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Abstract. The paper describes a Casual Graph (CAG) approach ulb deagnosis of industrial systems, based on
logical and qualitative methodology for modellingetdiagnostic aspects of a system structure anaMimir. The main
goal consists in a development of necessary alguidt structures, which are applied in an intelligeliagnostic
system, based on a deep representation of the &dgel A specific CAG diagnostic model, representing causal
behaviour of the diagnosed waste-processing inidustrstem is developed and presented in the pdper.diagnostic
process is developed as a multi-stage algorithmgsisting of following main stages: failure deteaticsearch for
solutions, model tests, causal relations among symg and faults, and validation procedures.
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1. Introduction on analytical models of the industrial systems
An enhanced analysis, performed over theand/or processes, (subjected to fault diagnosis).
existing diagnostic systems revealed, that, inSuch diagnostic systems use parameter estimation
general, three major diagnostic approaches, whicmethods for detecting the abnormal model outputs,
are sufficiently developed and implemented undegnd thus — identifying the components, that cause
real operational conditions, (i.e., for fault diagis  the observed system behaviolhis Kkind of
of industrial processes), could be named. diagnostic approach is referred &ault Detection
and Isolation (FDI) [4, 7, 8]. The main issue of the
A). Heuristic Diagnostic Approach (HDA)where  FDI is that it can be successfully applied, only if
the industrial diagnostic system are developed an@dequate analytical model of the process/system
applied asrule-basedexpert systeni8, 4, 6]. Such  under consideration can be developed [4].
types of rule-based diagnostic systems implement
the so-called “shallow” knowledge, provided by theC). Model-Based Diagnostic approach (MBD),
experts (and known also aar‘experimental tyde known also as‘Diagnosis from First Principle
of knowledgg during the evaluation and decision (DFP)” [5, 9] The MBD approach use thdeep
procedures, developed respectively in the systerknowledgefor the Internal Structure and theCausal
reasoning and decision-making algorithms [8, 10].Behavior of the systems, for creation and application
The expert knowledge about some possibleof the diagnostic models (rather than the shallow
symptoms of the system malfunctioning is encodedliagnostic knowledge, provided by the expertsp[4,
in the form of production rules [3, 4]. Some Such types of diagnostic systems are based exclu-
possible repair procedures can also be provided bgively on adeep knowledgeand/or orcombinations
the system modules, (if supplementary included irbetween shallow and deep knowledge 8, 9]. A
the system structure) [3, 4]. One of the issuethef sufficiently complex reasoning algorithms, desigaiat
rule-based systems is their limited domain offor fault determination and based @eep knowledge
expertise and application, since a diagnostic syste and causal reasoningabout the system behavior
using an experimental (a shallow) knowledge carshould be developed and applied (a set of symptoms
be used exclusively for diagnosis in a domainmustalso be available for the purpose) [7, 9].
which is described by the expert-provided rules. If ~ The main goal of this paperis to develop
a rule-based diagnostic system meets aalgorithmic modelling structures, which could be
observation, which is not treated and includeché t applied in intelligent diagnostic systems, based on
experimental data, then the diagnostic system couldeep representation of the knowledge.
not perform its diagnostic task [2, 4]. A specific Causal Graph (CAG) model
describing the causal behaviour of an industrial
B). Fault Detection and Isolation (FDl)approach, Wwaste-processing system is developed and applied
where, the developed diagnostic systems are basé&f the purpose.
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The applied CAG approach to fault diagnosis is  The Filter Press(Figure 2) is used to remove
based on a logical and on qualitative methodologyhe liquids from the sludge. The resulting predseca
for modelling the diagnostic aspects of the systenfprocessed by the filtering diaphragms) appeass as

structure and behaviour. semi-dry material (with about 30% solids and no
free liquid), and is discharged as a sold material
2. Structure of the industrial waste- (i.e. solids), separately from the treated liquids.

processing system, subjected to Fault

Diagnosis (FD) Procedures

The industrial waste processing system |2
(subjected to FD procedures) is included in the g
technologic and logistic structures, developedaor §
Hot Dip Zinc Galvanizing facility, under the
financing program of the US Overseas Private
Investment Corporation (OPIC).

All important details, regarding the system
structures, the equipment characteristics, the
logistics and the processing technologies of the Zi
Galvanizing Plant are developed and presented in

[1] and [2]. o .
The develo_ped industrial_ v_vaste—processing Figure 2. Filter Press for treatment of the waisfeids
system, comprise awaste liquids treatment The FD procedures were developed over the

equipmentand anair pollution control equipment  stryctural modules of the liquid waste-processing

The waste liquids treatment system is capable t@ystem. Several major events could be considered as

treat the waste liquids from the plant pickle @ gn abnormal behaviar and could express the

to maintain a proper chemistry in the process tankstajlures, generated in the waste-processing system:
The following processing modules are included .  tailure R — an overflow of the waste liquids

in the structure of the waste Iqu”dS treatment (during the System processing Cycle);
system: + failure K — signal error in the LS;
. I_:llte_r Press for treatment of the waste « failure K, — maffunction in V1.
liquids & sludge; In case, one of these failures could be observed
* Control System (CS); — then the FD procedures must be started. The
* Level Sensors (LS); developed FD are based on reasoning algorithms,
* Central Pumping Station (P); which use diagnostic model, developed as a Causall
» Valve (V1) of the pumping station; Graph (CAG).
* Valve (V2) of the Filter press main frame;
e Tanks for waste liquids; 3. Development of a CAG-diagnostic model

The stru_cture of the liquid waste_—processing for the liquid waste-processing system
system, subjected to FD procedures is shown on A particular kind of CAG diagnostic model
Figure 1. which describes thecausal behaviour of the

cs industrial waste-processing system is developed and
applied during the FD of this real industrial syste
LS Vi The CAG-queI structure is shown on Figure 3. _

R The applied CAG approaches to FD use logical
and qualitative methodology for modelling the
structure and the behaviour of the industrial waste

Filter processing system.
v2 Press In fact, the developed reasoning algorithms are
_l rather complex They use @netic-typeoperators

] ] developed as Selection, Crossing-over and

Discharge Discharge Mutation in Genetic type algorithmgéwhich are not

of Liquids of Solids subject to this paper), for preliminary generatién
Figure 1. Structure of the liquid waste-processipstem,  adequate sets of diagnostic symptoms, as wellras fo

subjected to FD procedures logical and/or qualitative evaluation.
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the following diagnostