuroscience, logic and computer science. Some of the
better known areas of Artificial Intelligence include natural language translation, speech

understanding, machine vision, robotics, and expert systems.

Feigenbaum [1985] stated that there are two branches of Artificial Intelligence research:

intelligent machines and cognitive science. Cognitive science studies human intelligence



in its ability to perceive, leamn, diagnose, analyse, solve problems and perform other
activities. The intelligent machines approach tries to produce computer programs that can

perform in a way which is considered as intelligent by human beings.

An expert system is a branch of Artificial Intelligence. An expert system can be defined
as a computer program that has built into it the knowledge and capability which allows it

to operate at an expert's level [Feigenbaum and McCorduck, 1983].

An expert system usually exhibits the following characteristics:

a) the domain knowledge and control knowledge are implemented separately;

b) the knowledge used to solve the problem can be expressed in primary
symbolic terms rather than in numerical terms;

c) the implementation of the expert system results in representation of the
knowledge and the process that uses the knowledge; and

d) it contains human expertise and judgement through the use of heuristics, or
rules of thumb, and "compiled" knowledge. Compiled knowledge includes
information which may have its origins in basic principles, and is therefore

closer to experimental knowledge.

2.3.2 Historical Development

Alan Turing, who wrote a paper which suggested the possibility that machines could
think, is considered as the initiator of Artificial Intelligence. He devised the "imitation
game", known commonly as the Turing Test, to help explain his idea [Turing, 1964].
Artificial Intelligence only became a discipline of science in 1956, when John McCarthy

first introduced the name at the Dartmouth Conference.

In the following years, research in Artificial Intelligence suffered a serious setback, due
partly to a lack of understanding of how the human brain actually works and partly due to
the scepticm about the "thinking machine”. In 1974, the Lighthill Report in the United

Kingdom concluded that there was no future in Al research, and recommended that all



research funding in this area be terminated [Graham and Jones, 1988]. In spite of that,

work on Al continued.

In 1983, there was a complete reversal of attitude towards Al To a large extent, this was
due to two main reasons; the first of which was the launching of the Japanese Fifth
Generation Computer initiative. MITI of Japan funded pre-commercial cooperative
research into the development of a Knowledge Information Processor - a fifth generation
computer which focussed on handling of knowledge. Feigenbaum and McCorduck [1983]
called this a "Japanese Challenge" and managed to galvanise the West into active

research in Artificial Intelligence.

The second reason for this enormous interests in Al research in 1983 was the availablility
of a few commercial applications in the form of "Expert Systems". These applications
provided a general problem-solving paradigm suitable for applications in engineering,

medicine, and other specialised fields.

To date, expert systems have been applied and implemented in virtually every field of
knowledge. Some systems have been designed as research tools while others fulfill
important industrial and business functions [Giarratano and Riley, 1989]. Some of the
"classic" expert systems produced were MYCIN, DENDRAL, XCON, PROSPECTOR,
and MACSYMA [Hayes-Roth et al, 1983]. MYCIN was designed to assist physicians in
the antimicrobial treatment of patients, DENDRAL analyses mass spectrographic, nuclear
magnetic resonance, and other chemical experimental data to infer the plausible structures
of unknown chemical compounds. XCON is an expert configuring system for DEC
computer systems and has saved DEC millions of dollars a year by reducing the time to
configure an order and to improve the accuracy of an order. PROSPECTOR, which was
developed to interpret geological data for minerals, has successfully discovered a
molybdenum deposit whose ultimate value will probably exceed $100 million.
MACSYMA has achieved a high level of competence in the symbolic computations

associated with applied analysis.



There are major successes with the commercial application of expert systems in industries
recently. The LDS Hospital in Salt Lake city in United States has installed a complex
expert system called HELP (Health Evaluation through Logical Process) to assist
physicians in selecting the best antibiotics for their patients [Betts, 1994]. An expert
system was developed in 1994 for Campbell Soup Company to reduce the equipment
downtime from days to hours only, thus improves the productivity. General Motors
Company launched the Expert System Scheduling (ESS) to capture the experience of
human schedulers for most of the decisions involved in scheduling of the production.
Lubrizol Corporation, a specialty chemical company, satisfied a legal requirement in the
United States to provide information about the constituents and handling of its chemicals
to the customers through an expert system called MSDS [I/S Analyzer Case Studies,
1995]. General Electric Power Generation, Inc. applied expert-system technology to
maximize operating revenue for its power generating plants by optimizing output and

heat rates and reducing maintenance expenses [Deitz, 1995].

2.3.3 The Development of an Expert System

The development of a non-trivial expert system can be a rather time-consuming task. A
sophisticated sysfem may require a team of several people working together over a period
of several years [Mishkoff, 1988]. There are usually three categories of people involved
in the development of an expert system: the knowledge engineers, domain experts, and

the end-users.

A knowledge engineer is an individual who is competent in developing expert systems
[McGraw and Harrison-Briggs, 1989]. He or she assumes the tasks similar to those
carried out by system analysts, these include: analysing information flow, determining
program structure, working with domain experts to obtain information, and performing
design functions. In order to acquire necessary knowledge, the knowledge engineer
should have some mastery of the domain and be able to identify the type of knowledge

that is required. In addition, the knowledge engineer should be able to conceptualise and
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analyse the domain, its concepts and interrelationships. and able to communicate

effectively with the domain experts.

A domain expert is an individual who has significant expertise in the domain of the
expert system being developed. Domain experts are often retiring "sole sources" of
information whose expertise companies wish to preserve. In other cases, multiple domain
experts may be required to offer expertise that can be combined and shared among the '
less expert workers. In general, a domain expert chosen for the expert system
development should possess the following characteristics: substantial knowledge and
experience in the domain, an ability to explain important concepts and heuristics, an
ability to communicate effectively, and to be introspect and patient. The knowledge
engineer and the domain expert usually work very closely together for long periods of

time throughout the several stages of the development process [Henrion et al., 1991].

In the process of refining the initial expert system prototype, it would be beneficial if the
intended end-users can participate in reviewing the prototype. This would usually help the

knowledge engineer in fine-tuning the prototype to the best possible form.

The process involved in building the expert system can be divided into five distinct steps
[Hayes-Roth et al., 1983]. These five steps are: identification, conceptualization,

formalization, implementation, and testing.

Identification is the first stage in which the important stages of the problem are
characterised and goals are set for the entire project. During this stage, the participants,
exact nature of the problems, resources available, intended goals, and deadline for

completion of the prototype should be clearly identified.

In the conceptualization stage, the knowledge engineer may create a diagram of the
problem to depict graphically the key relationships between the objects and the processes

in the problem domain [Graham and Jones, 1988]. As in the identification stage, the
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conceptualization stage involves a circular procedure of iteration and reiteration between
the knowledge engineer and the domain expert. This stage is complete when both have
agreed that the key concepts and the relationships between them have been adequately

conceptualized.

Formalization involves mapping the recognized concepts, subtasks, relations, and other
information into a particular set of schemes. During this stage, the knowledge engineer
should be familiar with the following details: the various techniques of knowledge
representation and heuristic search used in expert system, the expert system "tools" that
can greatly expedite the development process, and other expert systems that may solve
similar problems and thus may be adaptable to the problem at hand. This is often the most
interactive stage of expert system development, and thus most time consuming [Harmon
and King, 1985]. The knowledge engineer must develop a set of rules and ask the domain
expert if those rules adequately represent the expert's knowledge. As in other stages, this
process is iterative: the rule review is repeated and the rules are refined until the results

are satisfactory.

During the implementation stage, the formalized concepts are encoded into a computer,
using the techniques and tools chosen for the implementation of the first prototype of the
expert system. Once the prototype has been refined sufficiently to allow it to be executed,
the expert system is ready to be tested thoroughly to ensure that it executes smoothly. The
final stage of testing requires the prototype system be evaluated to ensure that the basic
assumptions, knowledge, heuristics, and rules are accurate. During or after the testing
stage, feedback loops are implemented so that further refinement or complete
reformulation of the prototype is made. McGraw and Harrison-Briggs [1989] described

the above process in greater detail.

2.3.4 Knowledge Representation

Some of the methods of representing knowledge were developed from observing how

humans in general cope with the problem of representing and organizing knowledge. The



human mind, like a computer, faces the problem of storing and retrieving knowledge
from its memory [Buchanan and Feigenbaum, 1978]. In general, the main types of

knowledge representation are network-based, logic-based, and rule-based systems.

Although semantic networks provided one of the earliest approaches to knowledge
representation, they introduced a number of important concepts, such as inheritance of
properties, which are still used in modern knowledge representation systems [Anderson
and Bower, 1973]. In general, all approaches to semantic networks rely on two
fundamental units:

a) nodes - which represent objects, concepts, or events, and

b) links - which represent relations between nodes.

In logic-based systems, knowledge is represented as assertions in logic. Normally, this
form of representation is coupled with an inference procedure based on theorem proving.

PROLOG is an example of a logic-based representation language.

Another approach to knowledge representation is based on production rules. In this
approach, the domain knowledge is represented in the general form: IF <Antecedent>
THEN <Consequent>. Since rules are a straight-forward method of knowledge
representation, they provided an attractive means of building expert systems, and were

successfully used to construct MYCIN and DENDRAL [Shortcliffe, 1976].

Other knowledge representation methods were also developed independently. Frames are
highly organized data structures, much like a record in the Pascal programming language
[Minsky, 1975]. A frame is usually used to represent an object (which is a term referring
to some convenient package of information), such as a physical thing like pen, cup or an
abstract entity such as goals. Another interesting representation approach 1s based on the
blackboard model. This model was initially developed for HEARSAY-II speech
understanding system [Erman, 1980]. When this model is used in an expert system

context, each participating expert is called a knowledge source. A knowledge source need



not be a human expert, but may be a knowledge-base devoted to performing a specific
task. The blackboard then becomes a way of sharing hypotheses and information among

the knowledge sources.

2.3.5 Inference Mechanism

Inference is the process of combining facts and rules to produce a structure of knowledge.
It can be viewed as a tree of possibilities. This provides a diagrammatic way of
representing the structure of knowledge and helps in visualizing inference as a dynamic

process [Parsaye and Chignell, 1985].

Since each rule consists of a premise and a conclusion, a tree can be constructed whose
nodes are the clauses used in the rule and whose branches are arrows connecting the
clauses. When clauses are joined by an AND connective, we have an "AND node"; while
clauses joined with the OR connective have an "OR node". The branching in each tree
reflects the structure of a set of rules. Such trees are called AND/OR trees. {Giarratano

and Riley, 1989].

Different methods of inference traverse the tree in different orders, although the same
proof tree may be produced. There are two most common inference methods used in
expert systems, they are forward chaining and backward chaining. The term chain refers

to a group of multiple inferences that connect a problem with its solution.

Forward chaining is also known as data-driven or antecedent-driven reasoning. The
system starts from an initial state of known facts and moves towards a goal or conclusion.
In the case of the tree structure described above, forward chaining starts from the leaves
and works towards the roots until a chain of branches that leads to the intended goal is
found [Parsaye and Chignell, 1985]. When this system is applied in expert systems, all
the rules are tested and those rules whose antecedents are shown to be true are then fired.
Data is then generated, and more rules are then tested and fired. The process continues

iteratively until no more rules are fired. This process is most useful when there are many



hypotheses and few input data. Its disadvantage is that it may be time-consuming to check

all the facts as some of them are irrelevant.

Backward chaining is goal-driven or hypothesis-driven reasoning. A system uses the
backward-chaining mechanism if it starts by assuming a goal or hypothesis and then
reasons back to known data or facts to support or discount the assumed hypothesis. This
is a reversal of the forward-chaining process in the tree structure where the root is the
starting point and the branches are followed towards the leaves until the goal is found
[Parsaye and Chignell, 1985]. In applying this mechanism to expert systems, the
knowledge base of rules which might give the desired solution is searched first, then the
rule antecedents are searched to see what needs to be known to fire the rule. During this
process, the rule which is being worked on is put aside and stacked and a sub-goal for
proving the antecedent of the rule is set-up. The knowledge base is then searched for rules
to prove the sub-goal. Once again the search of antecedents and stacking of rules are
repeated until there is no rule to prove the sub-goal. Then the user will be asked to

provide a value until the rule is satisfied and the hypothesis is proven.

Another common inference mechanism is mixed chaining whereby a system combines
both the forward-chaining and backward-chaining strategies [Graham and Jones, 1988].
The system starts with initial state of known facts to assign a probability to each of the
potential goals. It then sets up sub-goals and requests more information when necessary
until the intended goal is achieved. The advantage of this strategy is that the user is
required to input only relevant data to the problem at hand, and if an initial hypothesis is

disproved, then the next assumption is made according to the current information.

2.3.6 Reasoning Under Uncertainty

Uncertainty is considered as a lack of adequate information to make a decision. Human
beings live in an uncertain world and decisions are commonly made in the face of this
uncertainty. Financial investment decisions, medical therapies, engineering judgments

and the like are constantly being made, although the information that leads to each



decision and outcome may be uncertain. As such. expert systems developed to emulate
human experience should have the capability to reason under uncertainties and to make

decisions based on available information [Parsaye and Chignell . 1985].

While there are many applications of expert systems which can be achieved using exact
reasoning, many others require inexact reasoning using uncertain facts or rules. Some
include classic expert systems that have successfully dealt with uncertainty include
MYCIN for medical diagnosis and PROSPECTOR for mineral exploration [Giarratano
and Riley, 1989]. Both of these systems arrive at conclusions even when not all the
conclusive evidence is known. In the case of MYCIN, this is necessary because a delay in
treatment for more tests may add considerable cost and the patient may die in the mean
time. Similarly, the cost factor also applies to mineral exploration. It may be cost
effective to start drilling when there is a 95% certainty of success than to spend hundreds

of thousands of dollars to be 98% certain.

There are many types of error that can contribute to uncertainty. Errors can be classed as:
ambiguous, incomplete, incorrect, measurement, random, systematic, and reasoning. Each
of these classes can be sub-classified under possible causes of error such as human error,
false positive, and equipment malfunction. Giarratano and Riley [1989] described these

and other errors in detail.

Expert systems may consist of deductive and inductive rules, where the inductive rules
are of a heuristic nature. A heuristic is also known as a ‘rule of thumb’ because it is based
on the experience of human experts. Human experts have a distinct characteristic of
reasoning well and making good decisions under uncertainty, often under a great deal of
uncertainty, otherwise they are not considered experts for long. In addition, human
experts can easily revise their judgment if some of the original facts are later found to be

WIong - a process known as non-monotomic reasoning.



There are a number of methods of reasoning under uncertainty which can be incorporated
into expert systems. These include fuzzy logic, certainty factors, Dempster-Shafer

Theory, and Bayes' Theorem.

2.3.6.1 Fuzzy Logic

Fuzzy logic was introduced in the mid-1960s as an alternative to binary logic and
probability theory by offering alternatives to traditional notions of set members and logic
[Zadeh, 1965]. It has recently been applied to some home electrical appliances, as well as
in other areas such as forecasting short-term load in a power generating plant [Hsu and

Ho, 1992], and in rubber compounding [Kobalicek ef al, 1993].

Fuzzy logic is an extension of Boolean logic into the domain of real numbers. In Boolean
Algebra, the truth values are indicated by a value in of 0 to 1, where O represents absolute
false and 1 represents absolute true. Fuzzy logic extends this concept by allowing

intermediate values such as 0.9 which means 90 percent true or 10 percent false.

Fuzzy logic deals with the laws of inference for fuzzy sets [Zadeh, 1984]. There 1s little
agreement among Artificial Intelligence researchers on the use of these modified logic for

intelligent systems or for reasoning with incomplete data[Hayes-Roth et al, 1983].

Consider the statement: Mary is old. If Mary is 70 years old, we may assign a certainty of
0.90. The statement could be translated into set terminology as: Mary is a member of the
set of old people. In the notation of fuzzy logic, this is written as: mOLD(Mary) = 0.90,
where m is the membership function for the fuzzy set of old people (denoted OLD) which

returns a value between 0 and 1.

This is contained in the fundamental equation for fuzzy sets. If X is a collection of objects

(a universal set), then a fuzzy set A in X is defined to be a set of ordered pairs, such that:

A= {[x,,wa(x))x € X} (2.1)



where, pa(x) 1s called the membership function of x in A. Details of the fuzzy set

functions and their derivations are described in Zadeh [1984].

There is a distinct difference between fuzzy logic and probability although both operate
on an equivalent numeric range. In the probabilistic approach, the above statement is read
in natural language as: there is a 90 percent chance that Mary is old; while the same

statement in fuzzy logic means: Mary's degree of membership within the set of old people

1s 0.90.

Fuzzy sets theory provides a means for approximate or semi-qualitative reasoning.
However, this also means that it is a fairly weak form of plausible reasoning, in the sense
that it does not allow any reinforcement of evidences and updating of beliefs. However,
fuzzy sets applied in rule-based expert systems has the advantage of less computational

overhead.

2.3.6.2 Certainty Factors

Another technique of dealing with uncertainties is through the use of certainty factors,
which were formalised during the development of MYCIN expert system [Shortliffe,
1976]. MYCIN was designed to assist physicians in the antimicrobial treatment of

patients with serious infections such as bacteremia and meningitis.

A certainty factor represents a degree of truth, or confidence factor (CF), which is a
number ranging from -1 for absolute false to +1 for absolute true. It can also be taken to
range from -10 to +10 or -100 to +100. The certainty factors are not probabilities and the
degrees of truth of all statements in a given context do not need to sum up to the

maximum number within the number range.
The certainty factor formalism makes use of the concept of measures of belief (MB),

measure of disbelief (MD), and composite Certainty Factor (CF) [Krause and Clark,

1993]. In the MYCIN expert system for medical diagnosis, the degree of confirmation
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was originally defined as the certainty factor, which is the difference between belief and
disbelief as:
CF = MB—- MD (2.2)

where, CF is the certainty factor in the hypothesis h due to evidence e.

MB is the measure of belief in H due to e, and is defined as the increase in the probability
of the hypothesis provided by the observation of evidence e, divided by the current
disbelief, 1-p(h). So that,
MB = (p(hle) — p(h)
(1= p(h))

MD is the measure of disbelief, which is equal to the decrease in belief, p(h)-p(hle),

(2.3)

divided by the current belief, p(h), as:

_ (p(h) - p(hle))
p(h)

A problem encountered in using Equation (2.2) is that under some circumstances, a single

MD

(2.4)

piece of negative evidence could outweigh the impact of several pieces of evidence. As
such, in subsequent applications such as EMYCIN [van Melle et al, 1984], the definition
of CFs was changed to:

cp_ _ (MB—MD)

= = 2.5)
1 — min( MB, MD)

In MYCIN, the rule antecedent is considered as true only if the CF 1s greater than the
threshold value of 0.2. This threshold value is an ad hoc way of minimizing the activation
of rules which only weakly suggest a hypothesis. Without a threshold, many rules may be

activated with little or no value, thus reducing the system's efficiency.

Krause and Clark [1993] mentioned that the combined CF for a set of rules with
certainties factors are made according to one of the three combination functions:
e an antecedent pooling function which determines a pooled CF for the set of
antecedents in a rule. As such, for a conjunctive set of premises, the pooled
MD is the individual maximum MD, and the pooled MB is the individual

minimum MB, and so the combined CF would be the minimum of the CFs.
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e aserial rule combination function that propagates CFs to the consequence of
rules, such that,
for CFantecedent > 0, CFeonsequent = CFantecedent. CFrule (2.6)
for CFantecedent < 0, CF, consequent — 0,

e aparallel combination function that combines the results from different rules
when they relate to the same proposition,
for CF1, CF2<0: CFsompine (CF1,CF2) = CFI+CF2(1+CFI) 2.7).
for CF2, CF2>0: CFeompine (CF1,CF2) = CFI+CF2(1-CF1).
Otherwise: CFoompine(CF1,CF2)=(CF1+CF2)/{1-min(/CF1/,/CF2/)}.

The major advantage of CFs was the simple computation by which uncertainty can be
propagated in the system. The CFs was easy to understand and clearly separated belief

from disbelief [Giarratano and Riley, 1989].

However, there were limitations associated with using the CFs [Pearl, 1987]. Krause and
Clark [1993] noted that in CF formalism, the assumption of semantic modularity (locality
and detachment criteria) is untenable. This makes the approach inflexible, and means it
can be used under highly circumscribed situations, such that:

e when all the rules are predictive or diagnostic, but not a mixture of both, and

e when all dependent evidence is lumped together in a single rule.

The other problem is that it suffers from the problem of correlated evidence. Adopting the
example from Henrion [1991], suppose that three reports (say TV, radio, and a
newspaper) of a disaster was received from three independent correspondents. Each
report in isolation mentioned that thousands have died in the disaster. Then the resulting
belief that thousands have died is justifiably higher than it would be from any one source
in isolation (CF = 0.9375 if MB for each report = 0.5). However, if we discover that the

reports were based on a single source of observation, then it is inappropriate to treat the



three reports as independent. As such, unlike the Bayesian Belief Network system where
the conditionally dependent hypotheses are arranged in cliques, the solution to overcome
such problem in CFs is by having all rules to cover each possible situation. This would

need 2" number of rules to cover all the situations.
The above limitations of CFs, especially on the limitations of rule-based expert system to
handle plausible reasoning, are explained in greater detail in Chapter 3 and by Chong and

Walley [1996].

2.3.6.3 Dempster-Shafer Theory

This method of inexact reasoning originated from the work by Dempster [1967] who
modelled uncertainty using a range of probabilities rather than using a single probabilistic
number. Dempster's work was extended and refined by Shafer [1976] to form Dempster-

Shafer Theory.

Unlike Certainty factors, the Dempster-Shafer Theory has a good theoretical foundation.
[t assumes that there exists a fixed set of mutually exclusive and exhaustive elements
called the environment, such that ¢ = (q1, g2, .... qn), where each q symbolises an
environment with elements which are mutually exclusive but are of interest to a particular
question. An example stated in Giarratano and Riley [1989] is:
q = (airliner, bomber, fighter) (2.6)
If the question is "What are the military aircrafts?", the answer is the subset of g:
(g2, q3) = (bomber, fighter) 2.7
and likewise, the question "What is the civilian aircraft?", the answer is the subset of q:
(q1) = (airliner) (2.8)
Since the elements are mutually exclusive and the environment is exhaustive, there can be
only one correct answer (a subset of q) to a question. An environment is called a frame of
discernment when its elements may be interpreted as possible answers, and only one

answer 1s correct.



A fundamental difference between Dempster-Shafer theory and probability theory is the
treatment of ignorance (Shafer [1976]). In addition, it refers to the degree of belief in
evidence as analogous to the mass of physical objects that can be moved around, split up

or combined.

The general form of Dempster's Rule of Combination is:

> ml(X)m2(Y)
ml@® m2 = (2.9)
1—k

where k is called the amount of evidential conflict (k=0 for complete compatibility and

k=1 for complete contradiction) is given by:

k=Y ml(X)m2(Y) (2.10)

Xnr=0

and m denotes mass of evidence.

The computational complexity of deriving the Dempster-Shafer Belief functions is
described in detail by Provan [1990]. The limitations of the Dempster-Shafer Theory
include the inability to closely model diagnositic reasoning, and to distinguish between
uncertainty, or lack of sufficient knowledge, and indifference. Lingras and Wong [1990]

illustrated a possible method of incorporating dependencies based on limited information.

2.3.6.4 Bayesian Probability and Bayesian Belief Networks

Bayesian probability is firmly founded in probability theory, and by far has the longest

tradition among all the methods of handling probability and is the best understood
[Krause and Clark, 1993].

The Bayesian rule of conditioning allows the updating of belief a hypothesis in response
to the observation of evidence. The revised belief in hypothesis B on observing evidence
A, P(B f A), is obtained by:

P(A|B). P(B)

2.11
PLA) (2.11)

P(B|4) =
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where, P(A) and P(B) are the prior beliefs in A and B respectively, and P(A | B) is the
probability of A occurring given B is true. It should be noted that Equation (2.11) enables

one to reverse the direction of reasoning from P(B l A) to P(A | B).

Taking a closer look at this approach, the conditional probability statement P(B | A=p)
means that if A, occurs and is the only evidence known to be relevant to outcome B, then
probability p; can be attached to outcome B. If further evidence (A3,As,...,Aq) 1S obserQed,
then P(B)=p; is no longer true and should be replaced by P(B)=p,, where p; is the known
or derived value of the conditional probability P(B | A1,A2,A3,....,An). In this approach,
locality is not assumed. An item of evidence can only be ignored during the evaluation of

P(B) if it is shown to be irrelevant to B.

In many classic rule-based expert system such as MYCIN and PROSPECTOR,
uncertainty values are associated with the rules and combined using simple syntactic
principles as the rules are fired. This approach to the handling of uncertainty is
computationally efficient, but unless strong independence assumptions can legitimately

be made, it is semantically sloppy as illustrated by Naepolitan [1990].

As discussed earlier, one of the major shortcomings of the Certainty Factor’s approach in
dealing with uncertainties lies in its inability to handle correlated evidence. This problem
is largely overcome in using the BBN method [Krause and Clark, 1993]. Correlated
evidence refer to two or more pieces of evidence which add support to a hypothesis.
However, if they have been derived from a common source, the combined support they
give to the hypothesis are not be as strong as that obtained as a situation where they are
each an independent evidence. Such a condition can only be handled well by a rigorous

probabilistic model.

The semantic approach taken in a rigorous probabilistic model is computationally
intensive. This presents a major weakness in the earlier Bayesian approach, whereby a

naive representation of a problem in a probabilistic framework would require the



elicitation of a probability distribution function defined over all the propositions of
interest. As such, a problem involving n propositions (Al, A2...An) will require

elicitation of 2" such values.

However, the strong foundation of Bayesian probability motivated researchers like Pearl.
Cheesman and Spiegelhater to develop methods based on graphical representation of
dependencies with efficient updating algorithm to overcome computational overhead

[Krause and Clark, 1993].

Such methods, known as Bayesian Belief Networks, or sometimes called Causal
Networks, are based on directed acyclic graphs (DAG) with arcs to link parent
nodes(causes) to child nodes(effects) to represent the causal relationship of these nodes.
[f the network has interconnecting nodes namely A to H as shown in Figure 2.4, then the
joint distribution can be expressed as product of the nodes’ conditional probabilities as:
P(A,B,C,D,E,F,G,H) =

P(H|D,E)- P(G|E)- P(F‘D) : P(E‘B,C) - P(D|4)- P(C|4)- P(B)- P(4)

K/@\

O (1)

Figure 2.4 A Bayesian Belief Network with nodes and arcs

(2.12)

Charniak [1991] reported that Bayesian Networks have proven to be better than MYCIN-
style certainty factors or Dempster-Shafer theory of belief. It allows the solution of
probabilistic problems without the traditional hurdle of having to specify a set of numbers

that grow exponentially with the complexity of the problem.
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This method of propagating probabilities through graphical structures with an effective
algorithm of updating beliefs led to the major part of the work in this project in
developing an effective expert system to diagnose faults in activated sludge systems. The

algorithm for this method is described in detail in Chapter 4.

According to published literature, the application of this method led to the development
of MUNIN (for Muscle and Nerve Inference Network), an expert system designed to
assist the diagnosis of associated neuro-muscular disorder [Andreassen et al, 1987, Jensen
et al., 1987]. The technology underlying MUNIN was refined and has been developed

into a commercial expert system shell called HUGIN.

Spiegelhalter and Lauritzen[1990] refined the technique and developed an expert system
to assist in the diagnosis of the congenital heart disease in children - a sickness that can
cause cyanosis (“blue babies”) or heart failure and death if not treated in time. A
graphical network for diagnosis was constructed in collaboration with the pediatric
cardiologists at the Great Ormond Street Hospital for Sick Children in England. Results

from the expert system showed a general agreement with experts’ prediction.

Sarkar and Murthy [1995] attempted to set criteria to evaluate approximate belief network
representations for expert system. Heckerman [1990] and Pearl [1996] discussed the use
of Bayesian Belief Network for troubleshooting problems. The application of the method
to a subsystem of a typical wastewater treatment plant has been described by Chong and

Walley [1996]. This will be presented in detail in subsequent chapters.

It should be noted that the BBN is fundamentally concerned with the structure of
reasoning; not merely with the numerical coefficients themselves. The essence of
relevance is identified with a structure of network depicting the causal relationship
between the nodes. The use of probability theory in BBN is aimed only in providing a

coherent account of how belief should change in light of partial or uncertain information.
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As Pearl [1988] puts it, “probability is not really about numbers, it is about the structure

of reasoning”.

2.4 The Application of Expert Systems in Wastewater Engineering

The major emphasis of published work on the application of expert systems, or any
branches of artificial intelligence, in wastewater treatment focuses on the activated sludge
process. Gall and Patry [1989] noted that Beck et al. [1978] were among the first to make
use of expert system-type rules for wastewater treatment plant operation and control.
Though the authors did not name the program as an expert system, they did employ an
important aspect of expert systems, human expertise. The system includes twenty heuristic
control rules, and fuzzy logic provides qualitative interpretation of the quantitative data. The
full potential of applying expert systems in activated sludge plant was initially discussed by
Horan and Eccles [1989 ]. Chong et al. [1991] covered the potential application of expert

systems to the unit operations and processes of wastewater treatment systems.

A prototype expert system which emphasized the representation of the uncertainties that
exist between symptoms, diagnosis, and responses was developed by Johnston [1985]. His
system dealt with the effects on treatment performance of toxic substances in a wastewater
treatment plant's inflow. To allow for these uncertainties, fuzzy relations were chosen to
form the basis for the knowledge base. Meeda [1985] also reported the development of an

expert system for the diagnosis of faults in the activated sludge process.

Gaselbracht et al.[1986] applied expert system techniques to evaluate activated sludge
systems for sludge bulking potential. The core of his report centres on the rule structure
details and the calibration of uncertainties in evidence and rules.

In 1987, Jenkins and Jowitt applied Beck's rules to develop a simple expert system in
PROLOG for the diagnosis of problems in an activated sludge plant. Berthouex et al. [1987]
extended Beck's work by integrating the expert system to a database to provide plant
operators with a more powerful software package. An interesting feature of Berthouex's

work is that the system can be customized to a specific treatment process.
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The potential applications of expert systems in dynamic modeling of specific wastewater
treatment processes were suggested by Rittman [1989], Chapman et al. [1989] and Andrews
[1989]. Beck [1989] discussed in detail the system identification and problems in dynamic

modeling, in particular with respect to wastewater treatment and the receiving water body.

A rule-based expert system for the diagnosis of faults in the activated sludge process and the
identification of remedial actions, referred to as DASP (Diagnosis of the Activated Sludge
Process), was developed by Gall and Patry [1989]. The knowledge base was encoded using
Personal Consultant Plus (Texas Instruments) and tested under actual plant operating
conditions. The authors recognized the difficulty of assessing the true potential benefits of
this technology to wastewater treatment plant operation and control, and emphasized that
the operational benefits of a knowledge-base system depended largely on the continuing

contributions from plant operators.

Chan and Koe [1991] studied and developed a prototype expert system to diagnose sludge
bulking problem in the activated sludge process of wastewater treatment system. The
knowledge in the prototype was compared with the conclusions of a panel of human experts

in a wide range of operating conditions, and was reported to be in good agreement.

Laukkanen and Pursiainen [1991] developed an expert system for two biological
wastewater treatment facilities in Finland and transferred them into process automation.
Hale [1991] also mentioned that an expert system was implemented at a conventional
activated sludge treatment facility in the United States to assist operators in process control.
Both papers reported that the expert systems have improved the daily operation of the
wastewater treatment plant and have lessened dependence on timely laboratory results to

make process control decisions.

An integrated data management and operational process control system along with

diagnostic and predictive expert systems was developed by Stover and Campana [1991] to-
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assist in the operation of wastewater treatment plants. The computer program stores and
analyzes plant operational data, and generates any reports required for documentation. It
also contains bio-kinetic process control equations and analysis to provide daily operational
strategies. The paper reported that this system has been successfully employed at several

biological wastewater treatment plants.

Recently published work has seen the application of expert system to the optimum selection
of sludge dewatering process, whereby the life cycle costing model is also included to
determine the least cost dewatering process and the optimum polymer dosage [Elimam and
Dodin, 1994]. A computer graphics system called CRT has also been developed whereby
treatment plant operators can move through the entire plant and view the equipment or unit
process status on the computer screen [Valorose, 1994]. Neural networks, a branch of
artificial intelligence, has been used to predict the performance of a municipal treatment

plant using the trickling filter system [Pu and Hung, 1995].

Substantial interests and development in mathematical models on wastewater treatment
system were noted. Speitel and Hughes [1982] examined the mathematical modeling of the
activated sludge process using two approaches, one from the standpoint of a unit process
and the other as an integral component of plantwide mass balance models. Both approaches
were compared to an actual wastewater treatment plant. Nieuwstad and vantHof1 [1986]
used three mathematical models to simulate the sludge acclimation process in degrading
nitrilotriacetic acid (NTA) in activated sludge systems. The results showed that the average
removal at fluctuating concentrations decreases with increasing sludge loading, which was
well within the acceptable range of the experimental value. New settling velocity models
for secondary settlers of the activated sludge systems were designed by Cho et al. [1993].
These models incorporated the slurry viscosity term, and the results were found to be in

good general agreement with experimental data.

Gujer and Larsen [1995] developed the Activated Sludge Simulation Model (ASIM) as a

design tool to study the simulation of the dynamic behaviour of nutrient removal in the



activated sludge system. The model has a user interface which is simple to use in the
classroom. and is also good enough for professional design work. ASIM was modified by
Fougias and Forster [1995] and the modified version allowed the effect of enrichment of the
substrate in activated sludge system to be examined. The model showed the interfacial
substrate enrichment did enhance filamental growth which confirmed earlier hypothesis.
The process simulation over a range of sludge ages showed that its effect was less

pronounced as the sludge age was reduced.

A simulation model for handling organic waste system, ORWARE (Organic Waste
Research) was constructed by Dalemo et al. [1997] which provided a comprehensive view
of the environmental effects, plant nutrient utilization and energy turnover for such system.
This model can be used to simulate different scenarios, with the results presented as the
gross figure for the entire system and for each process in terms of emissions to air and

water, energy turnover and the amount of residues returned to arable land.

It is evident that, though a significant number of expert systems have been developed in
wastewater treatment, the main bulk of work has been concentrated on application of rule-
based expert systems. In particular, there should have been more work in the expert
systems area on the dynamic modelling of the wastewater treatment plant though such

models have the potential to simulate the actual operating conditions of the plant.

These expert systems developed so far, being rule-based, will be limited in their capabilities
due to the inherent weaknesses in the rule-based approach, such as its inability to reason
both diagnostically and predictively. As mentioned earlier the ability to reason bi-

directionally is central to the production of a correct diagnosis.



CHAPTER 3 DEVELOPMENT OF THE DIAGNOSTIC MODEL FOR
CLARIFIERS

3.1 Introduction

It was initially envisaged a rule-based expert system would satisfy the goal of

developing an expert system to diagnose faults in clarifiers. Thus, considerable effort

was put into the development of inference diagrams, which depict graphically the

connection of each major observable symptom with its most likely causes. A working

prototype expert system, CLAR _EX, was developed based on the inference diagrams

developed in this work.

However, in the subsequent stages of refining CLAR_EX to handle uncertainties,
considerable challenges were encountered in shaping CLAR_EX into an "expert". The
‘thought process’ of CLAR EX was based on the inference diagrams, each with a
symptom linking to possible causes; which in an actual situation could have a possible
cause or causes resulting in a number of symptoms, or a symptom which in turn causes
other symptoms to occur. In addition, in an actual wastewater treatment process having
several operating parameters, any new evidence should cause a change in belief that
other symptoms would or would not occur. Only by this means could CLAR_EX be
designed to ask questions of the user which were relevant to the diagnosis as it
progressed. In drawing up the inference diagrams, the interconnected relationships
between the symptoms had not been derived. Thus the CLAR_EX prototype tended to
ask a lot of unrelated questions. Consequently, a substantial revision of the system was
clearly necessary. However, this presented serious problems because of the need to
reason both predictively and diagnostically in a dynamic way - two processes which are

difficult to achieve using rule-based methods.

Fortunately, the research took a major step forward in finding a solution to this problem
when the author became aware of the Bayesian Belief Network (BBN). This technique,
which uses the Trees of Clique Method developed by Lauritzen and Spiegelhalter

[1988], was subsequently adopted. The first major task was the development of a single
belief network to link all the relevant entities (causes and symptoms) described in the 21

inference diagrams.
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The belief network, CLAR_NET, was developed. The process involved two major
tasks: the development of an accurate structure, and the elicitation/derivation of the
conditional probabilities for each node. The first step in developing the network
structure involves combining all the essential features of the inference diagrams into a
single belief network. Since the network basically involved "parent" and "child" nodes.
considerable challenges were encountered and efforts made in defining the “family
relationship”, that is, who were the “parents" of which "children". (A “parent” node
refers to a node preceding a “child” node in the network, both nodes are connected by an
arc from the former to the latter node). It is rather easy to argue that there are several
ways to define "parents" and "children" in wastewater operation, and the work here

attempted to distinguish them as appropriately as possible.

The other portion of the network was done by incorporating appropriate prior or
conditional probabilities into each belief node as the case required. The network then
underwent several cycles of testing, verification by domain experts and modification to
fine tune the probabilities. It should be noted that this network represents an example of
applying the Bayesian Belief Network approach to a typical activated sludge system.
Since there can be a multitude of configurations of wastewater treatment systems, the

work here does not claim to represent or solve all problems in activated sludge systems.

The above summarised all the essential steps in the development process, which is
shown diagramatically as a flow chart in Figure 3.1. The remainder of this chapter will
describe the development of CLAR _EX, and the limitations associated with the system
in handling uncertainties. Chapter 4 details the concepts and algorithm behind BBNs to
enable understanding of its use here in the development of CLAR_NET, a BBN
replacing CLAR_EX. The development process of CLAR_NET is described in detail in
Chapter 5.
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3.2 Development of CLAR _EX
The development of the CLAR_EX prototype consisted of 3 major steps:
a. development and refinement of inference diagrams for the diagnosis and
correction of clarifier problems;
b. learning to use the LEONARDO expert system shell; and,

c. translating the inference diagrams into computer codes of LEONARDO.

3.2.1 Inference Diagrams

In the initial stage of development, inference diagrams for 21 common symptoms of
faults in clarifiers serving activated sludge systems were developed as shown in
Appendix A. The information for these was compiled from wastewater engineering
literature [California State University and U.S. EPA, 1989; Curds and Hawkes, 1983;
Water Pollution Control Federation, 1985] as well as from local domain experts in
wastewater treatment. These inference diagrams underwent considerable refinement, as

new information became available or comments were received.

The inference diagrams were so structured that they could easily be put into the rule-
based expert system. A working prototype, CLAR EX (version 1.0), which stands for
Clarifier Expert Systems, was developed using the LEONARDO Expert System Shell
Version 3.20 [Creative Logic, 1989].

3.2.2 Use of LEONARDO

Initial familiarization with the LEONARDO Expert Systems Shell was done by reading
the user manual and tutorial handbook, as well as reviewing the sample files. This initial
work provided a good understanding of LEONARDO before deciding to use it for the
development of CLAR_EX. It was found that LEONARDO provided the following
benefits in system development of CLAR _EX:

a) relatively rapid prototyping can be achieved since the shell contains all the
basic structures and features, such as prompt screens. This allows more time
and effort to be concentrated on knowledge acquisition;

b) the Screen Designer facility of LEONARDO allows flexibility in designing

user interface screens; and
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¢) the system allows certain flexibility in laying out the rules.

The first working prototype of CLAR_EX, was developed based on the following
objectives:

a) the development of an expert system layout with simple, user-friendly and
step-by-step guide to users (wastewater operators) in diagnosing clarifier
operational problems, as well as providing adequate information on remedies
and preventive measures for the specific problems diagnosed;

b) the development of a system that is easy to "debug" and modify; and

¢) the provision of adequate help screens to guide users in obtaining

information on diagnosis results, remedies and preventive measures.

3.2.3 Knowledge Representation in CLAR_EX
Basically, the layout for CLAR_EX consists of the following in the order of appearance
on the screen:
a) an introduction screen to explain the purpose of CLAR_EX;
b) a series of questions to obtain information from the user, these include:
i) nature of business which the plant serves;
ii) type of wastewater which the plant is treating;
ii1) known pollutants in the wastewater influent;
iv) type of clarifier (such as primary, or secondary);
v) chemicals added to the treatment plant prior to clarification;
vi) shape of clarifier to be diagnosed,
vii) type of inlet;
viii)type of outlet;
ix) type of sludge removal; and
x) symptom(s) identified on the clarifier;

[Note: each question above has a selection of possible answers for the user to choose]

c) ascreen (or screens) on the possible cause(s) of the symptoms;
d) a series of further questions (each on a separate screen) in order to obtain

details of the specific symptom(s). This helps further diagnosis and



confirmation of the likely causes. Each question requires the user to input

n Hon

yes", "no", or "unknown" as a response; and
e) ascreen showing a list of the most probable causes. A pop-up screen is
available to each most probable cause after pressing an F4 key. The pop-up

screen consists of remedies and preventive measures for a specific cause.

The rules are designed for easy debugging and modification. All the 155 rules are
contained in the main rule set and sectionalized according to function. These sections
include:

a) screens for possible causes;

b) checks for symptoms;

¢) finding unlikely causes;

d) finding the most probable causes/remedies/preventive measures; and

e) running the consultation again.

Since Version 1.0 was developed using information obtained from the inference
diagrams for the diagnosis of clarifier problems, any change in the inference diagrams
would affect the knowledge base of CLAR_EX. Consequently, the "object names" used
in CLAR_EX were made to resemble those of the original terms used in the inference
diagrams. For example, "Nature_of Business" in CLAR EX can be recognized to mean
the nature of business for the facility; "Poss_Cause_Small Floc" is the object name for a
screen showing possible causes for symptom of small flocs in the clarifier; and

"Check pH_Low" is the object name for asking the user a question on whether the pH

of the wastewater is too low.

An example of a rule for prompting a screen for possible cause is:

if Symptom includes 'solids loss over weirs'

then use Poss Cause Solids_Loss.
This means that if the user selects 'solids loss over weirs' as one of the symptoms
identified, then the screen Poss_Cause Solids_Loss will appear which shows a list of

possible causes for loss of solids over clarifier weirs.



To check and confirm the cause for a particular symptom, rules such as the following are
set:

if Symptom includes 'floating sludge'

and Check Sludge Pump Failsis Yes

then Check includes "‘pump fails'

In this case, if the symptom selected includes 'floating sludge' on the clarifier. then one
of the checks to be conducted is whether or not the sludge pump has failed. The
"Check_Sludge Pump Fails" is an object name that prompts a question to ask the user
whether the sludge pump fails. If the user selects 'Yes' as the response, then
LEONARDO will search for a conclusive cause whose memberslot for check includes

'pump fails'.

CLAR_EX also contains a procedure to search for a list of the most probable causes,
this is represented in the RuleSet as:

For all Causel

if Likely Cause includes Name: of Causel

and Unlikely Cause excludes Name: of Causel

then Mosi_Probable_Cause includes Name: of Causel;

scan 1s done

if scan is done
then run proc_unpack(number, Most_Probable_Cause);

unpack is done.

Proc_unpack is the object name of the procedure that picks all the most probable causes.
The inference used in CLAR_EX to select the most probable causes is best illustrated by
the Venn diagram shown in Figure 3.2. The most probable causes are listed on a screen
("screen2" as in Version 1.0) by the following rule:

if unpack is done

and number > 0

then use screen?.



Version 1.0 also allows the user to run a consultation again without executing the file
from beginning, the rule used is:

if unpack is done

and restart is Yes

then cycle mode is autocycle;

Consultation is completed.
To guide any user in answering various questions in the diagnosis, and to provide

information on specific terms used in wastewater treatment, help screens were provided

in Version 1.0.

Likely Causes Unlikely Causes

Most Probable
Causes (hatched area)

Figure 3.2 A Venn diagram illustrating the selection of the “most probable causes” in

CLAR EX

3.3 Shortcoming of CLAR_EX in Handling Uncertainties

An essential feature of an expert system that distinguishes it from a normal computer
program is its ability to emulate the reasoning process of an expert. In finding the most
likely causes of a problem, the expert would consider a number of factors that could
cause the problem, then evaluate them mentally using his/her knowledge and past

experience of the domain before coming to a final conclusion as the most likely cause.




In doing so, the expert weighs the evidence and the uncertainties associated with it and
the internal relationships that govern the behaviour of the domain. The expert system
must be able to handle these uncertainties in a systematic and mathematically sound
way. In an attempt to incorporate this essential feature in CLAR_EX. a number of

challenges were encountered.

The effective diagnosis of faults in a wastewater treatment system. or any similarly
complex process, also requires bi-directional reasoning. This means that both predictive
(cause to symptom) and diagnostic (symptom to cause) inferences normally have to be
made within series of reasoning steps which lead to final conclusion. The exact
combination and order of those predictive/diagnostic steps change dynamically,

depending on the circumstances as evidence becomes available.

This requirement creates serious problems for rule-based expert systems because the
rule ‘if A then B (with certainty c1)’ is uni-directional, and the addition of ‘if B then A
(with certainty C2)’ will result in cyclic updating of A and B. The introduction of a

diagnostic rule will necessitate the removal of a diagnostic rule, and vice versa.

This problem can be overcome with the rule-based expert system incorporating a
mixture of predictive and diagnostic rules relevant to the evidence and the objective of

diagnosis.

However, the reasoning mechanism remains uni-directional (forward chaining), and the
use of a mixture of predictive and diagnostic rules presupposes that certain items of
evidence will be presented. If this is not the case, it may lead to counterintuitive
conclusion. This shows the inability of the rule-based expert system in handling bi-
directional reasoning in a dynamic way. This is especially apparent when new evidence
requires the retraction of existing beliefs because it ‘explains away earlier evidence

which had pointed to an erroneous cause.

A simple example of a set of rules relating to faults in a clarifier given below and shown

in Figure 3.3.
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Rule 1: If solids over weir

then short circuirt (0.4)

Rule 2:  If high hydraulic load

then short circuit (0.5)

Rule 3:  If short circuit

then faulty baffle (0.6)

solids over weirs

short circuit faulty baftle

high hydraulic
load

Figure 3.3 A simplified inference diagram for clarifier problems

If solids over weir becomes known with 90% certainty, then Rule 1 fires and gives 36%
certainty for short circuit (i.e. 0.9 x 0.4). This will cause Rule 3 to fire, which gives

Jfaulty baffle with 22% certainty.

If high hydraulic load becomes known with 80% certainty, Rule 2 fires and concludes in
conjunction with Rule 1 that short circuit is 62% certain (i.e. 0.30 + 0.4 - 0.36x0.4,
where 0.4 is derived from 0.8x0.5 - the certainty resulting from Rule 2). This triggers
Rule 3 to conclude faulty baffle with 37% certainty (i.e. 0.62 X 0.6). The new evidence
(high hydraulic load) has increased the likelihood of faulty baffle (from 22% to 37%),
when in actuality, this should be reduced. This is because high hydraulic load, being a

cause of solids over weir, provides an alternative explanation for its occurrence.
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One might argue that the above discrepancy is due to the fact that a mixture of predictive
and diagnostic rules exists (Rules 1 and 3 are diagnostic, whereas Rule 2 is predictive).
So, a potential solution is to change Rule 2 to its diagnostic form, that is:

Rule 2:  if short circuit then high hydraulic load.

However, this makes the high hydraulic load worthless since it cannot fire any rule,

because it occurs now as the consequent and not antecedent of the rule-base.

Alternatively, if we change Rules 1 and 3 to predictive mode, and so the three rules
become:

Rule 1:  if short circuit then solids over weir

Rule 2:  if high hydraulic load then short circuit

Rule 3:  if faulty baffle then short circuit

Then the evidence concerning the solids over weir becomes worthless, and it becomes
impossible to conclude anything about the state of the baffle since faulty baffle does not

appear anywhere as the consequent of a rule.

Another problem encountered involves correlated evidence. Looking at Figure 3.3 again,
suppose that the evidence for solids over weir originated from two sources: a message
left with your secretary by a wastewater treatment operative who is a well known joker;
followed later by a telephone call from the plant manager. Your initial doubts about the
validity of the message were overcome when you receive the plant manager’s call, but
then were later renewed when you discover later the plant manager had gained his
information from the same operative. These two sources of evidence, which were
initially thought to be independent, were found to be correlated and your conclusion was
modified accordingly. This type of situation creates enormous difficulties in rule-based
systems, because of their assumption of detachment (that is, their rules apply regardless
of how the antecedent was derived) [Krause and Clark, 1993]. Heckerman [1990]
mentioned that systems which update certainty factors in a modular and consistent way

only produce coherent updates if no two rules stem from the same premise.
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In addition, the possible states of the antecedents and consequences of the rules have so
far been assumed binary (such as yes or no, present or absent, high or low ), but in fact,
they may have several possible states. For example, hydraulic load could have three
states: low, normal and high. Under such a situation, it will be necessary to have a rule
for each possible combination of the antecedent and consequent states. This means a
single relationship between an antecedent with three possible states and an consequent
with four possible states would require twelve separate rules. For most diagnostic
systems, such as the one developed for this project, this would involve a very large
number of rules to cover all the possible combinations of each antecedent and
consequent. This would certainly undermine the computational efficiency of the rule-
based approach. However, this is a relatively minor weakness compared to its
weaknesses with respect to bi-directional reasoning and correlated evidence.

In understanding the weaknesses of CLAR EX in handling uncertainties, it was decided
to move on the research work by using Bayesian Belief Network which has shown
potentials in handling plausible reasoning. However, there were a number of positive
contributions in CLAR_EX which are essential to the subsequent research work in
developing CLAR NET using the Bayesian Belief Network. The inference diagrams
developed provided a good foundation for constructing the causal structure of
CLAR_NET. In addition, the knowledge elicited from the experts for CLAR_EX have
also saved tremendous time and efforts in the developing CLAR_NET. The

development of CLAR_NET is described in more detail in the next chapter.



CHAPTER 4 THEORY AND APPLICATION OF BAYESIAN BELIEF
NETWORKS

4.1 Introduction

This chapter covers the theory of Bayesian Belief Networks and demonstrates its
application to the diagnosis of faults in wastewater treatment plant. It applies a simple
example based on a subset of nodes from the full network developed during the
project. It also presents the work published by Chong and Walley (1996) in greater
detail than was possible in the published paper. For example, the maximum
cardinality search and the propagation of probabilities in Bayesian Belief Networks is

presented here in full.

4.2 Background of Bayesian Belief Networks

In considering how the human mind reasons, Pearl [1988] initiated a method of
propagating probabilities in Bayesian Belief Networks (BBNs). These networks,
which are sometimes referred as Causal Networks or Belief Networks, are based on

the essential concepts from probability theory.

It is believed that BBNs are to a large segment of the Artificial Intelligence
community (that is, those involved in reasoning under uncertainty) what resolution
theorem proving is to the Al-logic community [Charniak, 1991]. Despite its potential,
the early development and application of this approach in the expert systems field
were hampered by the complexity of its theory. Researchers were attracted to the

rule-based approach to expert systems due to its convenience in computation.

This chapter will describe the essential concepts in Bayesian Belief Networks, and an
example will be made which illustrates the use of such a system. The example is
based on a simplified version of the BBN which has been developed to diagnose faults

in the activated sludge system of the wastewater treatment process.
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4.3 Characteristics of BBNs

Some of the concepts behind BBNs have been discussed in Chapter 2, and will not be
repeated here. Basically, BBNs are directed acyclic graphs (DAGs), where the nodes

are variables, and certain independence assumptions hold. Often, the variables can be

thought of as states of affairs, and the variables have a set of possible values.

BBNs allow updating of the beliefs in a hypothesis in response to the observation of |
evidence. The heart of Bayesian techniques lies in the inversion formula,

P(A4|B)P(B)

P(B|4) = D

(4.1)

Where, P(B| A) is the revised belief in hypothesis B on observing evidence A, P(A)
and P(B) are the prior beliefs in A and B, and P(Al B)is the probability of A given B.
It should be noted that Equation 4.1 allows the reverse in direction of reasoning from

P(B| A) to P(Al B).

In the probabilistic approach, the conditional probability P(B |A1)=p1 means that if A
is observed, and A is the only thing that is known which is relevant to the outcome B,
then probability p; can be attached to the outcome B. If additional evidence, such as
(A1,A2,...An) is observed, then a new conclusion will be made with p(B)=p> to
replace the previous conclusion of p(B)=p;, where p, is the known or derived value of
the conditional probability p(B IA1,A2,A3,..An). An item of evidence can only be
ignored during the evaluation of p(B) if it is irrelevant to the outcome B. This is also
true for the rule-based system. However, Pearl [1988] pointed out that “ the
computational convenience of these systems and their striking resemblance to logical

derivation tempt people to neglect the importance of verifying irrelevance”.

The computational challenges in the probabilistic approach was overcome by recent
research in this area [Lauritzen and Spiegelhalter, 1988; Pearl, 1988 and Neapolitan,
1990]. This prompted the development of a computational method based on graphical
representation of dependencies and efficient updating algorithms based on the
dependency structure. This method involves extraction of an undirected triangulated

graph from the directed acyclic graph (DAG) in the Bayesian Belief Network, and the
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creation of a tree whose vertices are the cliques of this triangulated graph. Such a tree
is called a “join tree” or “hypertree” of cliques. Once this tree is built, it is no longer
referred to as a DAG. In order to update the probabilities in the original causal
network, messages are spread through the vertices in this tree. The extent to which
the message is transmitted through the network depends on whether the node
receiving hard evidence is d-connected to or d-separated from other nodes in the
network. If nodes are d-connected, this means messages can be transmitted between
these nodes. (Section 4.6 contains detail explanations on d-connection and d-
separation). This method is sometimes called “probability propagation in trees of
cliques” [Lauritzen and Spiegelhalter, 1988], or “belief propagation through local

computation” as explained in detail by Krause and Clark [1993].

The method is best illustrated by the following simple example, which has been
extracted from the full network (refer to Figure 5.5) for diagnosing faults in the

activated sludge plant of a wastewater treatment system.

4.4 An Example Illustrating the Use of BBN

Figure 4.1 shows a simple Bayesian network of a small part of a wastewater treatment
plant. For the purpose of easy illustration, most of the nodes and links from the
original network (Figure 5.5) have been omitted. It should be noted that certain
aspects of the behaviour of the network might be considered odd by an experienced
plant operator. This is purely the result of over-simplification for the sake of

clarifying the BBN concepts.

In graphical terms, the network is known as a directed acyclic graph (DAG). That s,
a graph with arcs (directed links) from parent nodes (causes) to child nodes (effects)
which do not form a closed cycle anywhere in the structure. By looking at the
dependency structure of the network, its joint probability distribution can be expressed '
as the product of the nodes’ conditional probabilities (conditioned on their parents):
P(A,B,..H) = P(H|D,E)P(G|E)P(F|D)P(E|B,C)P(D|4)P(C|4)P(B) P(4)

4.2)
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The DAG is then transformed to an undirected triangulated graph as shown in Figure
4.2. The triangulation process is done in two stages:
a) provide links between unjoined parents of a common child as shown by the
dotted lines as shown in Figure 4.2, and
b) complete the triangulation by introducing additional links to ensure that there
are no remaining cycles of lengths four or more without a chord.
The triangulated graph is then decomposed into a sequence of subsets of nodes,
known as “cliques”, within which each node is linked to every other node. Figure 4.3
shows the six cliques which are formed by decomposing Figure 4.2. The structure has
the important property that its joint probability distribution is equal to the product of
the joint distributions on the cliques divided by the product of the joint distributions
on the intersections. That is,

P(4,C,D)P(C,D,E)P(B,C,E)P(D,E,H)P(D,F)P(E.G)

P(4,8,..H) = P(C,D)P(E,C)P(E,D)P(D)P(E)

(4.3)
Equation (4.3) is the same as Equation (4.2), except it is expressed in a more useful
form (A proof of this equivalence derived by Walley (1996) is reproduced in the
appendix). The power of this formulation lies in its ability to enable belief revision to
be calculated locally within cliques and then propagated sequentially from clique to
clique. This forms the essential key to computational efficiency of the new updating

algorithms for this approach.

The cliques making up the decomposed structure in Figure 4.3 were then labelled as
cliques C1 to C6 using a standard procedure known as maximum cardinality search.
Figure 4.4 shows the hypertree of cliques to which the decomposed structure is
transformed. This method, initiated by Tarjan and Yannakakis [1984], is defined by
Neapolitan [1990] as “an ordering of the vertices by assigning 1 to an arbitrary vertex.
For the next vertex to number, the vertex adjacent to the largest number of previously
numbered vertices is selected, breaking ties arbitrarily”. In Figure 4.3, the first label
C1 is given to the clique containing the node H, simply because evidencé will be
introduced to the network via this node in the example given here. The labelling is

then continued by successively numbering the nodes attached to the maximum
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Figure 4.1 The example network

Figure 4.2 The triangulated graph
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number of nodes that are already labelled, and ties may be broken at random. Cliques

C2 to C6 are thus labelled as shown in Figure 4.3.

The six cliques are then re-arranged to form a directed hypertree (Figure 4.4), which is
a tree of cliques as opposed to a network of nodes. This is a directed graph. with
arrows showing the direction in which the updating of the belief is propagated from a
clique to another when new evidence in C1 is received. As each clique receives an
update of belief through the intersection with the previous clique, its own nodes are

updated prior to transmitting the new belief on to another clique via the intersections.

This means the updating of beliefs in all the nodes in the Bayesian Belief Network due
to the evidence input is done in a systematic and consistent approach, and in line with
sound mathematical method. The approach will be valid for diagnostic (consequences
to causes) or predictive (causes to consequences) reasoning, or a combination of both.
The graphical representation of the dependencies between variables explicitly covers
matters of relevance and irrelevance, and problems of correlated evidence do not arise
because they are explicit in the network and properly represented mathematically. As
such, BBNs do not suffer from any of the problems which bedevil rule-based methods

of plausible reasoning.

4.4.1 Procedure for Analysis of Probabilities in BBN

The structure for the above example BBN as shown in Figure 4.1 has associated with
it a set of assigned prior and conditional probabilities. Together, the probabilities and
the structure of the BBN effectively form the knowledge base of the system. Table 4.1
shows the probabilities of all possible states of each node given the state of its parents,
that is, the conditional probability for each node. For nodes such as A and B which
have no parents, they are assigned prior probabilities for each possible state. All
these prior and conditional probabilities are obtained initially from the author’s
knowledge and experience in wastewater treatment operations, with subsequent
refinements made from comments by the two domain experts, P. Nungesser and H.A.
Hawkes. These probabilities are subjective in nature in that they represent only the

best estimates from the author and the two domain experts.
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Figure 4.3 The arrangement of the cliques

Figure 4.4 Hypertree of cliques



Table 4.1 Prior and conditional probabilities in the example network

Influent Hydraulic F/M Ratio | Organic Load
Type (A) Load (B) (G)
Low Normal
High
Industrial 0.5 Low 0.025 Low 0.60 0.01 0.01
Domestic 0.20 Normal 0.950 Normal 0.39 0.98 0.39
Mixed 0.25 High 0.025 High 0.01 0.01 0.60
Influent Influent Type (A)| Toxic | Influent Type (A) | Nitrific- ToxicWaste(D)
BOD (C) | Ind. Dom. Mix | Waste | Ind. Dom. Mix ation (F) Yes No
Normal/low| 0.95 0.90 0.92 Yes 0.10 0.05 0.08 |Normal 020 095
High 0.05 0.10 0.08 No 090 095 0.92 |Abnormal 0.80  0.05
Organic Influent BOD (C)
Load (E) Normal/l ow High
Hydraulic Load (B) Hydraulic Load (B)

Low Normal High Low Normal High
Low 0.90 0.25 0.02 0.05 0.02 0.01
Normal 0.08 0.70 0.45 0.90 0.38 0.05
High 0.02 0.05 0.53 0.05 0.60 0.94
Effluent Toxic Waste (D)
BOD (H) Yes No

Organic Load (E) Organic Load (E)

Low Normal High Low Normal High
Lw/Normal| 0.60 0.50 0.05 0.98 0.95 0.65
High 0.40 0.50 0.95 0.02 0.05 0.35
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The procedure for performing data processing in a BBN proceeds as follows.

a.

Calculate the joint probabilities on the cliques which have nodes with known prior
probabilities. For example in Clique 4 where P(A) is known:
P(4,C,D) = P(C/4) P(D/A)P(4) (4.4)
and so,
P(41,C1,DI) = P(C1/41) P(D1/41)P(A]) (4.5)
where, Al represents “industrial influent type”, C1 represents “normal/low
influent BOD”, and D1 for “presence of toxic waste”, and from Table 4.1,
P(A1)=0.55, P(C1/A1) =0.95, and P(D1]A1)=0.10,
and substituting into Eqn.(4.5) becomes:
P(A1,C1,D1)=0.95x0.10 x 0.55 = 0.05225
The same procedure follows to calculate the other joint probabilities and results of
the computation is shown in Table 4.2
Derive the joint probabilities, P(C,D) on intersection CD and the prior
probabilities, P(C) and P(D), on nodes C and D respectively.
Following the above example on the first state of conditions and referring to Table
4.2:
P(C1,D1) = P(A1,C1,Dl)+ P(42,C1,D1)+ P(A3,C1,DI)
=0.05225 +0.009 + 0.0184
=0.07965
Progress through the whole network until the joint probabilities on all the cliques
and intersections plus the prior probabilities on the nodes have been evaluated.
The latter correspond to the BBN’s belief in the initial state of the system prior to
any evidence given.
From Table 4.2,
P(Cl) = P(A1,C1,D1) + P(41.C1,D2) + P(42,C1,DI)
+ P(42,C1,D2) +P(43,C1,D1) + P(43,C1,D2)
=0.05225 +0.47025 + 0.009 + 0.171 + 0.0184 +
0.2116
=0.9325

Case X in Table 4.3 illustrates the states of condition where there is no evidence.
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d. When an evidence is given, say, effluent BOD (node H) is high, which means
P(H2)=1 and P(H1)=0. The effect of such is propagated through the hypertree
of cliques in Figure 4.4. This involves the following process:

1) derive the revised joint probabilities on intersection DE, P’(D,E) as:

P'(D,E) = P(D,E [H2) (4.6)
for example, P’(D1,E1) = P(D1 EIl,H2)/P(H2)
Since P(H2) = P(DI1,E1.H2) + P(D1,E2,H2) + P(D1,E3,H2)
+ P(D2,E1,H2) + P(D2,E2,H2) + P(D2,E3,H2)
=(.101966 (see Table 4.2)
P’(D1,E1) =0.004172/0.101966 = 0.040913

11) derive the revised joint probabilities P’(C,D,E) on clique C2 by
multiplying its original joint probability P(C,D,E) by the ratio of the
revised to the original joint probabilities on the intersection with clique C1;
that is,

P(C,D,E)=P(C,D,E)P’(D,E)/P(D,E) 4.7)
following from the above example (Table 4.2),
P(C1,D1LE])=P(CI1,DILEI])P (DI, EI)/P(DIEI])
=0.020749 x 0.040913 / 0.020859
= 0.040698

iii) the joint probabilities on the remaining intersections and cliques are
revised the same way. In each case the joint probabilities on the cliques
are revised by multiplying them by the ratio of the revised to the original
joint probabilities on the intersection with the previous clique;

iv) the updating is completed by deriving the revised probabilities on the
nodes from the revised joint probabilities on the cliques or intersections.
This gives the network’s belief in the state of the system following the
introduction of the evidence that effluent BOD is high. This is represented
by Case Y in Table 4.2; and

v) if additional evidence is introduced, for example if Nitrification is
abnormal (that is, at node F, set P’(F2)=1.0), then the effect of this is
propagated through a new hypertree of the six cliques, starting from node
F. Thus, the order of propagation from C1 to C6 becomes C4, C3, C5, C2,

C6 and C1 respectively. The final belief in the state of the system
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following the introduction of this second piece of evidence is represented

by Case Z in Table 4.3.

The results from two pieces of evidence can be summarised below.

a. Prior to the introduction of evidence to the contrary, the network indicated very
high probabilities that each component was functioning normally.

b. When evidence was introduced to the network (as in Case Y where effluent BOD
is high), the network significantly increased its belief in the abnormal functioning
of some components. The most notable changes were increased expectations of:

1) high organic load (from 0.097 to 0.354),

i1) high F/M ratio (0.067 to 0.219),

i11) increase in presence of toxic waste (0.085 to 0.401),
1v) abnormal nitrification (0.114 to 0.351), and

v) high influent BOD (0.068 to 0.166).

From the above results, the most likely cause of high effluent BOD is the presence
of toxic waste, which in turn should cause abnormal nitrification. However, it
also suggests that high organic load could equally be the cause of the problem.

It can be seen that responses (i), (iii) and (v) follow from diagnostic reasoning
from the evidence presented, but responses (ii) and (v) required predictive

reasoning from responses (i) and (i11) respectively.

¢. When the second piece of evidence is introduced (as in Case Z where Nitrification
is abnormal, in addition to the high effluent BOD), the network strengthens its
belief that the waste is toxic (i.e. from 0.401 to 0.915) and retracts its beliefs in the
other possible causes, such as high organic load (down from 0.354 to 0.200), high
F/M ratio (0.219 to 0.129) and high influent BOD (0.166 to 0.103).

Results obtained after evaluating the two pieces of evidence, show that the most likely
cause of the problem is the presence of toxic waste. In reaching such conclusion, the
network has used both diagnostic and predictive reasoning to retract its earlier beliefs

in other causes, since these have been explained away by the new evidence.
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Table 4.3 Beliefs in the state of the example network resulting from three consultations

NODE STATE X Y Z
A - Influent al. Industrial 0.550 0.568 0.632
Type
a2. Domestic 0.200 0.182 0.129
a3. Mixed 0.250 0.250 0.239
B - Hyraulic bl. Low 0.025 0.015 0.020
Load
b2. Normal 0.950 0.925 0.941
b3. High 0.025 0.060 0.039
C - Influent cl. Low/Normal 0.933 0.834 0.897
BOD
c2. High 0.068 0.166 0.103
D - Toxic dl. Yes 0.085 0.401 0.915
Waste
d2. No 0.915 0.599 0.085
E - Organic el. Low 0.244 0.117 0.179
Load
e2. Normal 0.658 0.529 0.621
e3. High 0.097 0.354 0.200
F - Nitrification| fl1. Normal 0.886 0.649 0
f2. Abnormal 0.114 0.351 1
G - F/M Ratio | gl. Low 0.154 0.079 0.116
g2. Normal 0.779 0.702 0.756
g3. High 0.067 0.219 0.128
H - Effluent h1l. Low/Normal 0.890 0 0
BOD
h2. High 0.110 1 1

Case X: Prior State (no evidence at all)
Case Z: Evidence that Effluent BOD is high and Nitrification is abnormal
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This simple example has clearly illustrated two important features of Bayesian Belief
Networks: it emulates human reasoning using integrated diagnostic-predictive
reasoning, and retracts belief when potential causes are explained away by new

evidence.

4.5 Comparison between the Example Network and CLAR NET

Since the example network is only a small subset of the full CLAR_NET structure
(Figure 4.5), it may be immune to the effect of some neighbouring nodes which might
otherwise influence its conclusion. To demonstrate the effect of this immunity,
CLAR_NET was subjected to the same three consultations (Cases X, Y and Z). The
results for the eight nodes which were common to the Example Network, are

presented in Table 4.4

The main differences between the two sets of results (Tables 4.3 and 4.4) for Case Z
(Evidence that Effluent BOD is high and Nitrification is Abnormal) are that the
likelihood of the toxic waste being the cause of the problems is reduced from 0.915
(in Table 4.3) to 0.826 (Table 4.4), whilst the likelihood of the high organic load
being the cause is increased from 0.200 to 0.536. As such, the full network
(CLAR_NET) is far less certain that toxic waste is the cause of the problem and
considers it could also be due to high organic load, possibly resulting from high
hydraulic load (up from 0.039 to 0.425), and/or due to high influent BOD (up from
0.103 to 0.322). As one might expect, results from the full network are more in line

with the opinion of human experts than those given in the Example Network.

The reason for the differences is that in the full network (CLAR NET), there are
additional nodes which interconnect with and exert influence on the eight nodes used
in the Example Network. In fact, the most influential extra link was one between two
of the eight nodes in the Example Network (that is, the F/M Ratio (FMRatio) node is a
parent of Nitrify node in CLAR_NET). This link was not included in the Example
Network because it would have made the mathematics and explanation unnecessarily

complex. The development of CLAR_NET is described in detail in the next chapter.
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Table 4.4 Beliefs in the state of the eight nodes of the example network within CLAR_NET

NODE STATE X Y Z
A - Influent al. Industrial 0.550 0.571 0.666
Type
a2. Domestic 0.200 0.200 0.155
a3. Mixed 0.250 0.229 0.179
B - Hyraulic bl. Low 0.030 0.019 0.023
Load
b2. Normal 0.910 0.723 0.332
b3. High 0.060 0.258 0.425
C - Influent c¢l. Low/Normal 0.949 0.804 0.678
BOD
c2. High 0.051 0.196 0.322
D - Toxic dl. Yes 0.055 0.327 0.826
Waste
d2. No 0.945 0.673 0.174
E - Organic el. Low 0.245 0.099 0.103
Load
e2. Normal 0.651 0.435 0.361
e3. High 0.104 0.467 0.536
F - Nitrification| f1. Normal 0912 0.764 0
f2. Abnormal 0.088 0.236 1
G - F/M Ratio | gl. Low 0.149 0.064 0.065
g2. Normal 0.786 0.654 0.564
g3. High 0.065 0.282 0.371
H - Effluent h1l. Low/Normal 0.902 0 0
BOD
h2. High 0.098 1 1

Case X: Prior State (no evidence at all)
Case Z: Evidence that Effluent BOD is high and Nitrification is abnormal
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4.6 Transmtting Messages through d-connected Nodes

Pearl (1988) defined the notion of d-separation in causal networks. Jensen [1996]
stated that “two variables A and B in a causal network are d-separated if, for all paths
between A and B, there is an intermediate variable C such that either the connection is
serial (that is chain-connected ) or diverging and the state of C is known. or the
connection is converging and neither C nor any of C’s descendants have received
evidence”. This simply means that, if A and B are d-separated, the message cannot
pass from A to B, or from B to A. However, if A and B are d-connected, the message
can pass from A to B, and vice versa. Thus, if A and B are not d-connected, they are

then d-separated.

The relationship of nodes A and B can be illustrated in the following three types of

node structure as illustrated below.

a) Chained Nodes - Node A has an influence on C which has an influence on B as

shown in Figure 4.6. Evidence about A will affect the likelihood of C and
subsequently the certainty of B. However, if there is hard evidence at C, then A and
B are d-separated and become independent (Figure 4.7). Hard evidence means an

exact state of the variable is known, that is, a 100% certainty.

Figure 4.6 A and B are d-connected Fig. 4.7 With hard evidence at C, A and B

and dependent are d-separated and independent

b) Converging Nodes - In Figure 4.8, if nothing is known about C, then parent nodes

A and B are independent and d-separated. This means that evidence on A has no
influence on the likelihood of B and vice versa. However, if hard evidence is known
at C, then A and B will be d-connected and hence dependent (Figure 4.9). In a more
complex structure as shown in Figure 4.10, soft evidence at C due to hard evidence at

E is sufficient to make A and B dependent and hence d-connected.
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Figure 4.8 A and B are independent Figure 4.9 With hard evidence at C, A

and d-separated and B are d-connected and dependent.

®\ /
O
©
&

Fig. 4.10 A and B are d-connected

with soft evidence at C due to hard

evidence at E

¢) Diverging Nodes - In this case, A and B are children of C and are d-connected and

dependent if there is no hard evidence at C (Figure 4.11). However, hard evidence at
C will block the message between A and B, and so A and B are independent and d-

separated given C (Figure 4.12).

Figure 4.11 A and B are d-connected Figure 4.12 A and B are d-separated and

and dependent independent with hard evidence at C

The d-connection concept will be applied more extensively in the sensitivity tests for

CLAR_NET in Chapter 6.
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CHAPTER 5 DEVELOPMENT OF BAYESIAN BELIEF NETWORK CLAR_NET

5.1 Development Process

In Chapter 3, the process and challenges involved in developing the initial diagnostic model
for the clarifier system were described in detail. The inadequacy of the rule-based expert
system model, CLAR_EX, to handle uncertainty together with its other limitations, such as
its inability to properly update beliefs resulting from correlated evidence, led to the

adoption of an alternative system.

The Bayesian Belief Network (BBN) system was chosen, since it possesses superior
capabilities over the rule-based expert system and is free of the weaknesses mentioned
above. The theory and algorithm involved in the BBN approach were described in
Chapter 4.

In this chapter, the process involved in constructing the Bayesian Belief Network, is
described in detail. There are a number of processes involved (as shown in Figure 5.1), but
the three main steps are : constructing the structure of the belief network; eliciting and
inputing the probabilities into the network; and testing CLAR_NET to check its validity.
The first two processes will be described in this chapter, whereas testing of CLAR NET is

covered in Chapter 6.

The Bayesian Belief Network (BBN) which was developed to replace CLAR_EX was
named CLAR_NET (clarifier belief network). Figure 5.2 shows the extent to which
CLAR_NET covers a typical wastewater treatment operation. The development work for
CLAR NET was carried out on an Apple Macintosh computer using ERGO, a Bayesian
Belief Network package from Noetic Systems (E-mail: noetic@applelink.apple.com).



—> Conceptualise the idea of BBN
Draw individual BBN
from 21 inference diagrams
CLAR
NET Draft a single BBN for CLAR NET  [*®
Structure - A
Link all Delete Ar;agg[e Domain
common redundant paren’s Author experts
and *child
nodes nodes
nodes
Develop structure of CLAR_NET in ERGO
] Refinement
CLAR_NET structure developed
_>
_> l
Input author’s estimated prior and
conditional probabilities
. o I . Modify prior and
Compl%e.probabllltles - obtain node < _nditional probabilities
probabilities
CLAR_NET ‘
Probabilities Refinement Interview
Check node probabilities - test case studies > B jomain
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CLAR_NET version i completed | »1
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Final version of CLAR_NET

- v

Figure 5.1 A flow diagram showing the stages in development of CLAR _NET
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5.2 The Structure of CLAR_NET

Since a BBN's structure is basically a representation of cause-effect relationships, the initial
attempt to develop the structure of CLAR_NET focussed on ways to inter-connect all the
causal relationships (“symptoms” and “possible causes™) of the 21 inference diagrams (as
shown in Appendix A) previously derived for CLAR EX. Unfortunately, both the task and

the structure was found to be too complicated.

It was subsequently realized that this seemingly complicated task could be overcome by
cutting it into smaller steps. Thus, each of the inference diagrams was converted into a
belief network structure, with a "symptom" node representing the “child” which linked to
the "possible causes" nodes representing the “parents”. Examples of these networks are

shown in Figures 5.3 and 5.4.

The next task was to combine all the individual networks into a single BBN. Since the
activated sludge treatment process is a dynamic and cyclic operation where at times there
exists a vicious circle between "symptoms" and "causes”, it was sometimes difficult to
clearly distinguish which entity should be the parent and which the child. For example:
septic sludge is caused by low "DO", but it could be argued also that low "DO" 1s caused by
the presence of septic sludge in the system; low rate of sludge pumping (low
"PumpingRate") causes low volume sludge abstraction rate (low "VolSIdgAbsRt"), but the
reverse could also be true. Fortunately, the ability of BBNs to reason bi-directionally

enables the above problem to be resolved.

The other challenge was to logically arrange the nodes so that there was a sequential flow
from "parent" to "child” nodes. Since most of the clarifier problems which occur in
clarifiers eventually cause excess solids to flow over the weirs ("SolidOvrWeir"), there is a
tendency to point all the nodes to the "SolidOvrWeir" node. As a result, the “SolidOvrWeir”
node had nine parents at one point in time. Thus, its parents had three possible states, it
would be necessary to elicit almost 20,000 conditional probabilities for this one node alone.

This would not only result in the formation of a large clique, but also undermine the
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computational advantage associated with the belief propagation algorithm. The solution to
this potential problem was to examine again all the nine immediate “parents” of the
“SolidOvrWeir” node, and classed some of them as “grandparents™ or “great-grandparents”
by introducing intermediate common relatives. That is, the true causal relationships

involved were defined at a finer level of granularity.

Another essential features of a BBN is that descriptive terms for each entity need not be
presented. For instance, low aeration rate may cause problems such as septic sludge. but
high aeration may cause some problems too, like deflocculation. In the inference diagrams.
these two parameters were drawn as two separate nodes: "low aeration rate", and "high
aeration rate". However, since each node in the belief network was able to denote various
states of the entities it represents, low and high aeration could be represented with one node

called Aeration, thus the diagram was condensed during the refinement process.

In essence, the main task of developing the CLAR_NET structure started from the author’s
knowledge on wastewater treatment process. Subsequent knowledge were elicited from a
domain expert in wastewater treatment, Mr. P. Nungessor of the Bureau of Pollution in
Atlanta, USA and the structure went through a few rounds of refinement as a result of Mr.
Nungessor’s input. Another domain expert, Mr. H.A. Hawkes of Aston University was
sought for his comments on the refined structure to ensure the causal relationship between
the nodes are properly represented in CLAR_NET. Subsequent refinements were made

after another few rounds of comments by both the experts.

The CLAR_NET structure as shown in Figure 5.5 is a result of many rounds of refinement.
It is a prototype depicting the susbsystem for an actual activated sludge process in
wastewater treatment, and can be easily modified to suit the characteristics and

requirements of any treatment plant.
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Figure 5.3 A typical individual causal network (shown here for “excessive solids carry
over weirs”) drawn from the inference diagrams before linking to other nodes to form

CLAR_NET.
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Figure 5.4 Another example of individual BBN (shown here for “sludge bulking”) drawn
before linking to other nodes to form CLAR_NET
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5.3 Node Probabilities of CLAR_NET

5.3.1 States of Entities

Each node in the network has 2 or 3 possible states, for example, most of the operating
parameters such as Dissolved Oxygen (*DQO”), aeration rate ("Aeration"), C:N:P ratio
(“CNPRatio”) have three possible states: "low", "normal" and "high" or "excess". The state
"normal" refers to the state under normal operating conditions. For example. the normal
rate of DO is 2 mg/l to 4 mg/l, and below 2 mg/l is considered "low", and above 4 mg/l is
considered "high". However, most of the parameters that can be observed have just two
states: "present" and "absent". For instance, oil is considered as "present" if there are visible
signs of it on top of the wastewater. Clearly, the borderline between "present” and "absent"

is rather vague and largely depends on personal judgment.

A complete list of the various states for all the nodes in CLAR_NET is given in Table 5.1.

5.3.2 Elicitation and Input of Probabilities
The prior and conditional probabilities of each node in CLAR_NET were initially derived

according to the best judgment of the author and then input into the network.

An important assumption made in the derivation of the prior and conditional probabilities
was that the prior condition of the system represents the normal state of a well-run
wastewater treatment system. In other words, there is a high probability (at least 90%) that
the activated sludge system is performing normally. This requirement was an important
consideration when selecting the initial conditional probabilities. For example, "Aeration",
which has 3 states: "low", "normal", and "high", has prior probabilities of 0.03, 0.95, 0.02
respectively. The same applies for other "first generation" nodes such as "Pretreatment”
where the prior probabilities for "good" and "poor" conditions are 0.95 and 0.05
respectively. The numbers (>0.90 for normal functioning) chosen by the author as being a
reasonable estimate of the likelihood of normal functioning of the components, and there is
no set rule to say whether the prior probability of 0.90 for “good” pretreatment is more

realistic than say 0.85 or 0.95, for example.
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For nodes that involve "parental" relationships, the input of the required probabilities was
more complicated. For example, "VolSldgAbsRt" has "PumpingRate", "Outlet", and
"Scraper” as "parents", so the probability of it being in any given state is conditioned by the
known or likely state of each of its three parents. Thus, the probability of each of its possible
states has to be estimated for each possible combination of the states of three parents. This
calls for a lot of judgement. The numbers selected were input such that there was a gradual
change in probabilities as the "intensity" of each state changed. Tables 5.2 and 5.3 show two

such examples.

The probabilities were entered into CLAR_NET based initially on the author’s knowledge.
The network was then compiled and run to give the prior (that is “no evidence”) beliefs in
the states of all nodes. Examination of the results showed that some nodes had relatively

high beliefs in abnormal states, contrary to what one would expect.

The next stage was to re-examine all the conditional probabilities and where possible
modified them to reduce the likelihood of indicating abnormal prior beliefs. Then the
results produced were then presented to one of the domain experts, Mr. P. Nungesser for
comments. Refinements were then made and the results were commented by the second

expert, Mr. H.A. Hawkes.

By careful and successive adjustments, a network was constructed in which the prior belief
in the normal functioning of each node was greater than 90%. The only exception to this
was the “Influent Type” node whose three states were: industrial, domestic and mixed

industrial/domestic. The concept of normal operation clearly did not apply to this node.
The CLAR_NET network was then tested to ensure accuracy. The results were evaluated

and the prior and conditional probabilities were modified as necessary. The methodology

and results of the tests will be presented in the next chapter.
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Table 5.1 A list of states of conditions for all nodes in CLAR NET

No Node Possible States Parents

1 AccuSludge Low Normal Excess SludgeAccuRt, VolSldgAbsRt
2 Aeration Low Nommal High

3 Agitation Low Normal High Aeration

4 BOD Low/Normal ~ High InfluentType, Spill

5 Baffle Good Faulty

6 Bulking Yes No FilBact_A, SludgeAge

7 CNPRatio Low Nommal High N_Load, P_Load, BOD

8 DO Low Nommal High Aeration

9 Defloc Yes No Agitation, pH, ToxicWaste

10 Denitrify Yes No SepticSludge

11 DetentTime Short Normal Long HydLoad

12 DispGrowth Yes No DO, BOD, Defloc

13 Effl_Ammonia Normal High DO, pH

14 Efft BOD Low/Normal ~ High SolidOvrWeir, OrganicLoad, ToxicWaste
15 Effl_Nitrate Normal High Denitrify, DO

16 ExcessFoam Yes No Nocardia, Surfactant

17 FMRatio Low Nommal High OrganicLoad

18 FilBact_A Present Absent FMRatio, CNPRatio, DO

19 FilBact_ B Present Absent FMRatio, CNPRatio, Nocardia
20 FloatSludge Yes No InaFloatable, RisingSludge

21 HydLoad Low Nommal High Spill, Pretreatment

22 InaFloatable Yes No Pretreatment

23 InfluentType Industrial Domestic Mixed

24 MassSettRate Low Normmal High Bulking, HydLoad

25 Mousse Yes No FilBact_B

26 N_Load Low Normal High

27 Nocardia Present Absent

28 NonFloc Yes No TurbidWaste

29 Oil Present Absent Pretreatment

30 OrganicLoad Low Normal High BOD, HydLoad

31 Outlet Free Blocked

32 P_Load Low Nommal High

33 PinFloc Present Absent Agitation, DO, SludgeAge

34 Pretreatment Good Poor

35 PumpingRate Low Nommal High

36 RASRate Low Normal High

37 RisingSludge Yes No Denitrify, Oil, Mousse

38 Scraper Nommal Abnormal

39 SepticSludge Present Absent DO, OrganicLoad, VolSldgAbsRt
40 ShontCircuit Yes No Baffle, Weir, HydLoad

4] SludgeAccuRt Low Normal High OrganicLoad, MassSettRate, FloatSludge,

TurbidSusp

42 SludgeAge Low Normal High FMRatio, RASRate

43 SludgeConct Low/Normmal  High AccuSludge

44 SolidOvrWeir Yes No ShortCircuit, MassSettRate, AccuSludge,

TurbidSusp, FloatSludge

45 Spill Yes_Toxic Yes_NonToxic No

46 Surfactant Present Absent

47 ToxicWaste Yes No Spill, InfluentType

48 TurbidSusp Yes No DispGrowth, NonFloc, PinFloc
49 TurbidWaste Present Absent

S0 VolSldgAbsRt Low Normal High PumpingRate, Outlet, Scraper
Sl Weir Level Not_Level

52 pH Neutral Low_High
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Chapter 6 PERFORMANCE ASSESSMENT OF THE BELIEF NETWORK

6.1 Objective

The work described in this chapter aimed to assess whether CLAR_NET could
provide accurate diagnosis and prediction of faults in an activated sludge system.
Results of the predictions are compared to predictions made by human experts, with a

view to testing the accuracy of CLAR_NET.

6.2 Assessment Methodology
To evaluate the performance of CLAR_NET, an assessment methodology was
devised. The procedure is summarized below.

1. Examination of CLAR NET’s prior probabilities for the "no evidence"

case

CLAR_NET was tested under the normal plant operating condition, when
no problem occurs in the activated sludge system. This test was necessary
to determine how CLAR_NET will perform under the normal condition, as
compared to its behaviour under abnormal condition. Each node’s
probabilities were checked to see if they were indicating a high probability

(=90%) of the “normal” state.

2. Tests based on possible problem cases in wastewater treatment system

Various cases, with different known evidence, were used on CLAR_NET
to find the effects of such evidence on the rest of the system. The purpose
of the exercise was to determine whether CLAR_NET could respond

well under the influence of different operating conditions and/or known

symptoms.

3. Sensitivity test on CLAR_NET

CLAR_NET was tested to check its sensitivity to evidence, or when
additional evidence is presented at various nodes, acting singly or in
addition to other evidence. The tests should also demonstrate the stability
of the system, whereby those nodes which should be insensitive to the

evidence would indeed be insensitive.
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4. Comparison of results from CLAR NET with responses from domain

experts

Prediction made by domain experts based on various possible cases of
wastewater operations were obtained from their responses to pre-set
questionnaires. Each question in the questionnaire was representative of
the actual problem occurring in the activated sludge wastewater treatment
plant. The results from CLAR _NET based on these same cases were
compared to those predicted by the human domain experts. The overall
performance of CLAR_NET was then estimated based on the outcome of

these comparisons.

Details of the processes involved in the above methodology are described in the

following sections.

6.3 Running CLAR _NET with '""No Evidence"

This was the first step in determining the network’s ability to predict results
accurately. The "no evidence" condition assumed that all the operating conditions
were working normally. The probabilities for all the nodes were evaluated. The
criterion for accepting the results was that the probabilities for the normal state for
each node should be more than 90%. As noted in Chapter 5, this requirement (= 90%)
was considered a reasonable likelihood of normal functioning of the wastewater

treatment system.

For example, the simulated results gave the probability for the absence of Nocardia as
96%. This means that if the activated sludge system was working well, Nocardia

would most likely be absent (96%).

Table 6.1 lists all the node probabilities for the “no evidence” case. The results
indicated all the node probabilities for "normal" or "good" conditions were in the 90-
100% range, which satisfies the criterion set for this test. The only exceptions were
the "OrganicLoad" and "FMRatio" nodes, where the probabilities for "normal”
condition were below 90%, but the combined "low" and "normal” conditions were

89.6% and 93.5%, good enough to be considered in the range of 90%.
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Table 6.1 Node probabilities for the "No Evidence" condition

Node State of Condition Probabilities
AccuSludge Low 0.020977
Normal 0.923628
Excess 0.055428
Aeration Low 0.030002
Normal 0.950050
High 0.020001
Agitation Normal 0.938247
Excess 0.061803
BOD Normal 0.948575
High 0.051478
Baffle Good 0.950050
Faulty 0.050003
Bulking Yes 0.061932
No 0.938121
CNPRatio Low 0.025714
Normal 0916107
High 0.058231
DO Low 0.029201
Normal 0.950048
High 0.020801
Defloc Yes 0.038374
No 0.961666
Denitrify Normal 0.900626
Abnormal 0.099427
DetentTime Short 0.059874
Normal 0.910590
Long 0.029567
DispGrowth Yes 0.069041
No 0.931004
Effl Ammonia Normal 0.920624
High 0.079417
Effi BOD Normal 0.902280
High 0.097771
Effl Nitrate Low/Normal 0.911505
High 0.088548
FMRatio Low 0.149029
Normal 0.785754
High 0.065256
FilBact_A Present 0.038990
Absent 0.961061
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Table 6.1 (continued) Node probabilities for the "No Evidence" condition

Node State of Condition Probabilities
FilBact B Present 0.038786
Absent 0.961267
FloatSludge Present 0.089556
Absent 0.910497
Foam Normal 0.936484
Excess 0.063569
HydLoad Low 0.030527
Normal 0.909748
High 0.059778
InaFloatable Yes 0.080004
No 0.920049
InfluentType Industrial 0.550029
Domestic 0.200011
Mixed 0.250013
MassSettRate Low 0.036562
Normal 0.951994
High 0.011498
Mousse Yes 0.034824
No 0.965229
N _Load Low 0.030002
Normal 0.950049
High 0.020001
Nitrify Normal 0912172
Abnormal 0.087869
Nocardia Present 0.039476
Absent 0.960577
NonFloc Yes 0.080004
No 0.920046
Oil Present 0.087505
Absent 0.912548
OrganicLoad Low 0.245569
Normal 0.650877
High 0.103582
Outlet Free 0.950030
Blocked 0.050001
P Load Low 0.030002
Normal 0.950049
High 0.020001
PinFloc Present 0.051612
Absent 0.948422
Pretreatment Good 0.950050
Poor 0.050003
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Table 6.1 (continued) Node probabilities for the "No Evidence" condition

Node State of Condition Probabilities
PumpingRate Low 0.040001
Normal 0.950030
High 0.010000
RASRate Low 0.040002
Normal 0.950046
High 0.010000
RisingSludge Yes 0.088885
No 0911168
Scraper Normal 0.950030
Abnormal 0.050001
SepticSludge Present 0.085955
Absent 0.914094
ShortCircuit Yes 0.049695
No 0.950358
SludgeAccuRt Low 0.039823
Normal 0.910740
High 0.049484
SludgeAge Low 0.027625
Normal 0.944656
High 0.027767
SludgeConct Normal 0.906528
High 0.093505
SolidOvrWeir Yes 0.051919
No 0.948133
Spill Yes_Toxic 0.025001
Yes_NonToxic 0.025001
No 0.950049
Surfactant Present 0.050003
Absent 0.950050
ToxicWaste Yes 0.054890
No 0.945162
TurbidSusp Yes 0.078005
No 0.922046
TurbidWaste Present 0.050003
Absent 0.9_50048
VolSldgAbsRt Low 0.067681
Normal 0.925146
High 0.007205
Weir Level 0.950050
Not-Level 0.050003
pH Normal 0.950038
Abnormal 0.050002
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6.4 Tests based on Possible Problem Cases in Wastewater Treatment Systems
This exercise aimed to test the behaviour of CLAR_NET under several problems that
could possibly occur in an activated sludge system of a wastewater treatment plant.
This would also effectively determine whether CLAR_NET could be used as a
reliable tool to diagnose the possible causes or predict possible impacts in such a

plant, as well as to illustrate the bi-directional propagating properties inherent in

CLAR_NET which is a belief network.

Table 6.2 shows 40 of such cases conducted. There are 23 numbers of predictive
cases and 17 numbers of diagnostic cases made, as indicated by “P”” and “D”
respectively in the “Type of Questions” column. Predictive questions means given the
evidence (say Dissolved Oxygen level is low), how would that impact on the output
(say, septic sludge is present) as in Question 1. Diagnostic questions would involve
finding out the possible causes of occurrence, say having observed excess solids
flowing over the weirs, what would be the likelihood that the outlet pipe is blocked (as

in Question 15)?

In the actual wastewater treatment system, the operator may have little evidence that
would help him to analyse the possible causes or effects. A good mix of cases were
presented in Table 6.2, some with one item of evidence, some with two or three.
There are a number of questions with a single evidence to find the known causes or
effects, this could check the response from CLAR_NET is able to show a change of
its percentage of occurrence as compared to the “No Evidence” case. Then the cases

were made more complicated by introducing one or two additional pieces of evidence.

For example in Question 1, if the dissolved oxygen in the mixed liquor is low, then
CLAR_NET predicts the possibility of septic sludge as 56.80%. However, when there
is additional evidence that the outlet pipe is blocked (as in Question 3), CLAR_NET’s
prediction of septic sludge increases to 73.00%. This is in agreement with the normal
prediction of human experts, whereby additional supporting evidence strengthens their
belief in the suspected cause, such as the presence of septic sludge in the above case.
The percentage change from the “No Evidence” case has also been increased as

expected, from 48.20% (in Question 1) to 64.40% (in Question 3).
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Table 6.2 Results of test cases using CLAR NET

No. | Evidence Desired CLAR_NET Results (%) Type*
Obtained Information of
With “No Changes in | Questions
Evidence | Evidence” | Probability
(A) (B) (A-B)
1 “DO”: low Septic sludge: | 56.80 8.60 48.20 P
present?
2 “Outlet™: Septic sludge: | 17.30 8.60 8.70 p
blocked present? -
3 “DO”: low, Septic sludge: | 73.00 8.60 64.40 P
“Outlet™: present?
blocked
4 “RASRate”: low | Pin floc: 17.11 5.16 11.95 P
present?
5 “RASRate”; Pin floc: 8.30 5.16 3.14 P
normal, and present?
“FMRatio”:high
6 “RASRate”: Pin floc: 29.86 5.16 24.70 P
low, and present?
“FMRatio”:high
7 “Spill”: toxic Deflocculation | 13.60 3.84 9.76 P
present?
8 “Spill”: toxic, Deflocculation | 61.70 3.84 57.86 P
“pH”: low, ;
“Aeration”: high | present?
9 “Spill”:toxic, Effluent BOD: | 39.50 9.78 29.72 P
“OrganicLoad”: | high?
normal
10 | “Spill”: toxic, Effluent BOD: | 87.60 9.78 77.82 P
“OrganicLoad”: | high?
high
11 | “SolidOvrWeir”: | Effluent BOD: | 93.60 9.78 83.82 P
excess, high?
“ToxicWaste”:
present
[2 | “SludgeAge™: Pin floc: 47.20 5.16 42.04 P
high present?
13 | “InfluentType”: | Effluent BOD: | 10.10 9.78 0.32 P
industrial waste | high?
14 | “Nutrient™: low | Filamentous 61.50 3.90 57.60 P
Nitrogen, bacteria A:
“DO”: low present?
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Table 6.2 (Continued) Results of test cases using CLAR NET

No | Evidence Desired CLAR_NET Results (%) Type*
Obtained Information of
With “No Changes in | Questions
Evidence | Evidence™ | Probability
(A) (B) (A-B)
15 | “SolidOvrWeir”: | Outlet: blocked? | 6.80 5.00 1.80 D
excess
16 | “SolidOvrWeir” | Effluent BOD: 71.80 9.78 62.02 P
high?
17 | “Scraper” : Excess solids 92.20 5.19 87.01 P
malfunction over weir?
18 | “DO”: low Dispersed 41.10 6.90 342 P
growth: present?
19 | “TurbidSusp™: Pin floc™: 45.60 5.16 40.44 D
yes present?
20 | “HydLoad”: high | Detention time” | 90.00 5.99 84.01 P
short?
21 | “Foam”: excess Influent BOD: 95.60 94.85 0.75 D
normal?
22 | “SolidOvrWeir”: | Organic load: 16.57 10.36 6.22 D
excess high?
23 | “SolidOvrWeir”: | Organic load: 21.24 10.36 10.89 D
excess, and high/
“Effl BOD™:
high
24 | “Effl BOD™: Sludge pumping | 5.20 5.00 0.20 D
high rate:
abnormal?
25 | “Effl_Nitrate™: Denitrification: | 89.80 9.94 79.86 D
high abnormal?
26 | “Effl BOD™: Hydraulic load: | 17.30 9.03 8.27 D
high abnormal?
27 | “FloatSludge”: Aeration rate: 7.20 5.00 2.20 D
present abnormal?




Table 6.2 (Continued) Results of test cases using CLAR_ NET

Case | Evidence Desired CLAR_NET Results (%) Type*
Obtained Information of
With “No Changes in | Questions
Evidence | Evidence™ | Probability
(A) (B) (A-B)
28 “Oil”: present Pretreatment: | 45.70 8.75 36.95 D
poor?
29 “AccuSludge™: Volume 62.20 6.77 55.43 D
€xcess sludge
abstraction
rate: low?
30 “PinFloc™: present | Agitation due | 55.10 6.18 48.92 D
to aerators:
excess?
31 “SludgeAge™: Turbid 35.07 7.80 24.73 P
high suspension:
yes
32 “HydLoad”: high | Solid over 13.75 5.19 8.56 P
WEIrS: €XCess
33 “InfluentType”: Sludge age: 2.80 2.76 0.04 P
Industrial low
34 “Effl Ammonia™: | Toxic waste: | 31.27 5.49 25.78 D
high yes
35 “Agitation”: Solid over 5.88 5.19 0.69 p
excess weirs: excess
36 “Foam”: excess, Filamentous 31.53 3.88 27.65 D
and bacteria:
“RisingSludge”: present?
yes
37 “Effl Nitrate”: Septic sludge: | 42.70 8.59 34.11 D
' high and present?
“Effl Ammonia:
high
38 “TurbidSusp™ pH: 11.80 5.00 6.8 D
high and abnormal?
“Effl Ammonia:
high
39 “Bulking”: yes F/M Ratio: 9.42 6.53 2.89 D
and high?
“Effl_Nitrate™:
high
40 “ToxicWaste™: Rising sludge: | 24.79 8.89 15.90 P
present and yes
“SolidOvrWeir™:
excess

* «D” indicates diagnostic type of question, whereas “P” indicates predictive type.




Similar trends were shown in the responses received for other “predictive” questions
such as in Questions 4 to 6, and Questions 7 to 11. In Question 4, with low return
activated sludge rate (“RASRate™), the presence of pin floc is 17.11%, and an
additional evidence of high “FMRatio™ in Question 6 has increased the probability to
29.86%. The “diagnostic” questions show similar results. In Questions 22 and 23 for
example, when additional evidence of high effluent BOD (“Effl BOD”) is introduced,

the probability of occurrence of high organic load in the influent is increased from

16.57% to 21.24%.

Most of the nodes within CLAR_NET were tested to ensure they fall within the
expected range of results. The results were generally found to be acceptable within
the range of the author’s expectation. The above tests indicated CLAR_NET is able to
perform both diagnostic and predictive reasoning about relationships within the

wastewater system.

6.5 Sensitivity Tests on CLAR_NET

Nine representative test cases are presented here to demonstrate the sensitivity and
stability of CLAR_NET with respect to the evidence presented. These cases with the
evidence received are summarized below. Case 9 is used as a “control” case where
the probabilities served as the basis for other cases to compare.

Case 1: “Spill” occurs and is toxic.

Case 2: “Agitation” of the aerators is excessive.

Case 3: “DO”: low (that is, Dissolved Oxygen of the mixed liquor is too low).
Case 4: “DO” low and “Outlet” pipe is blocked.

Case 5: “DO” low and Nitrogen nutrient (“N_Load”) was low.

Case 6: “DO” low and “Spill” occurs and is toxic.

Case 7: Solids flowing over the weirs of clarifiers (“SolidOvrWeir”) is excessive.

Case 8: “SolidOvrWeir” is low and toxic waste (“ToxicWaste”) is present.

Case 9: No evidence case.

For each of the above cases, all the nodes in CLAR_NET that are d-connected with
the evidence node or nodes were examined. (Refer to Chapter 4 for explanation on d-

connection and d-separation). The following details the test conducted for each case.
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In analysing the test results for each case. the d-connected nodes in CLAR_NET were
colour-coded to illustrate the impact of the evidence (that is, the difference in
probability for a particular node under the test case and the *No Evidence” case).

Figure 6.1 shows the notation for colours used for the all the test cases here.

Case 1: “Spill”: ves toxic

To study the impacts when CLAR NET received the evidence that toxic spill (“Spill™:
yes_toxic) had occurred, those nodes which are d-connected to the “Spill” node are
identified using the procedure described in Chapter 4. These d-connected nodes
within CLAR_NET are shaded as shown in Figure 6.2. These are the only nodes
which are affected by evidence presented at the “Spill” node, the other nodes being

independent of “Spill” under the given conditions (that is, no other evidence).

When evidence is presented at the “Spill” node, the probability of occurrence of the d-
connected changed to a greater or lesser degree. Table 6.3 presents the results of such
an operation. It compares the probability under the “No Evidence” case with that
resulting from the introduction of evidence that toxic spill occurs (Case 1). The

difference in the probability (Cases 1 to 9) were also shown in Table 6.3.

Figure 6.3 shows the effects on the d-connected nodes in a colour coded format to
indicate the magnitude of the change in probability (that is, the node probability for

Case 1 to Case 9). The key to the colour code is shown in Figure 6.1.

The results indicate that when toxic spill occurs in the wastewater treatment system,
there is a high probability of the toxic waste being present (86.51%, an increase of
81.02% as shown in the “Change in probability” column of Table 6.3, and shown
coloured blue in Figure 6.3 to illustrate the magnitude of change) as expected. There
were other major changes in probability such as high hydraulic load (“HydLoad”) and
short detention time of the mixed liquor (“DetentTime”) of 60.04% and 53.82%
respectively; and these nodes are coloured green in Figure 6.3. Subsequent impacts
on high “BOD”, high “OrganicLoad”, abnormal nitrification (“Nitrify”) and high
effluent Ammonia (“Effl_Ammonia”) are noted with the changes in probabilities

between 30-50%, and coloured brown on Figure 6.3. Smaller impacts (10-30%)
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shown in pink for other d-connected nodes are registered for high “CNPRatio”, high
“FMRatio”, presence of “RisingSludge™, abnormal “Denitrification”, high

“Effl_Nitrate” and low sludge concentration (“Sludge Cont™).

The impacts on the d-connected nodes in Figure 6.3 clearly illustrate the magnitude of
the sensitivities of the nodes of the CLAR_NET network in response to the evidence

that toxic spill has occurred.

Table 6.3 Probabilities of occurrence for nodes d-connected to the “Spill”
node with evidence of toxic “Spill” as compared to the “No Evidence” case

Node State of Case 1 Case 9 Change in
Condition “Spill”: yes_ | “No Evidence” probability
toxic (%) (%) (Case 1 -
Case 9) (%)

AccuSludge low 2.63 2.10 0.53
BOD high 53.25 5.15 48.10
Bulking yes 6.75 6.19 0.56
CNPRatio high 30.84 5.82 25.02
Defloc yes 12.58 3.84 8.74
Denitrify abnormal 30.41 9.94 20.47
DetentTime short 59.80 5.98 53.82
DispGrowth yes 14.51 6.90 7.61

Effl Ammonia | high 43.74 7.94 35.80
Effl BOD high 67.97 9.78 58.19
Effl Nitrate high 25.02 8.85 16.17
Foam normal 94.12 93.64 0.48
FilBact A present 7.01 3.90 3.11
FilBact B present 9.58 3.88 5.70
FloatSludge present 15.65 8.95 6.70
FMRatio high 35.81 6.53 29.28
HydLoad high 66.01 5.97 60.04
MassSettRate low 6.51 3.66 2.85
Mousse yes 7.13 3.48 3.65
Nitrify abnormal 54.10 8.79 4531
Nocardia absent 96.76 96.08 0.71
OrganicLoad high 59.52 10.36 49.16
PinFloc present 6.42 5.16 1.26
RisingSludge yes 19.39 8.89 10.50
SepticSludge present 15.40 8.60 6.80
ShortCircuit yes 16.14 497 11.17
SludgeAccRate | high 23.02 4.95 18.07
SludgeAge high 5.67 2.78 2.89
SludgeConct high 12.73 9.35 3.38
SolidOvrWeir yes 10.78 5.19 5.59
Spill yes_toxic 100.00 2.50 97.50
ToxicWaste yes 86.51 549 81.02
TurbidSusp yes 11.01 7.80 3.21
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Case 2: “‘Agitation”: excessive

This case examined whether excessive agitation of the aerators in the aeration basin

could cause any adverse impacts on the activated sludge system.

The nodes d-connected to “Agitation” in CLAR_NET were shaded in Figure 6.4.
Table 6.4 shows the test results for these nodes, and the magnitude of change in node

probability (as compared to the “No Evidence” case) are shown in different colours in

Figure 6.5.

Table 6.4 Probabilities of occurrence for nodes d-connected to the “Agitation”
node with evidence of excessive agitation as compared to the “No Evidence” case

Node State of Case 2 Case 9 Change in
Condition “Agitation”™ | “No Evidence” | probability
excess (%) (%) (Case 2 - Case
9) (%)

AccuSludge low 0.02 0.02 0.00
Aeration high 22.65 2.00 20.65
Agitation excess 100.00 6.18 93.82
Bulking yes 93.92 93.81 0.11
Defloc yes 31.91 3.84 28.07
Denitrify normal 91.09 90.06 1.03
DispGrowth yes 7.31 6.90 0.41

DO high 13.23 2.08 11.15

Effl Ammonia | normal 92.60 92.06 0.54

Effl Nitrate normal 91.96 91.15 0.81
FilBact A absent 96.51 96.11 0.40
FloatSludge absent 91.37 91.05 0.32
MassSettRate high 1.15 1.15 0.00
Nitrify normal 91.91 91.22 0.69
PinFloc present 4598 5.16 40.82
RASRate normal 95.00 95.00 0.00
RisingSludge no 91.61 91.11 0.50
SepticSludge absent 92.59 91.40 1.19
SludgeAccuRate | high 5.10 4.95 0.15
SludgeAge high 2.78 2.78 0.00
SludgeConct high 9.37 9.35 0.02
SolidOvrWeir yes 5.88 5.19 0.69
TurbidSusp yes 34.24 7.80 26.44

The results show that “PinFloc™ is greatly affected with 40.82% change in the
probability (coloured brown in Figure 6.5). The pink nodes in Figure 6.5, such as

“reration”. “Defloc”, “Turbid” and “DO” have changes in probability of between 10

and 30%. The impacts on other nodes are less as expected.
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Thus, the results show that evidence of excessive agitation has major effects on the
beliefs in closely related nodes, such as “Aeration” rate, presence of “PinFloc” and

“Deflocculation”, with the remaining structure being relatively insensitive to such an

impact.

Case 3: “DO”: low

This test examines the effect of low dissolved oxygen on the activated sludge system
in CLAR_NET. Similar to the previous cases, those nodes d-connected to the “DO”
node are identified. Results from CLAR_NET for these d-connected nodes are

presented in Table 6.5 and Figure 6.6.

Table 6.5 Probabilities of occurrence for d-connected nodeswith evidence of low
“D0O” as compared to the “No Evidence” case

Node State of Case 3 Case 9 Change in
Condition |“DO”: low (%) | “No Evidence” probability
(%) (Case 3 - Case 9)
(%)
AccuSludge low 2.09 2.09 0.04
Aeration low 66.78 3.00 63.78
Agitation normal 97.23 93.82 3.41
Bulking yes 18.35 6.19 12.16
Defloc no 97.18 96.17 1.03
Denitrify abnormal | 46.42 9.94 36.48
DispGrowth yes 41.08 6.90 34.18
DO low 100.00 2.92 97.08
Effl Ammonia | high 20.46 7.94 12.52
Effl BOD high 10.41 9.78 0.63
Effl Nitrate high 37.73 8.85 28.88
FilBact A present 50.76 3.90 46.86
FloatSludge yes 20.19 8.96 11.23
MassSettRate | low 8.37 3.66 4.71
Nitrify abnormal | 24.63 8.79 15.84
PinFloc absent 96.98 94.84 2.14
RisingSludge yes 26.52 8.89 17.63
SepticSludge present 56.74 8.60 48.14
SludgeAccRate | low 532 3.98 1.34
SludgeConct high 12.73 9.35 0.00
SolidOvrWeir | yes 10.78 5.19 0.99
TurbidSusp yes 17.66 7.80 9.86

The greatest change is on the probability of low “Aeration” (a change of probability of

63.78%) which correctly reflects that it is one of the main causes of low dissolved

oxygen in the actual activated sludge system. The other impacts due to low “DO” are






registered for the presence of “SepticSludge”, “FilBact A” “DispGrowth™ and

“Denitrify” (between 30-50% change in probability shown in brown). Lesser effects

(10-30% shown in pink) are noted for abnormal “Nitrify”, the presence of “Bulking”
high “Effl_Nitrate” and “Effl Ammonia”.

Case 4: “DO” low and “Outlet” pipe was blocked.

Further to the evidence of low “DO” in Case 3, this case introduces additional

evidence that the “Outlet” pipe of clarifier was observed to be blocked. With these 2
pieces of evidence, CLAR_NET was examined to check the sensitivity of its nodes in

respond to these conditions.

The probabilities for those nodes d-connected to “DO” and “Outlet”, together with
their changes in probabilities are listed in Table 6.6. Similar to the previous cases, the
changes in magnitude of probabilities were illustrated in the colour-coded diagram of

Figure 6.7.

Table 6.6 Probabilities of occurrence for d-connected nodes with evidence of low
“DO” and “Outlet” pipe blocked as Compared to the “No Evidence” Case

Node State of Case 4 Case 9 Change in
Condition |“DO”:lowand | “No Evidence” probability
“Qutlet™: (%) (Case 4 - Case 9)
blocked (%) (%)
AccuSludge low 7.66 2.10 5.56
Aeration low 66.78 3.00 63.78
Agitation normal 97.23 93.82 3.41
Bulking yes 18.35 6.19 12.16
Defloc no 97.18 96.17 1.01
Denitrify abnormal | 57.07 9.94 47.13
DispGrowth | yes 41.08 6.90 34.18
DO low 100.00 2.92 97.08
Effl Ammonia | high 20.46 7.94 12.52
Effl BOD high 11.65 9.78 1.87
Effl Nitrate high 46.10 8.85 37.25
FilBact A present 50.76 3.90 46.86
FloatSludge present 0.24 0.04 0.02
MassSettRate | low 8.37 3.66 4.71
Nitrify abnormal | 24.63 8.79 15.84
Outlet blocked _| 100.00 5.00 95.00
PinFloc absent 96.98 94.84 ;.2138
RisingSludge es 3167 | 8.89 64‘41
SepticSludge present 1 73.00 | 8.60 -
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Table 6.6 (Continued) Probabilities of occurrence for d-connected nodes with

evidence of low “DO” and “Outlet” pipe blocked as Compared to the “No
Evidence” Case.

Node State of Case 4 Case 9 Change in
Condition [ “DO”: low and | “No Evidence” probahbility
“Outlet™: (%) (Case 4 - Case 9)
blocked (%) (%)
SludgeAccRate | low 5.29 3.98 1.31
SludgeConct high 32.08 9.35 22.73
SolidOvrWeir | yes 8.13 5.19 2.94
TurbidSusp present 0.18 0.08 0.10

One of the major differences between the results of this case and those of Case 3
(“DO”:low) is the increase in the probability of the occurrence of septic sludge from
56.74% (for Case 3) to 73.00% (Case 4). This is in accordance with expectations of
the occurrence of septic sludge under such conditions, which can lead to serious
problems in an activated sludge system, requiring immediate corrective actions. In
addition, Case 3 does not affect the node probability of low volume sludge abstraction
rate (“VolSldgAbsRt”); however, when it is known that the “Outlet” pipe (Case 4) is
blocked, there is a substantial increase in the probability from 6.76% (for “No

Evidence’ Case) to 65.97% (for Case 4) as would be expected.

Case 5: “DO”: low and “N_Load”: low.

Table 6.7 gives the probabilities of all nodes that are d-connected to “DO” and

“N_Load” when evidence is presented that DO is low and N_Load is high. Figure 6.8

shows the same results in graphical form.

Comparing these results with those of Case 3 (“DO”: low), it is apparent that the

additional evidence of low nitrogen loading in the nutrient feed does not have much

effect on the probabilities of those nodes closely d-connected to “DO” node, such as

the “SepticSludge” (56.76% for both Cases 3 and 5), “Aeration” (66.78% for both

Cases 3 and 5), and abnormal “Denitrify” (46.42% for Case 3 to 46.44% for Case 5).

However. those d-connected nodes close to “N_Loa » show increases in probability,
bl

mainly due to the evidence of “N_Load”, and less due to the impact of low “DO”. For

g . « LN E I X 0 “N E d 2
example, the probability of high CNPRatio” increases from 5 82/9 (“No Evidence
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case) to 60.86% (Case 5), the probability of the presence of filamentous bacteria
which would not cause bulking (“FilBact_B”) increases from 6.40% to 11.39%. and

the presence of “Norcardia” shows an increase in probability from 8.85% to 13.64%.

This test case shows that the introduction of a new evidence will impact on the
appropriate nodes, whereas those not related will not be affected. This shows the
stability of the structure of CLAR_NET in handling irrelevant evidence. This agreed

well with the general thinking process of human experts whereby irrelevant evidence

does not contribute to the belief of occurrence.

Table 6.7 Probabilities of occurrence for d-connected nodes with evidence of low
“DO” and low “N Load” as compared to the “No Evidence” case
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Node State of | Case5 Case 9 Change in
Condition |“DO”: low and | “No Evidence” probability
“N_Load”:low | (%) (Case 5 - Case 9)
(%) (%)
AccuSludge low 2.09 2.09 0.00
Aeration low 66.78 3.00 63.78
Agitation normal 97.23 93.82 341
Bulking yes 21.17 6.19 14.98
CNPRatio high 60.86 5.82 55.04
Defloc yes 27.90 3.84 24.06
Denitrify abnormal | 46.44 9.94 36.50
DispGrowth yes 41.07 6.90 34.17
DO low 100.00 2.92 97.08
Effl Ammonia | high 20.49 7.94 12.55
Effl BOD high 10.19 9.78 0.41
Effl Nitrate high 37.69 8.85 28.84
FilBact_A present 61.90 3.90 58.00
FilBact B present 11.39 6.40 4.99
FloatSludge present 20.72 9.07 11.65
Foam excess 13.61 6.36 7.25
MassSettRate | low 9.40 3.66 5.74
Mousse yes 8.29 5.09 3.20
N_Load low 100.00 3.00 97.00
Nitrify abnormal | 24.68 8.79 15.89
Nocardia present 13.64 8.85 4.79
PinFloc absent 96.98 94.84 2.14
RisingSludge | present 27.37 9.06 18.31
SepticSludge present 56.76 8.60 48.16
SludgeAccRate | low 5.51 3.98 133
SludgeConct high 9.35 9.35 (1)'09
SolidOvrWeir | ves 6.28 5.19 o8]
TurbidSusp resent LI_ZQI_—/——— 7.80 .
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Case 6: “DO” low and “Spill” occurs and toxic.

This test case should further demonstrate the impacts of these two pieces of evidence
on the other variables in the wastewater treatment plant. Table 6.8 lists the
probabilities for those nodes d-connected to both “DO” and “Spill”. The magnitudes
of the changes in probabilities (as compared to the “No Evidence” case) are also

shown in Figure 6.9.

Table 6.8 Probabilities of occurrence for nodes d-connected with evidence of low
“DO” and toxic “Spill” as compared to the “No Evidence” case

Node State of | Case 6 Case 9 Change in
Condition |“DO™: low and | “No Evidence” | probability (Case 6
“Spill™:toxic (%) | (%) - Case 9) (%)

AccuSludge low 2.44 2.10 0.34
Aeration low 66.78 3.00 63.78
Agitation excess 97.23 93.82 3.41
BOD high 53.25 5.15 48.10
Bulking yes 20.57 6.19 14.38
CNPRatio high 30.84 5.82 25.02
Defloc yes 11.12 3.84 7.28
Denitrify abnormal | 38.87 9.94 28.93
DetentTime short 59.80 5.99 53.81
DispGrowth yes 47.55 6.90 40.65
DO low 100.00 2.92 97.08
Effl Ammonia | high 50.36 7.94 42.42
Effl BOD high 61.58 515 56.43
Effl Nitrate high 49.29 8.85 40.44
FilBact A present 61.02 3.90 57.12
FilBact B present 10.74 3.88 6.86
FloatSludge present 25.22 8.96 16.26
FMRatio ° high 26.10 4.02 22.08
Foam excess 8.30 6.36 1.94
HydLoad high 66.00 598 60.02
MassSettRate | low 12.38 3.66 8.72
Mousse yes 7.88 3.48 4.40
Nitrify abnormal | 37.52 8.79 28.73
Nocardia present 9.85 3.95 590
OrganicLoad high 42.54 10.36 32.18
PinFloc absent 96.12 94.84 1.28
RisingSludge | yes 34.42 8.89 25.53
SepticSludge | present 64.12 8.60 35.52
ShortCircuit yes 16.14 497 (1)16(1)7
SludgeAccRate | low 3.98 3.98 1-95
SludgeAge high 4.73 2.78 192
SludgeConct high 11.52 9.35 6-71
SolidOvrWeir | yes 11.90 5.19 9'7 50
Spill yes toxic___l—()&(&_____‘ 2.50 81‘()1
ToxicWaste yes _&5_0—’-————— 52(9) 12'40
TurbidSusp yes 2020 LT '
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Similar to the previous case (Case 5), the results indicate that those nodes closely d-

connected to the evidence nodes exhibit the largest increases in probability, with no

effect on those nodes which are not d-connected.

For example, when “DO” was low (Case 3), the probability of low “Aeration” was
66.78%; however, the introduction of toxic “Spill” as an additional piece of evidence
(as in Case 6) does not increase the existing probability of “Aeration” éf 66.78%.
Comparing this with a real situation, the prediction can be considered sound because a
spill would clearly have no effect on the “Aeration” rate. To illustrate this point
further, consider the hydraulic loading node (“HydLoad”) in cases 1 and 3. In the
event only toxic spill occurs (Case 1), the probability of high hydraulic loading is
66.01%; and the same result for high hydraulic loading is obtained when an
additional piece of evidence (“DO”:low) is introduced (Case 6). It is clear that in
actual situation, low dissolved oxygen has no effect on the hydraulic loading of the
treatment system. This shows that CLAR_NET is stable with respect to irrelevant

evidence obtained.

On the other hand, nodes such as “Nitrify” and “SepticSludge” that are d-connected to
both pieces of evidence (“DO”:low and “Spill”:yes_toxic as in this case) show
changes in their probabilities (as compared to Case 3: “DO”: low) from 24.63% to

37.52% and 56.75% to 64.12% respectively.

Case 7: “SolidOvrWeir”: excessive.

This test is intended to determine whether or not CLAR_NET is able to diagnose the

causes of occurrence of faults which appeared at the end of treatment process, such as

excessive solids flowing over the weirs of the clarifiers.

Applying the concept of d-connection, it was identified that with the exception of

» all other nodes in CLAR_NET are d-connected to the “SolidOvrWeir”
and the magnitudes of

*“Surfactant

node. Table 6.9 presents the whole list of node probabilities;

change in the node probabilities (as compared to the “No Evidence” case) are shown

in Figure 6.10.






Table 6.9 shows that with the evidence of “SolidOvrWeir” intro duced. the

probabilities for all the d-connected nodes are changed as compared to the “No

Evidence” case, but that for some of them, the change is quite small. For example. the

probability of excess “AccuSludge” increases from 5.54% (“No Evidence” case) to

11.53%, the occurrence of “ShortCircuit” in the flow increases from 4.97% to

44.32%, and the occurrence of high “Effl BOD” shows an increase from 9.77% to

71.79%.

Table 6.9 Probabilities of occurrence for nodes d-connected with evidence of
excessive “SolidOvrWeir” as compared to the “No Evidence” case
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Node State of Case 7 Case 9 Change in
Condition | “SolidOvrWeir”: | “No Evidence” probability
excess (%) (%) (Case 7 - Case
9) (%)
AccuSludge €XCess 11.53 5.54 5.99
Aeration high 2.20 2.00 0.20
Agitation €XCess 6.99 6.18 0.81
BOD high 6.97 5.15 1.82
Baffle faulty 19.84 5.00 14.84
Bulking yes 9.77 6.19 3.58
CNPRatio high 6.83 5.82 1.01
DO low 3.48 2.92 0.56
Defloc yes 4.38 3.84 0.54
Denitrify abnormal | 12.55 9.94 2.61
DetentTime short 14.79 5.99 8.80
DispGrowth yes 8.40 6.90 1.50
Effl Ammonia | high 9.58 7.94 1.64
Effl BOD high 71.79 9.71 62.02
Effl Nitrate high 10.91 8.85 2.06
FMRatio high 10.31 6.52 3.79
FilBact A present 4.88 3.90 0.98
FilBact B present 4.70 3.88 0.82
FloatSludge present 14.59 9.07 5.52
Foam excess 6.37 6.36 0.01
HydLoad high 15.84 5.98 9.86
InaFloatable yes 11.07 8.00 3.07
InfluentType industrial | 55.00 55.00 0.00
MassSettRate | low 963 3.66 597
Mousse yes (400 3.48 0.62
N_Load low 3.00 3.00 0-8(7)
Nitrify abnormal | 10.86 8.79 3-01
Nocardia present 3.96 3.95 1 . =
NonFloc yes 9.15 8.00 0~05
Oil present | 880 8'756 6.21
| Organicl.oad high L_16,5_7,,——————-L1£3——"" :




Table 6.9 (Continued) Probabilities of occurrence for nodes d-

i ive “Sol . connected with
evidence of excessive “SolidOvrWeir” as com

Node State of Case 7 aézgetg e Mo Ewgﬁgs:e icnase
Condition | “SolidOvrWeir™: | “No Evidence” roba:bili ,
excess (%) (% p p
0) (Case 7 - Case
Qutlet blocked 6.77 5.00 ?)7(;/0)
P Load high 201 2.00 001
PinFloc present 6.91 5.16 1:75
Pretre_atment poor 8.70 5.00 3.70
PumpingRate low 4.10 4.00 0.10
RA.SRate low 4.14 4.00 0.14
RisingSludge yes 12.99 8.89 4.10
Scraper abnormal | 6.56 5.00 1.56
SepticSludge present 10.45 8.60 1.85
ShortCircuit yes 4432 4.97 39.35
SludgeAccRate | low 4.88 3.98 0.90
SludgeAge low 2.81 2.76 0.05
SludgeConct high 14.10 9.35 4.75
SolidOvrWeir | excess 100.00 5.19 94.81
Spill yes_toxic | 5.19 2.50 2.69
ToxicWaste yes 8.04 5.49 2.55
TurbidSusp yes 11.75 7.80 3.95
TurbidWaste present 5.19 5.00 0.19
VolSldgAbsRt | low 10.48 6.77 3.71
Weir not level | 12.28 5.00 7.28
pH abnormal | 5.05 5.00 0.05

Even for nodes that are many “generations” away from the “SolidOvrWeir” node such
as “Scraper” shows an increase in probability of faulty behaviour occurrence from
5.00% (for “No Evidence” case) to 6.56%. The small increase in probabilities for

some of the nodes showed that further evidence or observation was needed to improve

the diagnosis.

. . .,
Case 8: “SolidOvrWeir”: excessive and “ToxicWaste”: present.

he presence of «ToxicWaste” in the mixed liquor of

An additional piece of evidence, t

wastewater treatment plant was introduced to the condition 1n Case 7
(“SolidOvrWeir”: excessive). This was intended to

stability of CLAR_NET in responding to evidence (“SolidOvr
nce (“ToxicWaste”) from the “upstream” end of the

further check the sensitivity and
Weir”) from the end of

treatment process as well as evide

treatment process.




The node probabilities for this case and the “No Evidence” are presented in Tabl
able

6.10; and the effect of the changes illustrated in Figure 6.11

Table 6.10 Probabilities of occurrence for nodes d-connected with evidence of

: 49 * .
excessive “SolidOvrWeir” and the presence of “ToxicWaste” as compared to the
“No Evidence” case
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Node State of Case 8 Case 9 Change in
Condition | “SolidOvrWier™: | “No Evidence” probaiaility
ﬁ;&@s\:}ndt (%) (Case 8 - Case 9)
oxicWaste™: 0
present (%) %)
AccuSludge excess 12.93 5.54 7139
Aeration high 2.17 2.00 0.17
Agitation excess 6.83 6.18 0.65
BOD high 31.53 5.15 26.38
Baffle faulty 14.61 5.00 9.61
Bulking yes 9.21 6.19 3.02
CNPRatio high 19.63 5.82 13.81
DO low 3.34 2.92 0.42
Defloc yes 14.41 3.84 10.58
Denitrify abnormal | 35.56 9.94 25.62
DetentTime short 50.69 5.99 44.70
DispGrowth yes 12.65 6.90 5.75
Effl Ammonia | high 48.78 7.94 40.84
Effl BOD high 93.53 9.77 83.76
Effl Nitrate high 29.09 8.85 20.24
FMRatio high 28.03 6.52 21.51
FilBact A present 6.47 3.90 2.57
FilBact B present 8.03 3.88 4.15
FloatSludge present 22.05 9.07 13.09
Foam normal 93.88 93.64 0.24
HydLoad high 55.96 5.98 49.98
InaFloatable yes 9.95 8.00 1.95
InfluentType industrial | 70.48 55.00 15.48
MassSettRate | low 11.13 3.66 7.47
Mousse yes 6.24 3.48 2.76
N Load low 3.02 3.00 0.02
Nitrify abnormal | 6048 |87 51.69
Nocardia absent _gg_zﬂ_________ 96.05 ggg
NonFloc yes 8.39 8.00 2-00
Oil present 1075 | 8.75 3-5 -
OrganicLoad high 14598 10.36 1 1'4
Outlet blocked o614 1500 X
P Load Chigh | 2.01 2.00 2‘30
PinFloc present _2:4_9______’—_5—&/——"— 2'20
Pretreatment poor 7.20 igg 0:28
PumpingRate | low 4.28 4'00 012
RASRate low (412



\

Table 6.10 (Continued) Probabilities of occurrence for nodes d-connected with

evidence of excessive “SolidOvrWeir” and the presence of “ToxicWaste”
compared to the “No Evidence” case. ®

Node State of Case 8 Case 9 Chanee in
Condition | “SolidOvrWier”: | “No Evidence” proba%ility
‘?xce§s and (%) (Case 8 - Case 9)
ToxicWaste™: (%)
present (%)
RisingSludge yes 24.79 8.89 15.90
Scraper abnormal | 6.00 5.00 1.00
SepticSludge present 17.65 8.60 9.05
ShortCircuit yes 59.37 4.97 54.40
SludgeAccRate | high 18.75 4.95 13.80
SludgeAge high 5.26 2.77 2.49
SludgeConct high 15.21 9.35 5.86
SolidOvrWeir | excess 100.00 5.19 94.81
Spill yes_toxic | 56.04 2.50 53.54
ToxicWaste yes 100.00 5.49 94.51
TurbidSusp yes 13.27 7.80 5.47
TurbidWaste present 5.15 5.00 0.15
VolSldgAbsRt | low 9.17 6.77 2.40
Weir not level | 10.10 5.00 5.10
pH abnormal | 5.06 5.00 0.06

The additional evidence (“ToxicWaste”: high) increases the probability of high
effluent BOD (“Effl BOD”) from 71 79% (Case 7) t0 93.53% (Case 8) as shown in
Table 6.10. It also increases the probability of toxic “Spill” from 5.19% (Case 7) to
56.04% (Case 8) as expected.

However, the new evidence about toxic waste has reduced belief in the baffle being

faulty from 19.84% to 14.61%.

and clearly shows that CLAR_NET is able to retract belief when new evidence
faulty. The same applied for the

This is in keeping with expectation in a real situation,

explains away the prior belief that the baffle was

probabilities for other nodes such as faulty “Scraper” and unlevelled “Weir” which

have the probabilities reduced from 6.56% to 6.00% and 12.28% to 10.10%

respectively.

Case 9: “No Evidence” Case

: b2l n
This test case was used as a «“control” case, whose

ther cases could be compare

ode probabilities served as the

_ Results for this case are
base case from which all 0 d. Re

presented in Figure 6.1.






6.6 Eliciting Opinion of Experts to Assess Network Performanc
e

In order to assess the accuracy of the resul

ts from the network, four experienced

wastewater treatment supervisors in United States were selected and interviewed
ed.

Careful selection of the experts were made to ensure the results obtained will be of

good standing. These four persons were: Mr. James Bunn of Du Pont Industries Inc

Mr. Ronald Berry of Hoechst Celanese Plant, Mr. David Centioni of ABCO

Industries Inc. and Ms. Nancy Hakim of Spartanburg Municipal Treatment Plants. All

these experts were located in the south eastern region of USA and they were very

experienced in wastewater treatment.

The procedure for interviews is summarised below.

a.

Each of the 4 experts was interviewed separately; all of them were told

of the interview, but were not aware of the specific questions to be asked.
A questionnaire (shown in Figure 6.14 at the end of this Chapter) with 30
pre-set questions was handed out to the experts during the interview.
These 30 questions were selected from a wide range of test cases simulated
by CLAR_NET. An important consideration made when setting the
questions was to ensure these questions were simple enough for the experts
to answer yet sufficient to provide sample checks on the system’s
performance. This consideration was made so as to gain the cooperation of
the experts in case follow-up interviews were needed. The author felt that
about 30 questions should be sufficient to meet such criteria.

The experts were given the same information for a specific wastewater

treatment plant known to all of them, and they were asked to score each

question from 1 to 100, where 1 represented the least probable, and 100
was for the most likely.

The experts were given ample time to answer the questions. They were

free to obtain the response from whatever means possible, such as using

e. referring to manuals. They could also ask the author

their own experienc

for clarification on any question.

onses from the experts, and these

The results consisted of the recorded resp

were listed in Table 6.11.
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6.7 Comparing the Results from CLAR_NET to the Experts’
To justify the effectiveness of the belief network, the fol

Opinion

lowing exercise was

conducted to measure 1ts performance quantitatively against the Judgment of domain

experts.

The quantitative method of measuring the belief network performance was devised to

establish a scientific way of evaluating its degree of success, which is determined by

the size of the percentage error.

The procedures, with examples, are described below.

a.

Calculate the Error for each test case, where:

Error (%) = l (Expert's Response - CLAR_NET Result) ‘ (6.1)
The responses from the experts for the 30 test cases (in response to the
questionnaire at the end of the chapter) were entered into Table 6.11.
Simulated results from CLAR_NET were also entered. The difference
in the simulated result and the expert’s opinion for each case was

entered in the “Error” column, using Eqn. (6.1) above.

For example, in case 1, Expert 1 gave a response of 55% whereas

CLAR_NET was 56.80%, thus,
Error = 56.80% - 55.00% = 1.8%

From the responses of each expert, calculate the root mean square

(RMS) of error (in terms of percentage) to determine the overall

systems performance, in which:

| 0.5

E2
2 (6.2)

— N —
RMS = N

and, N = number of cases (N=30 as in this case)

defined in Eqn. (6.1)

E = Error (percentage) as




From Table 6.11,
RMS of error for case 1 =[(1.82+ 1.12 +

...... +4.9%)/41°°
=3.65%

Calculate the RMS of the RMSs for the four cases.
RMS of the RMSs of Error = [(RMS) + RMS, + RMS;" +
RMS?)/4]%° (6.3)
=7.37%

where, for instance, RMS; = root mean square of error for test case 1.

6.7.1 Analysis of Results

The following observations are noted from Table 6.11, in comparing the results from

CLAR_NET and the four domain experts.

a.

Most of the results simulated by CLAR_NET are in general agreement

with those predicted by the four experts.

The Biggest error between an expert's opinion and a CLAR_NET result
was 22.8% and the lowest was 0%. Consider the range of 0-100% for such

assessment, the error is small and acceptable.

The root mean square of error (RMS) ranges from 3.65% (Case 1) to a

maximum of 8.47% (Case 2), with the RMS of RMSs of Error of 7.37%

for the four sets of results evaluated in Table 6.11. This range is

considerably small for such a system. This is because in a wastewater

treatment process, there is 2 considerable variation in the operating

wastewater treatment, and the different
his slight

performance of a biological

experience of the 4 domain experts also contributed to t

difference in opinion.

Responses from the four domain experts show that human experts tend

to have their own way of setting high and low ranges in predicting
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probabilities. For example, it is evident in Table ¢ 11 where Experts 2
: s2

3 and 4 tend not to give below 10 for the least likely cases. Experts 1

and 4's upper limit is 95 instead of 100 for Expert 2 and 99 for Expert 3

In general, it can be concluded that the analysis has been conducted successfully, with
good results obtained. This shows that CLAR_NET is able to simulate results within

the range close to the expectation of the human experts.

6.8 Summary for Results of Tests Conducted

With the various tests conducted to check the accuracy of simulated results from
CLAR_NET, it can be concluded that CLAR_NET is able to diagnose faults and
predict the performance of clarifiers and aeration basins within an activated sludge

system of a typical wastewater treatment system, as defined earlier.

A summary of the various test results is given below.

1. Under the ‘No Evidence” case, that is, when the wastewater treatment
process functions well with no evidence of any problem, CLAR_NET gave
the probabilities for all the relevant nodes indicating normal operation (for
example, “absent” condition for “SepticSludge”, etc.) to be at least 90%.

This conforms within the expectation of a good treatment system.

2. CLAR_NET has the capability to perform both “predictive” and

“diagnostic” of wastewater treatment process as shown in Section 6.4. The

results, as compiled in Table 6.2 and transferred to Table 6.11 for

comparison with the experts’ predictions, were found to be good and well

within the expected range of experts’ predictions.




The eight cases of sensitivity tests conducted showed CLAR NET was
“sensitive” enough to respond to changes in the node probabzlities due to

a change in the evidence for those nodes that are d-connected. At the same
time, the CLAR NET structure remained stable and was insensitive to any
irrelevant evidence obtained. The changes in node probabilities were well’

within the general expectation of a wastewater treatment plant

However, Section 6.5 should have shown some cases of CLAR NET in
dealing with correlated evidence. In such a situation, multiple and
independent sources in the a network would normally increase the
credibility of a hypothesis, but the discovery that these sources have a
common origin should reduce the credibility. Though Case 8 where
“ToxicWaste:present” and “SolidOverWeir: excess” was close to indicate
such a situation, other cases such as having evidence in

“FilBact_A: present” and “SludgeAge: high” to find out the probabilities
of occurrence of “Bulking:present” would reflect well the correlated
evidence. This is because both “FilBact_A” and “SludgeAge” nodes

originated from the same parent node “FMRatio”.

Predictions from CLAR_NET were observed to be in a range close to

the experts’ predictions, as indicated by the small Average RMS of 7.09%

in Table 6.11.
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CHAPTER 7 CONCLUSION

11 Summary of Work Completed

The work described in this thesis was largely motivated by a desire to find a suitable
computing tool to emulate human experts in diagnosing faults in wastewater treatment
system. Due to the highly dynamic nature of wastewater treatment processes, rapid and
«eliable diagnosis of faults is essential so that immediate actions can be taken before the
problems escalate. This objective has been achieved by the application of Bayesian
Belief Networks to develop a prototype network known as CLAR_NET. Through
numerous refinements and tests, CLAR_NET has demonstrated that it is capable of
predicting faults in the activated sludge system of a wastewater treatment process to an

éccepted degree of accuracy and in fair agreement with the opinion of human experts.

In the early development stage of the system, a rule-based approach to expert systems
was selected due to its computational convenience. As a result, a prototype system
known as CLAR_EX was developed. However, CLAR_EX was not able to handle
uncertainty in a suitable way due to its inability to handle bi-directional reasoning
dynamically.

In wastewater treatment system, the processes involved are complex and the behaviour is

usually uncertain. As such, bi-directional reasoning is needed in diagnosing its faults or
predict its effects. The updating algorithm inherent in the Bayesian Belief Networks
makes the method a more appropriate choice than the rule-based expert system.

Consequently, CLAR_NET was developed to replace CLAR_EX and has proved to

effectively predict and diagnose faults in the activated sludge system.
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In general, the CLAR_NET developed possesses the following characteristics and uses:

e itisaprototype representing a complex subsystem of a typical wastewater
treatment system - a full system is not feasible to be developed here because
this would need substantially more Iesources, especially in terms of time and
skilled manpower.

o it has clearly demonstrated the potential values of Bayesian Belief Network in
wastewater treatment operation - such as the ability to handle uncertainties,

e it has proved, through various tests conducted, to produce results that are in
general agreement with experts’ opinion,

e it can be easily adapted as a training tool for new wastewater treatment
operators to learn about the wastewater treatment and for the advanced

operators to sharpen their judgement in troubleshooting and remedial actions.

The following sections will also discuss and summarize the reasons for adopting BBNs
and the lessons learned through the research, so that future research and development

work in this area can be identified.

7.2 The Choice of BBN’s versus Rule-Based Systems

When human experts carry out diagnosis of any faults that occur, they usually reason in
their minds bi-directionally by evaluating the causes and effects, and weigh the
uncertainties involved. They often do so using some kind of mental model based on their
knowledge and experience, probably without realising it themselves. Their existing prior
beliefs may change when they know more about the circumstances, or when new

evidence is received. Thus, any computer system designed to emulate human experts
must possess a bi-directional reasoning facility and a mathematically sound method of

updating beliefs.

The classical logic method, which reasons uni-directionally and assumes that all

: . ; , forms
relationships are exact, is therefore not a suitable model. This method, however

; le, given a
the basis for the rule-based expert systems approach to reasoning. For example, g



condition “If A then B”, an exact relationship is assumed here, which simply means that
if A is found anywhere in the database, then B is certainly true regardless of how A was
jerived (“detachment”) and regardless of all other data in the database (“locality”). It

cannot be concluded from the above rule that the condition “If B then A” is also true So

long as detachment and locality are satisfied, the system can be made modular. which

enables relative ease in computation.

However, diagnosis of faults in most system, such as a wastewater treatment system,
requires plausible reasoning, which deals with relationships that are inherently uncertain
and inexact. This means that the classical logic method cannot be used here, since
detachment and locality cannot be assumed. Plausible reasoning requires dynamic bi-
directional reasoning, which should predict from A to B, and in turn can diagnose from B
back to A. Only in this way can an initial belief be retracted when new evidence explains
away earlier evidence. In addition, it requires all evidence to be considered, not just A,

when predicting a conclusion about B from A, unless the evidence is irrelevant to B (that

is, d-separated).

The rule-based expert systems approach to plausible reasoning is based on classical logic,
and handles the unceftainty in the relationships through an ad hoc probabilistic calculus
based on certainty factors. Though the modular structure of the rule-based approach
enables computational efficiency, it can result in serious inconsistent and erroneous
conclusions. Chapter 3 of this thesis has provided illustrations with examples on this
point. The reason being: there are inadequacies in the ad hoc calculus; the assumption of
detachment and locality still apply without proving the irrelevance; the inability of the
method to reason bi-directionally and the inability to handle correlated evidence in a
mathematically sound way. The inadequacies inherent in this method, led to the
abandonment of the development of CLAR_EX. a rule-based expert system initially

aimed at diagnosing faults in clarifiers.



Bayesian Belief Networks, on the other hand, through the development of CLAR NET

demonstrated that they possess all the qualities desired for plausible reasoning and can be

used for such diagnostic and predictive tasks.

73 Lessons Learned and Future Work
The research work completed here involved a number of stages of development, and
these can be broadly summarized as:

a. reviewing published literature,

b. constructing influence diagrams to diagnose faults in wastewater treatment
systems and developing a rule-based expert system, CLAR EX,

c. changing the rule-based expert system into Bayesian Belief Network by
constructing the CLAR NET structure;

d. eliciting knowledge from domain experts in ensuring the validity of the
CLAR_NET structure,

€. incorporating prior and conditional probabilities in all the nodes in
CLAR_NET to develop the facility to reason uncertainty, and

f. conduct various tests to check the validity of CLAR_NET to conform with
human experts’ normal range of prediction, and to check the sensitivity

and ensure stability of CLAR_NET in dealing with evidence received.

However, these play a part in the research work which are worthwhile to mention here
for future refinement of work in this area. Firstly, it was interesting to observe through
literature review that, an increasing number of recently published work in the area of

expert systems and artificial intelligence (such as Krause and Clark [1993] and Jensen

[1996]) mentioned the concept of Bayesian Belief Network, and its superiority over rule-

based expert system in handling uncertainty. This justifies the decision made in the mid-

stream of the research work to move from rule-based expert system to a Bayesian Belief
Network for handling diagnosis in wastewater treatment.

In the early development of the CLAR_EX expert system, inference diagrams were

. ] t
developed in linking the causes to a particular symptom observed in a wastewater



reatment System, for ease in transferring into the computer codes in the rule-based
systemm. However, knowledge obtained through literature review indicated that in a
wastewater treatment operation, it was not easy to identify all exact causes to a symptom
observed because there are many possible conﬁgurations in the components of
wastewater treatment system. As such, it was decided that the inference diagrams be
drawn based on a an activated sludge system of a typical wastewater treatment operation

commonly used.

The reason to change from rule-based expert system development to the BBNs was
mainly due to the inability of the former in handling uncertainty, this has been discussed
earlier. However, there were a number of difficulties encountered during the
development of the CLAR_NET Bayesian network. First of all, it was not easy to
combine all the 21 inference diagrams into a single network with links showing the causal
relationship between the nodes. This was largely overcome by drawing each inference
diagram into a belief network before combining them into a single BBNs. However,
since wastewater treatment is a dynamic process whereby sometimes there is a viscous
circle between “symptoms” and “causes” (for example, low “DO” can cause septic
sludge, but it can be argued that septic studge could cause “DO” to be low), decisions
were made based on advise from domain experts to determine which node should be
“parent” and which should be “child”. Fortunately, the ability of BBNs to handle bi-

directional reasoning has lessened the burden in structuring the CLAR_NET.

The other challenge was to logically arrange the nodes so that there is a sequential flow of

the causal relationship from one generation of nodes to the other. At one point in the

M 1.0 b 113 kAl
process of such arrangement, one of the nodes, “SolidOvrWeir”, had nine “parents

es were needed. This would

ulty was largely

which means almost 20,000 conditional probabiliti

undermine the computational advantage of the BBNs. This diffic

i ine nodes
overcome by consulting the domain experts again to rearrange some of these nin

into “grandparents” and “great-grandparents” by introducing intermediate common

relatives,




jt was an interesting process in eliciting knowledge from the two domain experts (Mr.
{1.A. Hawkes and Mr. P. Nungesser) to develop the CLAR_NET structure. It should be
(oted that both these experts were very supportive and patient in providing valuable
advice. However, Mr. Hawkes resides in the U.K., and is expert in the biological area in
the wastewater treatment plant; whereas Mr. Nungesser lives in the USA with his
experience gained mainly from running large municipal treatment works in the USA.
Both were chosen because of their expertise in wastewater treatment. The advantage of
having experts from these two different background of experience was that different
opinions and views could be sought, and that really enriched the author’s knowledge and
perspective in the wastewater treatment operations. However, since human experts tend
to be biased towards their area of expertise, this could cause their judgment to be quite
impartial at times. This occurred when determining the causal relationship between the

nodes in developing the CLAR NET structure.

This problem was overcome by presenting the author’s own draft CLAR NET structure
to Mr. Nungesser for comment, and then elicited knowledge from him again to improve
the network. After a few refinements, the revised network was then given to Mr. Hawkes
for comment, and the revised draft was subsequently presented to Mr. Nungesser to get
his comment and agreement. This process took a considerable amount of time since there
were still some difference in opinion. Both domain experts finally agreed on the network
presented in this thesis when they concluded that the network was good enough for the

sake of this research work, but it should be modified according to the actual site operating

configuration. For eliciting knowledge from domain expert, it is recommended that the
advice of a sole expert be sought, followed by verification by other domain expert(s) on

the work done. This would save considerable time and effort in the research work.
In checking the effectiveness of CLAR_NET in handling uncertainties accurately, many
test methodologies were explored. One of them worth mentionin

“sensitivity tests” created to check the stability and sensitivity of the netwo

g here was the

rk as
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Jlustrated in Chapter 6. In presenting the results of the sensitivity test diagramatically in
ihe network, it was attempted first to draw the arcs linking the nodes on different

thickness to illustrate the effect of the influence. However, this method was abandoned
recause the effect due to evidence received is on the node itself rather than on the arc. As
such, the colour coding system was adopted. The d-connected nodes were coloured
manually to illustrate the magnitude of influence adopted and found to create a good
effect on presentation of the results. In future development of CLAR NET, a feature

within the computer system can be developed so that the nodes can be shown in colour on

computer screens for such sensitivity tests.

There are also many other areas which CLAR_NET could be further improved. Firstly,
an ‘explanation facility’ which is generally considered to be an integral part of the expert
systems could be developed. This could be done by introducing a user-interface system
to the network, possibly by using a commercially package such as the Hypercard (Apple
Computer Inc.). Hypercard, for instance, would enable CLAR_NET which was
developed using ERGO computer package to be linked by the interface software.
User-friendly screens could then be developed to guide users in using CLAR_NET in
their diagnoses exercise. In the fast developing area of computer hardware in multimedia

functions, audio visual effects can be incorporated to illustrate the effect better.

Furthermore, CLAR_NET has the potential to be further developed as a training system

to enable new wastewater operators to learn about effective diagnosis of faults in

activated sludge system and the wastewater treatment system as a whole. The training

package, in a form of CD-ROM disk for example, could also serve as a “simulator” of an

actual wastewater treatment process so that users could sharpen up their judgment n

diagnosis and in prescribing corrective measures.

Itis clear that CLAR NET, and Bayesian Belief Network in general, possess great

Potential for future development. It is envisaged that Bayesian Belief Network will be

applied more extensively in research and development.
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APPENDIX B

CLAR_EX COMPUTER CODES
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/* An Expert System on Diagnosis and Remedies =7
/* Operational Problems in Wastewater Tres: .
/* =N NN -
/* Developed by: Hock G. Chong

/*

/************************’(**’(*********‘R**r**yyxxxrvr*xx'l' ok * %
x kXXX Kk *TERXX

contrxol common

/*****-ir***-ir**-ir**************i’*******************rtx**'
*
/* .
/* Declaratcions *

/* *

/*‘A"A’*Y*****Y*'X*******117*******777**********XXYXYYY‘K*X

iz svmptom includes x

and Wascawater Type includes x
snd Xnown_ Pollutant 1 ncluaes x
and Chemical Addition includes x
rhen declaracions are complete

/*Yxr****x********x**x***x********rrryttr***rs‘rrrrrrrxiz
/

/= x
/= et =he systam i1nitlalisecd *
/* *

/‘f(*’(ﬁ(**-ir**xxrxxx*i(******i(*******************i’*rixr'*xx
/

iz scart is ves
Chen use screeno;
ask Nature OZI_ 3usiness;

ask WascnwaceY Tyre;
ask Xnown_ Pollucanc;
ask ‘a*1"we* Tvpe;
ask Chemical . Acc*“'on,
ask Shave;

ask Inlet Tvpe;

ask outlet_ Type;

ask In_ Tank 3arile;
ask Sludge_ Removal Type:
ask Symprtom;
scarcstep 1S complete

. * dex K FK
/**Y**********************x******

/* *

/* Rule for all Cause .

/*

. *******
/*******************************

for all Causel
£ plete

scartscep 1s COME
and Sympcom overlaps Symprom:

causel
then Likely_ Cause includes Nameé: of

of Causel
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/*******************************.*
x **,*,**
*

/*
/"

/**************************r

FEKX X T x %k 5w

- ‘ .
Rules for Possible Causes ¢ .

1f Symptom includes
then use Poss_Cause

1 S
then

[

Symptom includes

if Syvmptom includes
then use Poss_Cause
if Symptom includes
then use Poss_Cause
if Symptom includes
then use Poss_Cause

£ Svmprom includes
'

o

use Poss_ Cause

‘£
1

ymptom includes ‘sludge buik

use Poss_Cause Bulk Sludae

"solid

5
then use Poss_Cause Solids Loss

"floc teo

_Smail
.

fig
-\
Large

"slucdge

_Sludge_in_

iZ Symprom includes ‘low und
then use Poss_Cause_Low_Unce
iZ Symptom Lncludes

chen use Poss_Cause_

1f Svmptom includes

then use Poss_Cause_

if Sympoom includes ' eXcess
then use Poss_Cause_roam

if Symptom includes 'excess
—hen use Poss_Cause_Slime

17 Symptom includes ‘foul
and Clarifier Type is
"clarifier for other type oI
then use ?oss_Cause_FouL_CcO
i€ Svmotom includes ‘foul od
and Clzrifier Type is

S (Screens)

x

ing’

loss over weirs’

erIlcw densicy/’

rIlcw_Density

foam on water suriacs’

sLime

on weir suriaces

cdour/clack septic wascawater’

treztment syscem’
ur

our/plack sep

-ad sludge system’

~Tfiar of an activat2

‘primary clariziler
chen use Poss_Cause

if Sympctom includes
and Clarifier Type
‘secondary clarifie

then use Poss_Cause_A

r of an &
S Foul Oaour

AS_Foul_

' foul od
is
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Symptom includes

Clarifier Type

imary clarifier
use Poss_Cause

cr
oy
]
o

if Symptom includes
and Clarifier mvne
'secondary clarifies

then use Poss_Cause

if Symptom includes
and Clarifier Type
‘primary c1ar1:;er

iz b

and Clarifier
’secondary cl
then use Poss_

igrifis

}

iZ Symptom includes
then use Poss_Cause

if Symprom incluces
—nhen use Poss Causs
if Symptom inciudes
then use 2oss_Cause
1I Symprtom incluces
and Sludge Removal_
Tnen use Poss_ Causs
if Symptom includes
and Sludge Removal_
then use Pcss_Cause_

tric
_+7_Toul anur

Tyoe is

L 3

ocf =z

- < septic wastawater’

= .
S.cml odour/black septic
r of

m

wastawarar’

_T7_Foul Odour

Zoul odour/biack sentic

wastawater’

is
©Z 3 rotating biclecgical con or’
R2C_Foul Odour )
'Z0ul ocdour/black septic wascawater’
T Cr a rotating ziologic centactor’
23C_Foul Odour
'metal surfaces corroded’
Ccrrosion
‘siludge collector “erks/iumps/szalls’
_Jerking Coliecrtor
‘cverload protaciive SWiicl Trigs’
Swizch Trips
'nroken scraper chain/shear pin Zailure
Tyge is ‘chain & Ilight’
3rcken Chain

Ncisy Chain

if Symptom incliudes ‘axcassive raxke Lorgue
then use Poss Cause_zxcess_Torgue

- - 1 ~ ’
if Sympcrom includes "sludge pump Or DDE fails/plucgec
then use Poss Cause_@lugged Pipes

/*1************1*
/*

/* Rules £
/*

/*i*****ﬁnk********i*****

/*******1r***************

/* *+* Rules to Chec
/******************r****

if Symprom includes
and Check Collector_
then Check includes
includes

1f Symptom

1*17**111**r*****r*r**i*ir*r*
*
*
or Checxs

*

X X X * %k % %
**r************1*1*******?:

. . . *
r***r*t**********w**r*r***

*x % *
' f1oacing sludge
*d K FFHIK

* x x

ck

* %k kX % ************
x KKK KT

' £1pating sludge’
Tails 1s YeS
'collector fails’

' £1pating sludge’
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e_Withdraw Low
uaes P

cludes

Jorau is Ves
Siuqage withdraw iow’

'floating sludge-

D ot n ~
gef“um?_fallﬁ is Veg
uaes ‘pump fails’

and Chack_

cating sludge’
gged is Ves

)
-
S 'Pipe or sump plugged’

e o

ludes ’Iloating sludge’
mer _Worn is Yes i

oo

ludes ’'skimmer fail

‘

U

es 'Iloating sludge’

_Worn is Yes

es 'scraper fails

33

g

»
¥

1]

’
H

e
>

U

loating sludge’
is Ves
11 present’

cludes ’‘Iloating sluage’

~

3 th
.

.
)

T e

'
v
I
v

Ci Range is Yes

includes 'SVI out of range’

> Lo ) - O WO X

711—71sr)r1arx***ir*irs'rx'r***********i****i**rrrrrr**

~1 O (N

/1*177177

-5 Check ’'sludge bulking’ *** *
*ir**rra‘r********************i*****

/*777*1**7177*7?1*1**

th

1 s b e D O OO GO O DO O

W L2 N O WO

‘ncludes ‘sludge pulking’
is Yes
:ncludes ‘low DO’

3 jed pd fea fos o

m includes ’sludge pulking’
x TM High is YSS
T :Gcludes 'high FM

ludes 'sludge pulking’
ow is Yes
1udes 'low pH’

NOORD RO U R ORI R R2 D DN B R RD DD B3 BB B B D [S TSNS T SO JN NS I L

U W O W~ v

[NSIN RN SR SO RN 2O I SO |

SymoTom includes

'sludge bulking’

cik N Conc_Low is Yes

en Check Tncludes

om includes rsludg
1amentous_Bact
ncludes

=

a

'1ow N conc’

e pulking’
eria is Yes

1 ’
+Ei]lamentous pacteria
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/******,.*111**77**********x*******
* % x
* * 1 = ¥ i 114
Jx Rules to Check ‘solidsg loss over .
/*************************r***********f; wWelrs’ %xx *
*k KK k% % % %
* Xk k k%

* % N .
x**x****i*x*i***

Symptom includes ’solids
Check Hyd Overioad is Ves
Check includes

2

L0ss over weirg’

(v
T bh
m N

"hydraulic overload:’

Symptom includes
Check_Fe
Check 1in

spl%ds loss over weirg:
gh 1s Yes
gh feed races’

a3 th

d Rate Zi

e 2
1cludes “h

I3
3

CF e
o 0.

ludes i;o;ids loss over weirs:
_Rate_High is No

W

(r W

iZ Syvmprom includes ‘solids loss over weirs’
and Check ZTxcess Fines is Yes

-hsn Check inciudes ’'sxcess fines’

iZ Svmprom includes ‘sclids loss over weirs’
znd Checik 228 Rats Low s Yes

~men Check inciudes 'low RAS’

Svmotom inciudes ‘solids loss over welrs’

=2nd Theck Znfiuvent Toxic 1s Yes
a

'/*7**1"(71—w1**1*****7*1***!7**********************i—i***

/

/¥ === R las co Check ’'poor settling rate

/* or floc too small’ **~
X 'i(i(*i**a‘(****i’*********ii****w

x

x

iZ Svmpcom includes 1£ioc too small’
anc Check Hyd Overlcad is Yes .
‘ ~heck includes ‘hvdraulic overload

= : - : z - ~117
1Z Symptom 1ncludes *floc too smals
2nd Check Rake Speed Fast 1s Yes ,
—nar Check inciudes 'Zast rake speed

s1oc too small’

i Sympcom includes "’o; °

and Check TFeed Race_Low 1S &5
- = 3 = v e

then Check includes 'low feed rat

' £1oc too small’
is Yes
' 1ow dosage’

1f gSymprom includes

ané¢ Check Dosage_Low
then Check includes

ll
if Symotom includes ‘E£loc tqoizmiis
and Check Baffles Misaligned * 1 1aned’
—hen Check includes 'paffles misalld

1
1f Sympcom includes /floc too small
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352

and Check Paddle Speed 7
then Check includes ’'f3

if Symptom includes ’floc

YTOL Lloc teo
and Check_SVI _Out Of Range is 522111
then Check includes "SVI out of range’

: /*****************************************
: Fhhk Ik ki kxkx %
* x %

/*

. /*******************************************
: AT XAk XK * %%

* % % ie 1 £ -
Rules to Check 'floc too large’ *#+

x

if Symptem includes ‘floc too
and Check Influent Low is Yes
then Check includes 'influent low’

£ Symptom includ
and Check_Rake_Sp
h c

es
eed Slow is Ye
en Check in es

if Symptom includes ‘floc too large’
and Check_Feed Rate_ High is Yes

then Check includes 'high feed rate’
if Symptom includes ‘floc too large’
and Check Dosage_Hignh is Yes

then Checik includes ’high dosage’

iZ gSvmpzom includes 'Iloc too large’
and Checi _2zddls_Speed 3low is Yes
chen Theck inciuces ‘icw paddle speed’

/*******i’vi'"vvf‘v*i*Y***********Y**********************i

*

/********Xr**********************

/*

/***r******r************

ules o Check ’sludge accumulates in nopper’

*

"""""" ************************

17 Symptom includes ‘sludge accumulates in hopper’
and Check Gric Rem_Malfunction 1S Ves
then Check inciucdes 'grit remover fails’

' siudge accumulaces in hopper’

if Sympreom iacludes '
and Check Gric Rem_Absent 1S Yes ‘
chen Check includes 'grit remover absent

*********************
ier?t i iy’ PR L

' : “ k ‘] nderflow density

s RLL—LES s CheCK :S‘:*:—l************************r

' low underflow density’
ad is Yes
'hydraulic over

if Symptom includes
and Check Hyd_Overlo

—*2 - load’
rhen Check incluaes

\ 1
‘low underflow density

is Yes )
r1ow dosage

if Symptom includes
and Check_Dosage_Lov
then Check includes
£ density’
if Symprom includes r1ow underflow
Fhe i s
and Check Feed Rate LoV is Ye

190




GO L3 Lo Lo Lo
UY U LY LY LY
~1 O Ul > W

[UC IRV S Ve VE RN VR Y
o\ O O LY L
B O o @

363
164
365
366
358
369

w
~
[en)

>
3

G3 L) L LD LD LD L
<1 =3 =3 —3 ~1 =) ~
) OY Ul L PO

@ O O W M ~] <)
B> W N O D O

d L) G Led ) L) Lo

o3 o O
~J O N

WO W L0 WO WO OO
LD 1 O o

G Lo Lo 2 L) Ga Lo ) L2 0 L) Lo L L L

TS S e

R N O T L
H P O OO0 O 00000 O\ WWLWWw
W W2 O W o )Yy

">
= O W - oW

then Check includes 'low feed rate’
ed rate

if Symprom includes 'low underfl
and Check Baffles Mlsallgned
then Check includes

~OW density’
is Yes
'bafiles misaligned’

ok kkk kK kI KR I Tk Kk Kk ko k ok kdk ok kkk ok kk
* Xk ok ko ok ok ke
L 2 X3

/* *** Rules to Check 'shock influent loag: =s«

/*************************************x****
Fkkkk ko k kR
*

if Symptom includes ‘shock influent load’
and Check Qal'l _infiltration is Yes
then Check includes ’rain infiltration’

if symptom includes ‘shock influent 1
and Check Broken _Coll pipe is Yes
rhen Check includes ’‘collection pipe broken’

oad’

ifZ Symptom includes ‘shock influent load’
and Check Clearing_ Sewer is Yes
then Check includes ’'sewer just cleared’

if Symptom includes ’‘shock influent load’
and Check_Toxic_Discharge is Yes
~hen Check includes 'toxic discharge’

/*w*w**w*wrrt********wr*wfrrrrr*r***rrrx*r**rr**r

/% =xx 2ulss o Check ’e:<c°ss fLoat‘_nc scum’ **¥

i 3Sympteom includes ’eXcess floating scum
and Check CGrease_Trap _Wrond is Yes

~hen Chack includes ’'grease trap wrong way
if Svmptom includes 'excess floating scum
and Chack Greasy_Influent is Yes

chen Check includes 'influent greasy’

2 Symotom includes 'excess floating scum’
o] eck DC‘"n 'T‘Y'oucn B‘OC}(QQ "S Yes

Cch
n Check includes 'pilocked scum trough’

= : ’
i Symprom includes 'eXcess floating scum
and Check Scum Wiper Worn is Yes
cn

nen Check includes Tgcum wiper worn'

P E ; i £] ing scum’
1Z Symprem includes ’excess floating

and Check__ Skimmexr Worn is Yes

“hen Check includes ' gkimmer fails’

i
' axcess floating scum

t Moving is Yes
r_ “off is Yes
'drive power

if Symptom includes
and Check Skimmer No
and Checx Drive_Powe
~hen Check includes

switch of £’

3 1
rexcess floating scum

if Symotom includes

. . Y s
and Check Skimmer_Not wo‘ﬁng is Yis
and Check Drive_Unit_Stal-€ ¢ stalled’

i
then Check includes Tdrive un
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463
464
463
465

/*************************************
LER 2

/% ** Rules to Check ’‘excess foan 5
/7****w***r**r*******************x*

if Symptom 1ncludes
and Check_Surfactant
tnen Check includes

if Symprtom includes ’excess

"exce

is Ves
"surfactant Dresent’

FH KKK ok ke
I water Suriace’ **x

*****xr*r***i******

ss foam on watar suriace’

foam on watar Suriace’

and Check_?olysaccha*‘des is Ves

then Check includes

‘polyvsaccharides present’

;f Sy@ptqm lncludes.'excess foam on watar surface’

ifler type is
‘primary clarifier of an activatad slucdge systam’
and Check Over Ae*au*on is Yes ’
then Check includes ‘over aeration’
if Sympctom includes ’‘excess foam on water surface’
and Clariiier type is
'secondary clarifier of an activated sludge systenm
anc Check Ovexr lAeration is Ves
then Check includes ’'over aeration’

excess foam on watar surizce’

yscam’

==

i Svmorom includes excess foam on water suriace’
and Clarifier tvpe is

‘clarifier Zor octher type of treatment system’
and Check Over Rderation is Yes

then Check includes 'over aeration’

/77*7***7*77*7**********77**1*7***********1**

) ’ vr:cns
* % = her /QX ass siime on welr Surz
/ QL. s —o Check c ***’***’*,***********r****r**

iZ Symprtom includes ’‘exce .
and Check Solids on_ weirs is Yes

then Check includes

if Symptom includes

‘soli

‘exce

and Check DO_Low is VYes

then Check includes

if Symptom includes

rlow

‘exce

and Check AutoBrush ! Malfu

then Check includes

19

rauto

0

* % kkx KKK K

x

ss slime on weir suriaces’

ds on weirs'

3 = 7

ss slime on weir surfaces
Do’

surfaces’

ss slime on welr
nction is Yes
brush malruncvlons
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/*******7*****77******,*,**7'7,****"* .
TrXK Xk x kKK

x*+ Rules to Check ’foul

/**************************************** -
bR SR XL 2R

*hk ok ko
OGOL:/DIECK .

Lack sepr:ie
wastewater’ s+« eptic *

x
if Symptom includes ' foul odour/black s A
and Check_Bar_Screen Clogged is Yec 8DLic wastawatey'

= h ‘nclud sex
tnen Check includes ‘screen unit Cloggad:

()

[ I TR B
39
o

1

Symptom includes ‘foul ocdour/black septi c
Check_Bar_Screen Absent ig Ves PL=C wastawater'
n Check includes “screen unit

absent

Symptom includes ’foul oqou“/b'lacl( septic wastawar
¢ Check Def"omooseq _Wastewatar is Ves
en Check includes ‘wastaws

(A U R
s B Y

V3

ter decomposed’

if Symptom includes 'Zcul odour/black septic wastzwacar'
anc Check_chroster Supernatant is VYas
tnen Check Includes ‘digester supernatant’

1f Symptom includes 'foul odour/black septic wastzwacar’
and \Iature_of__Business is ‘Municipal (domestic oniv)’

and Check_Inacequate_Pretresatment is Ves

then Check includes 'industrial load’

iZ Svmptom includes ‘fcul odour/black septic wastzwatar’
znd Naturs of 3usiness is 'Municipal(domesticsindustrialil’
and Check Inadequate_Pratraatment is VYes

tnen Check includes ’industrial load’

1 Sympcom includes ‘Zoul odour/black septic wastewatsr’
and Nature of Business is 'Municipal(dom.:ind.sstorawatar)’
and Check Inadeguate 2retrzatment is Yes

~nmen Check inciudes 'Zincustrial loac’

:Z sympceom includes ‘Ioul odcur/black septic wa

and Clarifier _Type is 'primary clariiiesr ct a

andé Check DO Low 1is Yes '

-hen Check includes ’low 20 in TF'

if Symptom includes rZoul

X £3 ar!
and Clarifier Type is ’SE"’O"Ca"‘V ciariZier of a file
and Check DO Low is Yes R
~nen Check includes ’low DO in 2=

- p
L E £ lack septic was;ewdcnv
if Symptem includes ’ foul odour/blacx s B e

12rifier of a
and Clarifier Type is 'or imary clerizl

and Check Ir‘ffuent Low is Yes

~hen Check includes 'influent low’

i ic wascaewateX’
L L £ our/black sept ; Lear
iz includes ‘foul 0do S filter
anasgzii?wev _Type is ' secondary clarifier of a ¢ g
il v
and Check Influent_Low 15 Yes Low:
then Check includes ‘influent

v, hald
;7 ‘nelud 'foul odour/black septic wastewates i eay!
L Symptom 1nciudes ‘primary clarifier of a trickling =1-CteZ
pri lari

and Clarifier_Type 1is °
and Check ngh Biogrowth
then Check includes ’high

is Yes
hiogrowth
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iz Svmot:oﬂ rncludes ‘% *
: S "Zoul odour/black Septic was

RS = - . e
and C- ier_Type is ‘seco ndary clarifier of o eosoior
and C"-e— k_High_Biogrowth is vVes oI a trickling
-nen Check includes 'high biogrowch’

if gymptom includes ‘foul od .

- TN = toul our/b -

and Clariiier Tvpe is /black septic wastawater’
'primary clariiier

d

» rifiexr of an activatad
and Check_RAS Rate Low is Ves
then Check includes 'low RAS’

sludge svstem’

s £ 1 jour/hi :
~’.S.oul odour/black septic wascawacer
Tler or an activated sludgs svscem!
2 _ te_Low is Ves ’
znan C"lECK inclucdes ’‘low RAS’
s Symprem includes ‘Zoul cdour/bla Septic wastawatear’
and Check Drive Power Off is Ves
zhen Check incluces ’'collection system power switch OfZ’
: = gymorcom includes ‘foul odour/black septic wastawatex’
ol : e is
v of an activated siudge systam’
Pipe Plugged is Yes
s ‘Dipe or sump plucged’

{7 Syvmptom inciudes ‘Zoul cdour/black septic wastawatsr’
and Clarifisxr Tyoe s )
' zacopda-y clariZisr of an activatad slucge system'’
2nd Chack Sludge 2ips Plugged Is Yes
—an Chack inciuces ‘pDipe or sump pluggec’
—nen Chack Lnicluces D1t SRS U
:F Svmptem includes ‘Ioul odour/black septic wastawarar’
and Clarifier Type is .
'srimary clarifiier of an accivaced slucge system
2nd Check Sludce Pump Cff is ¥Yes .,
-men Check includes 'sludge pump switch OIZ
D v !
1 Symprom inciudes " foul ocdour/black septt ‘c wastawater
-—— . L A R =
and Clarifier Type is cvscan’
' sacondary clarifier of an activatad sludge Syste!
=nd Check Sludge 2ump Off is Yes oh off
—hen Check includes 'sludge pump switch off

Gour/black septic wastewatexr’

n

vmptom incluces rfoul o
E:‘a‘“"*m‘ Type 1is
‘mary cl arifier oL
Check Sludge_Zump_
n Check includes ’oumD

.

ced sludge system’

S~ 4o

an activa
C‘al"s lS Yes
fails’

[S e IS N I R
(D [OTRA
jae

[ ]

. cic wascewater’

i S rom includes r foul odour/black sep ol

iZ Symptom .

and C1arwzwev 'ryne is an ac«w‘vaced sludge system
£ of -

' secondary clarifier is Yes

and Check_Sludge_ pump_rails 1155,

then Check incluces " pump fail

7
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if SymDT es 'T:Ou] 3 "
LI SYne < toul odour/zliaci :
and Clar e is /2+aCK seprtic wastawater
‘primary er of an activatad .
~ 7 - X ivated slu e ,
and Check DO _Low is Yes ludge systen
then Check includes ‘low DO’

if Symptom includes ‘foul odour/bl

and Clarifier Type is
'secondary clarilier of an activace sludge svscem
and Check _DO_Low is Ves ge systen
then Check includes ’low DO’

ack septic wascew

(o}

om includes "Zoul odour/black septic wastawatar’
larifier Type is ) e
primary clarilier of a rotating biological contzcror’

heck DO_Low 1is Yes
eck includes ’low DO’

’

iE Sjmp:p@_includes "foul odour/black septic wastawater’
and Clariiiler Tvpe :is
’sgccndary clarif;er of a rotating biological contactor’
and Check_DO_Low 1is Yes
chen Check includes ‘low DO’
in "Zoul odour/black seprtic wastawatar
erx
ar rotating dbiclogical contactor’
re ad is 7Yas
o anic overicad’

i}
»

ancd ~heck Orcanic Overioad is Yes
B ot = hal

of a rotat!
v

ther CThack inciudes ‘organic ove load’
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/* *%* Rules to Check for

o o
BT
-~ oy

*
/********x***x******************

. : L = < rr 'eﬂ" x %
* Rulass o Check oY 'metal surfaces corroces
************w*****r*x*xrr**rrr

'metal suriaces corroded’

if Svmpzcm includes
and Check oE Low is Yes
chen Check includes 'low DE

o ~ !
if Svmpcom includes 'mecal suriaces corroaed
and Check Poor Material is Yes .
“hen Check inciudes 'poor mataria-

cfaces corroded’
is Yes
oagulant’

if Symptom includes 'metal su
and Check Corrosive_Coagular?ce -
then Check includes 7 corrosiv

x *
***************x****

**********Y*****
' sludge collector jerks/

; 1ls’ ,
Jumps/Szf*****************’*

*
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04

105
706

e

if Sympctom includes 'sludge collecror
. and Check_bad_socke: is vag lector
the
-

- N JerKS/jumpS//SCallsl
hen Check includes 'hag socket -

if Symptom includes ‘siud N o

i Check Poor Matar:a 2ge collecror jerks/Sunps/scall e
ana _=C -_l.cf erlal is Yeg Jumds/stalls
then Check incliudes ‘poor material’

if Symptom includes "sludge collector
and Check Chain Link Defect is ves
then Check includes "chain 1

jerks/jumps/stalls
ink defectivar

if Symptom include
and Check_Broken ¥
cthen Check incluce

€ ’'sludge collector {arks/<
- ; - jerks/jumps/scall e
1T 1s Yes J S / ‘-G_.lS

s 'Zlight broken’

i€ 1 iudg "siua 11 - L . i

L Symptom lnc-udes ‘sludge collector jerks/jumps/stalls’
and Check_Deep_Sludcs 3lanket is Ves i

then Check inclucdes ‘cesp sludge blanket’

if Symptom include sludge ccllector jerks/jumps/stalls’
and Check 2oor_2rstrsatment is Ves
chen Check includes 'toor pretcreatmenc’

/* ** Rules To Check fcr ’‘Sroken scraper chain z-g *
/* shear pin Zailure’! **x *
X XXX XA XXX XXX I XXX XX XTI XXX T XX

/***’r**********’rr*rir*rrr?

1 Symprom inct roken scraper chain/shear pin failure’
and Check_Wrong_Shezr 2in is VYes

Zhen Check includes ‘wrong shear pin
iZ Symptom i: per chain/snear pin failure’
and Check_sh :
then Check 1 N : in broke’

if Symptom inciudes ‘broken scraper chain/shear
‘and Check Poor Flighz_Align is Yes ,
then Check includes ‘poor flight alignment

iudes 'broken scraper chain/shear pin
med i1s Yes
s ‘ice formed’

1f Symptom i
and Check Ice
thnen Check inc!
N ; in failure’
i Symptom includes /broken scraper chain/snear pii faliur
S T T L s Y
and Check Sludge Wizxdraw_Low 1S &es
and Check Deep Slucge_3lanket 15 :8S

- —~5 —= - : blanket’
then Check inciudes 'deep sludge bla

********i*****

. *
chains
7 * * %

. **
[ Fx ke ok ke k ok kk kA khkkkFFF xR I T F A AT I T IET

, L= ; in or
/* *x Rules to Check for ‘noisy chain
/* climb soprockeCs

* %
/**********************'*************** .
y chains climb SP

*
*************

’

rockets
'noisy chain ©

1f Svmptom includes ) ;
Che Misalign is YeS

and Check Drive_Unit

196



then Check includes 'd&r:ive

if Symptom includes

U"l o m Sal Cr\ed/

‘noisy

cnawn or <.
~n0 I .
07 Check Drive Parts wWorn i chains climb sprockers:
’ an orn is Yeg T s
iﬁ then Check includes ‘3rive Dares worn:
11 . - ) .
:3 if Symptom includes ‘n0isy chain or Chains clim i
jj and Check_Poor_Lubrication is veg ~-=TD sprockets
s then Check includes ’'poor lubrication:
e 7
120 - . -
. if symptom includes ’'noisy L
17 1if Symr - *01svy chain or chains C.1md sprockets’
8 anc Check EXcess_Rust is Ves I i
fa
7 then Check includes ‘sxcess rust’
720 . : .
71 if symptom includes ‘n0isy chain or chains clim sgrockets’
22 and Check Wrong Chaw* Size is Ves T
73 then Check includes ‘wrong chain size
724
725
7/25 /**xxx**‘x‘x*****‘x********xxrrxxxt*t**********w*i’i******
17 ;. /* ** Rules to Check Zor ‘excessive rake torgue’ *=+ =
728 /*i***********************'x**1**************;******r**
729 ¢ B . _
510 if Symptom includes ‘axcessive rake torgue’
kb and Check Sca‘e On _Raks is Ves
32 chen Check ‘sczla on
134 1 Svmptom torgue’
T35 and Check
736 then Check
737
138 if Symptom includes ‘=xcessive rake torgue’
T3¢ and Check_Dos ge High Is Yes
740 zhen Check includes ‘nlch dosage’
e
HY if Symprtom includes ’sxcessive rake torque’
[ and Check Poor Torgue_3Design 1s Yes
4 then Check incrudes ’'zcor torgue desi
7¢s
746 if Svmprom includes 'axcessive rake torgue’
767 and Check Wrong_Chain_Size is Yes ,
748 then Check includes 'wrong chaln size
748
750 TS R 0
Mea x*x
131 /“***x***********w******:x**x:*wxw*********** x* *
82 0 /% Rules to Check for ’'Tumps or pipes lefiff*r,***
753 /*****************************x************
754 '
. . ] fails/plugged
155 if Symptom includes 'sludge pump OF pipe falls/t
56 H v
15 and Check Large_ Sol’cs is p51 4
g; then Check includes ‘large solids’
ipe fails/plugged’
759 if Symptom includes ' sludge pump or D1lpe fal /.
18 3 v
Mg and Check Large_ Solids 1S ef ves
72 and Check Bar Screen Rbsent -sw-absent’
163 then Check includes 'scresn uml- "
; fai lugge
784 ' sludge pump Or PiPE€ fails/plugs
%= if Symptom includes . 2
185 is Yes

and Check_Large_ Solids



and Check_Screen Unit Damaged ig

. o
heck includ "scr o Ll
rhen Chec €S 'screen unit Camagegd’

3 Sl

o . R L= Sy

o

if Symptom includes "sludge pump o

¢ N . ) I r i P
a, and Check Sludge Pump Off ig Ves Plpe -aﬂﬁ/thUeQ
. 3 3 T~ ~ -
. then Check includes sludge Pump switch gfss
7 . - : 3 3 -
om incl ' A

. if Sympt ncluades slugge Pump or pipe fails/ol :
e and Check_Sludge Pump_Fail is yes =~ --°/P-ucged’
s then Check includes ’sludge pump fziisg
76
7
78 L .
e - /*******1’7************************i****i*****i***r****
B0 : /* e Fe Eioa *
A Rules Zor rfinding ’‘Unlikely Czuses’ *
.an /*
782 L . *
_63 /**i*********’rwr’r***1’*7*************i*i**iii*iirixi{*ir
184
35 For all Causel
"6 if Check esxcludes check: of Cause:
%7 and Likely_ Cause includes Name: of Czause:
"3 then Unlikeliy_Cause includes Name: of Causel
88
50
ol /*********r**7*1ir71’**********r***********r***t*i*r*i**
0y ) *
/% Rules for Iinding Conclusive Causes, Remedizs *
HTAEA] and Preventive Mezsures *
BRI A *
'95 /****7*777*7*71r1r1r**‘l’*****************rr**t****iit****r
197
8 . seek Ccnsultation
188
300 Tor all Czausel
§0% iz Likely Cause includes Name: oI Causel
302 and Unlikely Cause excludes Name: oI Causel
303 then Conclusive Cause includes Name: oI Causel;
04 scan is dcne
305
o if  scan is done o .
07 then yun proc_unpack (number,Conclusiva (ausel;
ﬁi unpack is done
??: iz unpack is done
== and number > 0
312 g
r; then use screen2
314 - L .
e L unpack 1s cone
5; and numpbexr = 0

ES)

then use screenl

19§



**************************************
/ ********i**i*ii
/*
/*Rules for ‘autocycle’ or tq Yun consul
/*

x

/**********7***************************************i—' x
x %

x

tation again =

if unpack 1s done
and rsstart is VYes
then cvcle mode is autocycle;
Consultation is compleced
if unpack is done
and rastart is No
then cycle_mede is stop;
Consultation is completad
/* Zné of Rulss for CLAR EZX.
/* List 22 Zrazmes Zollow below:

199
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Sy-mptom List

Wastewater_"“VDe List
Known_ Pollutantc List
chemlcal Addition List
declaratcions Text
scart Text
scresno Screen
Nature _ ot BUSlDeSS Text
clarifier_Type Text
Shape Undefined
Inlet_Type Undefinegd
outlet_Type Undefined
In_Tank_Baffle Undefined
Sluage_Removal_Type Text
starcstep Texc
Causel Class
Symptom: Slot referent Text
Likely_ Cause List
Name : Slot refersnt Text
Poss_Cause_Float_Sludge Screen
poss_Cause_3ulk SW_cge Screen
Poss__ Cause Sol _Loss Screen
Doss Cause S"naLl_?loc Scree
Poss Cause Large floc Screen
Dﬂss_Cause Qludgen_in Hovver Screen

: ! anket Screen
DQSS CQ.L.SE Low UnderZlow DensityScreen
2oss_Cause :noc<_-n:_u=nt_Load Screesn
?oss_Causa_Flcating Scum Screen
Poss_Cause rcam Screen
20ss CaLSE Slime Screen
Poss_Cause Foul Odour Screen
PCss Ca\_so _AS Foul Ocour Screen
20ss CQ.L.SG TF¥ foul Qcour Screen
Poss _Cause "23C Toul Odcur Screen
Doss Cause Ccr?osioa Screen
Poss_Cause Jerking Collector Screen
Poss_Cause Switch Trips Screen
Poss Cause 3roken Chain Screen
Poss_Cause Noisv Chain Screen
Poss_Cause =Zxcess Torgue Screen
P0ss Cause DWuQGeE Pipes Screen
Check Colleccer Fails. Text
Check - List
Check _Sludge Withdraw Low Text
Check Sludge Pump Fails Text
Check Slucce _Pipe Plugged Text
Check Skimmer Worn Text
Check_Scraver ~Worn Text
Check 0il _Dresence Text
Check svri Out: _Of Range Texc
Check Detenc _Time Long Text
Check RAS Rate High Text
Check DO Low TextC
Check ™ t—Tlgn Text

Check pH _Low Text
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Check_

N_Conc _Low Text
check_?ila mencous _Bacteria Texr
Check_ﬁyd_Overloaa Texr
check Feed Rate_High Text
Check Feed_Ra té_Low Text
Check EXCeSS_ Fines Text
Check RAS_ Rate _Low Text
Check _ Influent TOAlC Text
Check Rak° Soeoa Fast Taxr
Check_ Dosage Low Texr
check_Bar rfles_Misaligned Text
cbecK_Pache_Speea_:ast Text
Check_Influent_Low Text
Check Rake _Speed_Slow Text
Check_ Dosage “-gn Text
Check Pacdle Speed Slow Text
Check_| P*;: Ram Wal:unc;*on Taxt
Check _ “Grit_Rem Absent Texr
Check Ra;n_L::;l**ablon Text

k_3roken Coll Pipe Text
2aring_Sewer Text

_Toxic_Discharge Taxt

zase Trap Wrong Taxt

Check CGre=asy_Influantc Taxrt
Check Scum Trough 3lockad Textc
Check Scum Wiper Worn Taxt
Check Skimmer Not Movin Text
Check Drive Zowexr OZfZ Text
Check Drive Unit_Stalled Text
Check_SurZactant Taxt
Check Polvsaccna Text
Check Over Aerat Text
Check 3olids on_ Text
Check 2utoBrush Text
Check 3ar Scrsen Text
Check 3ar Scrsen Text
Check Decompcosed Text
Check Digestar S Text
Check Inadeguate Text
Check_High 3iogrowth Text
Check Sludce Pump OfZ Text
Check_Organic Overload Text
Check >cor Matsrial Text
Check Ccrrosive Coagulant Taxt
hec( _bad_socket Text

Check Chain Link Defec:t Text
CHecK 3rcken Flight Text
Check Deep sTudge 3lanket Text
Check . Soor 2retreatment Text

Check Wrong Shear 2in Texc
Check Shear Pin 3roke Text
Check 2cor Flight _Align Text
Check Ice Formed Text
Check Drive Unit Misalign Text
Check Drive Parts Worn Text

Check pPoor Lubrication Text
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Check_Zxcess_Rust

Te
Check_Wrong_Chain_Size %“XE
Check Scale On _Rake TZXE
Check Large SOL’QS Teig
Check_Pocr Torcue _Design %et“
Check_Screen Unit Damageq Tekg
Check_Sludge_Pump _raiil %ext
check: .
Unlikely Cause ii:g T8lerent Tayxr
Consultation Text
Conclusive Cause List
scan T
proc unpack ésgt .
= L= <OCequre
number Real
unpack Taxt
chee"f Screen
screens Scraen
restar:c Text
cycle_mcde Text
snock_crcanic_load
scraper damaged
skimmer damaged
czor Zailure
jo _Zailure
oipe/s olucged
oil
SVI_cut_oI range
long_cetention :ime
low oE Undeiined
low N2 czon UndeZined
high =/M ~ UndeZined
nigh =x r Undefined
low e ol Undefined
low D Undefined
S naczer:ia Undefined
nign ent Undefined
low_i uentc Undefined
feed rats set low
feed—ra:e—se:_high
low_chemical Josage Undefined
high_chemical desage Undefined
low_siudce removal Undefined
excessive Zines Undefined
8XCcess rake spesd Undefined
low raie SDEE& Undefined
faSE pacal_e speeac Undefined
slow cacddls"speed Undefined
rit _remover fails Undefined
9rit_remover absent Undefined
baffleg _misaligned Undef%neq
éXcess stormwacer Undefined
ploe broxe Under}nea
clearance of _sewer Undefined
toxic spill Undefined
Srease_trap wrong Undei}ne@
high grease content Undefined
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scum_crough_blocked
scum_wiper_damaged
skimmer_misaligned
no power_supply
drive unit_stalled
surfactant_present
high_polysaccharlaes
over_aeration

solids cn_welrs
sutobrush_damaged

screen_unit_clogged
screen unit_absent
screen unit_damaged
industrial_load
digester supernatant
hiéh pio grow_in TF
low DO_in TF

collect _systam_ofi
siudge pump_oLZ

high organic_load

poor_material used
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option7
options8
optiong
optionl0
optionl:
optionl?2
optionls
ootionl4
optionis
optionis
optionl?
optionls
Ooptionlg
Option20
Cycle _counter
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Und&f'_e
Undefine
Undefineg

Undefineq

£, £

Undefineg
Undefinegd
Undefined
Undefined
Undefined
Undefined

Undefi;
Undefined
Undefined
Undefined
Undefined
Uncefined
Undce ed
Unde ed
Undefined
Unde i

Undefined
Text
Taxt
Text
Taxt
Text
Text
TeXxt
Text
Text
Text
Text
Text
Text
Text
Text
Text
Text
Text
Text
Text
Real
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§L0SSARY OF TERMS USED IN CLAR ngy

«AccuSludge” = Sludge accy
' . mulated at t},
clarifier, © ottom of he
,  “Aeration” = Aeration rate of aera

3 “Agitation = Agitation of acrators in the aeratjop basin.

4 “BOD” N Biological Oxygen Demand, as a measure of the
OXYgen amount needed by the MiCroorganisms,

5, “Baffle” = The condition of the baffles in clarifier, either
damaged, worn or inadequate,

6. “Bulking” = Bulking as a symptom in clarifier. | appears as
clouds of billowing sludge that occur in
secondary clarifier when the sludge becomes too
light and will not settle properly

1. "CNPRatio™ = The C:N:P ratio (Carbon:Nitrogen:Phosphorus)
needed as nutrient to the microorganisms.

§.  “DO” = Dissolved oxygen in the wastewater

9. “Defloc™ = Deflocculation

10, “Denitrify” = Denitrification. The removal of Nitrogen or
Nitrogen compound from waste water.

. “DetentTime" = The detention time of the waste water.

2 “DispGrowth™ = Dispersed growth of microorganisms in
wastewater.

, o from the

. “Effl_Ammonja™ = The amount of ammonia in the effluent from

secondary clarifier.

4 “Efp BOD™ = The amount of Biochemical Oxygep Demand in
‘ the effluent from the secondary clarifier.

: he
. “Bf i the effluent from t
13, EﬁLNiII‘atc“ = [he amount of nitrate 10

secondary clarifier.

the clarifier

ce ce Of
b : b < \ [0) the S].lrfﬁ
hx "SSI‘(),’_un = Excess fOﬁnl
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A

uFMRa[iO”

“FilBaCt_A”

“FilBact_B”

“FloatSludge”

“Hydload™

“InaFloatable™

“InfluentType™

"MassSettRate™

“Mousse™

"N_Load"

“Norcardia™

“NonFloc¢™

'~Oila~,

“OrganicLoad™

“Outler™

T

/M 1 I

measur I
re of food provided to Microorganisyy, :
an activated sludge System s

.l B ' t’ . g

bulking. Co
. e OIMOon types are thigthr:y
actinomyeetes, thrix and

This type of filamentous bacterig does not caygse

bulking, denoted type B in CLAR_NET for easy
separation from the bulking—causing bacteria
(denoted as F ilbact_A)

Sludge that floats on the surface of clarifier.

Hydrauljc load. Hydraulic loading refers to the
flow (m’/day) to the aeration basin and clarifier,
Hydraulic overload means excess flow to these
units.

Inanimate floatables that appear on the water
surface of the clarifier

The type of influent, either only industrial
wastewater, or domestic wastewater, or both.

The rate at which the suspended solids settle to
the bottom of the clarifier.

Mousse-like condition on the water surface of
clarifier.

The amount of Nitrogen as nutrient feed to the
wastewater treatment system.

A type of microorganism in waste water that 1s
known to cause foam.

Suspended solids that are not flocculated.

Presence of oil on the waste water of the clarifier

en
Orﬂanic load of the wastewater treatment S}’St
e

ludge outlets o ports;

The condition of the s  operation, o blocked.

whether they are 1n g00

MVA
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0.

1.

;4P—Load”

;‘PinFlOC”

“Pretreatment”

“PumpingRate”

“RASRate”
“RisingSludge™

“Scraper™

“SepticSludge™

“ShortCircuit™

“SludgeAccuRt™

“SludgeAge™

“SludgeConet™

“SolidOvrWeir™

“Spill»

the wastewater treatment System
P.m floc which is usual]
diameter, anq is obsery
moderately turb;q seco

Y less than 0,76, i,

ed suspendeq throughoy;
ndary clarifier

The condition of Pretreatment of inflyep,
wastewater into the aeration basin and the
secondary clarifier, This may include poor
neutralization, inadequate oj] removal in the oi}-

water S€parator, poor screening to remove sand
and large objects,

Sludge withdrawal pumping rate
Return activated sludge rate

Sludge rising to the water surface of the clarifier

The condition of the scraper. The scraper is
located at the bottom of the clarifier (or
sedimentation basin) and its function is to scrap
the sludge to the collection point.

Septic sludge. It is a condition where generally
sludge turns darker in colour, contains little or
no dissolved oxygen and creates a heavy oxygen
demand.

Short-circuiting of flow in clarifier
The rate of accumulation of sludge

Sludge age, which is considered as the average
floc goe of sludge in the activated sludge system.
o =]

kg of activated sludge In

ge age (day) = (
Sludge age (day) e per day * ke

system)/(kg sludge wit
sludge lost in effluent)

th
The concentration of sludge at the bottom of the

clarifier.
Solids flow over the weirs of clarifier

i iquid
Accidental spill of chemicals or any liqu

)7



T

«surfactant” = Abbrewatlog for surface~active agent. The
1. active agent in d

Ctergent thyy POssesses 4 high

o “Toxi cWaste” = Toxic discharge ing ¢

he Wastewater treatment
System, such ag acid,

concentrated alkali.

g “TurbidSusp” = Turbid suspensiop
g “TubidWaste” = Turbid waste sych g clay
= Volume Sludge Abstract Rate, this is the rate at
“ bsRt _

§. “VolSldgA which sludge is being wasted from the treatment
System, also known as waste activated sludge
rate.

C = The level of weirs, whether is level Or not,
i “Werr”
= PH of the influent to the wastewater treatment
2 pH”

system.

~ YO
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TRANSCRIPTS OF INTERVIEWS WwITH DOMAIN EXPERTS

Summary of key points elicited)

Q Please explain the "pitrification” process as known to occur 1o biological
wastewater treatment system-

A [n an activated sludge wastewater treatment system, m'tr.iﬁcatlon p.rocessh
| simply means converting the wastewater contaning toxic ammonia (such as
those from domestic wastewater) 10 nitrite and nitrate:

The nitrification would involve 2 types of bacteria:

a. Nitrosomonas. oxidizes Ammonia to Nitrite
ONH," + 30, = 2NO2F 4H" + 2H0

b. Nitrobacter: oxidizes Nitrite 10 Nitrate

INOH, + 02 = 2NO;

Q. What about "denitrification”?

A. Denitrification Process: The Nitrates resulted from nitrification process is
then converted to the Nitrogen gas through a reduction process. There are
several types of bacteria that can cause denitrification, the most common
type 1S generally known as Pseudomonas.

Excess Nitrogen gas bubbles released during the activated sludge process
may attach to the settled sludge, so making these sludge "lighter” and
subsequently they float on the water surface of the clarifier. This is what
commonly observed as "floating sludge" on clarifier.

Q: What then causes €XCess Nitrates and excess Ammonia in the effluent?

Excess Nitrate can be caused by poor denitrification. Since Nitrate should

be reduced to Nitrogen gas during denitrification, excess Nitrate means the

denitrification is not adequate to convert all Nitrate into Nitrogen

Qn Fhe other hand, excess Ammonia in the effluent could be caused by
mt:ilﬁcation. Poor nitrification is mainly caused by low dissolved O\'\'(.J;;OQF
?:Cté)rH \;lglL}lles outside t'he neutral zong. that is. above 9 or below 6. Xnother
factor which may contribute to poor nitrification is the presence of

inhibitors, such as metals - Nickel. Chromium and C op%er .

210



What does "sludge bulking" mean to you?

..Slucligg bulkipg” simply refers to sludge that is difficult to sett]
the sludge solid }lsually'occupy t00 much volume after the liquor b

for a normal perl_od of time. Bulking could e caused by a nq Og as settled
factors, but bulking itself is known to be caused by the I;reseL;::: ;{‘ of

filamentous bacteria. That is why people specifically called this filamentous

bulklng Under a microscope ﬁlam 1
. N entous bacterla IS recogni ir-lik
eria :mzed as hair-like

e. Usually.

Sludge bulking could also be caused by other reasons, some of them are:
shock loading, poor aeration, nutrient imbalance, too low sludge age and
generally poor operating conditions.

What causes excess foam on the surface of the clarifier?

Generally, [ attribute that mainly to the presence of Nocardia, a
microorganism in the wastewater. We have been treating wastewater for
over 30 years in this treatment plant, and our research showed that Nocardia
is the main cause of the problem. The paper on Nocardia described this
problem in detail. The factor known factor is the presence of surfactant.

In your best estimate, what is the percentage of excess foam is caused by
Nocardia as compared to that caused by surfactant?

I would say about 80 percent of the time, the cause is Nocardia. and only
about 20% is surfactant.

It is generally known that septic sludge is due to the poor dissolved oxvgen
(D.0.) level in the wastewater. What other factors also cause the sludge to

be septic?

There are other factors besides low D.O. level in the wastewater. A faulty
scraper or scraper that malfunctions may not move the §lgdge [O‘[he dfra\j":
off hopper. leaving a thick sludge and could cause sepucit:. Besfdes‘-lfm:
sludge wastage rate is low (as"VolSldgAbsRt" in the net\"\‘ork). then e
”old: sludge will return or remain in the system. which \,\‘IH cause 1
to tumn sepvtic also. Other factor such as excessive organic load in tn
influent could also contribute to the problem.

sludge

a
<
=
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From all the wastewater treatment p|

known, roughly w
ghly .hat percentage of t 1vated sludge is rees
what percentage is wasted? 8¢ 18 recirculated, and

This would have to vary from
plant to plant. From my ‘
say about 85% of the sludge is recirculated and the re;t Z?lesftl)/enicse\.\l \\t‘o(lilld
0 1S wasted.
Could you explain "deflocculation" ip 4

ctivated sly
that affect the overall treatment operati dee system and how does

on?

As the name implies, "deflocculation” refers to

means the sludge breaks up into tiny particles which settle poorly and th
effluent becomes very "muddy" or turbid. Deflocculation may oceur e
because Qf toxic wastes, acid waste, anaerobic condition in the mixed liquor
overloading of the aeration tank, and/or excess agitation due to turbulenc(l:e Of
aerators. The main causes are: toxic waste, pH and excessive agitation,

no flocculation, or simply

What then would you call a turbid suspension as " pin floc"?

According to the literature, pin flocs are usually about the size of less than
0.03 in (0.76 mm) in diameter and they are observed suspended throughout
the whole clarifier. They may be caused by excessive agitation in aerators.
sludge age too old, low dissolved oxygen level, and low nutrient supply.

How 1s "F/M Ratio" related in an activated sludge system?

In biological wastewater treatment, "F/M Ratio" refers to food to
microorganism ratio. It is a measure of food provided to the microorganism
or bacteria in the aeration basin.

In mathematical form, F/M ratio is defined as:

Food = _BOD (kg/da
Microorganism  MLSS (kg)

Please explain further the above equation.

ch can be explained as the rate at

BOD is biological oxygen demand whi . © 16
S eod -~ n wastewater while stabilizing

which microorganisms use the oxygen in ¥ at -
decomposable organic matter under aerobic conditions. During the Lencray
decomposition process, organic matter Serves as food for bacteria ii}rll N é%r)
results from its oxidation. So, the higher BOD 1n the wastewalcr., the S

is the F/M ratio. MLSS refers to the suspended solids in the mixed liquor of

an aeration tank.

[ ]
—
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Talking about microorganisms, in ord
mixed liquor, I believe the influent sh
not be toxic at all. So, to what degree

€I 10 make them surv
ould have sufficient
does toxicity affect

ive well in the
nutrient and must
the operation?

To>§1c1ty causes a severe slowdown or death of working bacteri
easily cause upsets in the treatment System. Toxic waste couldz;a.nf1 could
: - T rigi
from uncontrolled spills or industria] discharges that contain hea\,\g rza:el
Y metals,

acids. insecticides, or pesticides, As mentioned earlier, deflocculation
of the effects of the presence of toxic substance ' 1o s one

Rising sludge is known to be another major operational problem in
wastewater treatment. Could you elaborate more op this problem?

A lot of people confuse "rising sludge" to "bulking". For rising sludge, the
sludge settles and compacts satisfactorily on the bottom of the clariﬁer,’ but

after settling, it rises to the top of the secondary clarifier in small particles.
each about the size of a pea.

Rising sludge is caused by denitrification or septicity. Presence of oil could
also cause the sludge to be lighter and the sludge to rise to the surface.

What do you think are the operational strategies for clarifiers?

Influent flow is said to be most common factor influencing clarifier
performance . Both the surface loading and detention time of the
wastewater are directly related to flow. In most treatment plants, the surface
loading and detention time vary widely throughout the day as a result of
varying flows from activities of people and industries. Despite of the
varying flows, most clarifiers are able to remove BOD and suspended solids

consistently.

Most clarifiers that do not produce an acceptable effluent are mainly due to
operator errors or equipment problems.

The best strategy for a clarifier is to develop and imp!ement a gQOd
preventive maintenance program. and to closely monitor operating
conditions. and to respond to any lab results that indicate 1mm1réer<1)tnnal
operational problem. Any other clarifier problems result from abn

conditions.

to
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Could you elaborate some abnorma| Operating conditions in clarifiers?
iers"

To me, abnormal conditions that cou
caused by the following:
i) toxic wastes from industria]
i) hydraulic overload
111) septicity of sludge
These conditions usually cause the ¢|
have insufficient time to deal with th

Id affect clarifie performance are

spills

arifier problems, as the operator mav
em before the problems oceur. ‘

There are a ffew factors that could cause settling problem in clarifiers. and
one of them is "short-circuiting”. Please explain. ‘

As .wastewat(?r enters the clarifier, it should be evenly dispersed across the
entire tank with the same velocity in all areas toward the discharge end.

When the velocity is greater in some sections than in others, serious short-
circuiting may occur.

The high velocity may decrease the detention time in that area, and particles
may be held in suspension and pass through the discharge end of the tank
without having sufficient time to settle. On the other hand, if the velocity is
too low, undesirable septic conditions may occur. Short-circuit may be
caused by uneven weir plates or missing baffles.

Let's discuss about the probabilities of some of the clarifier problems
occurring. What do you think for most of the well operated system, what is
the probability that a deviation outside the norm would occur? For instance.-
what is the probability that the baffles would be in good condition versus
probability of being in faulty condition? What is the probability that pH
system is in good condition, etc.?

To my best estimate, for a normally well-run treatment system, meani.ng the
maintenance is very good and the operators are the probability of havmg
good operating condition is very high. This means the chances of having
good pH level. baffle condition, weir plate condition, pre@eatment
condition, aeration rates, etc. are very high. I would put it as at least 95 to

99% of the time.

to
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APPENDIX E

QUESTIONNAIRE FOR DOMAIN EXPERTS



QUESTIONS FOR WASTEWATER TREATMENT SUPERVISORS

are assumed to work wel]l or normally

score 1 - 100, 1=least likely to happen, 100=most 1ixe;
v v e *
;. If: DO in the mixed liquor is low !
0: What 1s the probability of:
occurrence of Septic Sludge?
7. If: DO in the mixed liquor is low
0: What 1is the probability of:
occurence of dispersed growth?
3, If: sludge outlet pipe is blocked
Q: What is the probability of:

occurence of septic sludge?

4. If: DO 1s low and sludge outlet pipe is blocked
Q: What 1s the probability of:

occurence of septic sludge?

5 If toxic spill occurs,
Q: What is the probability of:
deflocculation
6. If: toxic spill occurs, pH 1s very low (acidic),
and aeration on the mixed liquor is high
Q: What is the probability of:
deflocculation?
; j rmal
! If: toxic spill occurs, and organic load 18 1o
0:  What is the probability of:

effluent BOD is high?__————



10.

11.

12.

15,

If:

toxic spill occurs, ang organi
C

What 1s the probability of.

effluent BOD is high?
\

Load ig high

there is excessive soligs flowing over the weirs
and toxic waste is present
What 1s the probability of:
effluent BOD is high?
e
sludge age is high
What 1s the probability of:

presence of pin floc?

influent type is industrial waste only
What is the probability of:
effluent BOD is high?

nutrient is deficient in nitrogen and DO is low
What 1s the probability of:
presence of filamentous bacteria (A)?
scraper malfunctions

What 1is the probability of:

no excessive solids flowing over welr?
return activated sludge (RAS) rate is low
What is the probability of:

absence of bulking?

RAS rate is normal and F/M ratio is high

What is the probability of:

absence of bulking?




17.

18.

20.

21.

~o
~O

If:

RAS rate 1is low ang F/M ratio
1s

What 1is the probability

absence of bulking?

of:

high

\

turbidity is observeq on the water of
c

What 1is the Probability

occurence of pin floc?

hydraulic load is high
What 1s the probability

of:

_—

of:

having low detention time?

excess foam is observed
What is the probability

presence of Nocardia?

solids flowing over the
What is the probability
outlet pipe is blocked?

solids flowing over the
What 1s the probability
effluent BOD is high?

solids flowing over the
What 1is the probability

welr 1s not level?

solids flowing over the
and BOD in the effluent
What is the probability

presence of toxic waste

e

of:

welrs is

of:

welrs is

of:

welrs is

of:

-

weirs 1is
is high
of:

in the influent?

excessive

excessive

excessive

excessive

larifier



24.

25.

26.

27.

28.

29.

30.

If:

bulking occurs
What 1s the probability of -
F/M ratio is high?

\
Nitrate in the effluent is high
What 1s the probability of:
denitrification occurs?

\
the Ammonia in the efflyent is high
What 1is the probability of:
pH of influent is too alkali?

\
floating sludge occurs
What 1is the probability of:

DO is low?

01l 1is observed on the surface of clarifier
What is the probability of:

poor pretreatment?

sludge concentration at the clarifier bottom is
very thick
What is the probability of:

low volume sludge abstraction rate?

pin floc occurs
What is the probability of:

. . . Pl
excessive agitation by aerators:s
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APPENDIX F

PROOF OF EQUIVALENCE



To Prove: That the joint probability distribution P(A.B.C.D.E.F.G,H) derived from
the dependencies defined in the DAG in Figure 4.1 as given by the equation 4a:
P(A.B...H)=P(H D.E)P(GIE)P(F \D)P(E B.C)P(D L4 P(C Lyp By Py

(4a)
is identical to that derived from the triangulated graph by dividing the product of joint
distributions on the cliques (C1 to C6) by the product of the joint distributions on their
intersections. as defined by equation 4b as:

P(A,C,D)P(C,D,E)P(B,C,E)P(D,E,H)P(D,F)P(E.G)
P(C,D)P(E,C)P(E.D)P(D)P(E)

P(A.B...H) =

(4b)

Proof:(from unpublished work by Walley (1996))

Aston University

s been removed for copyright reasons
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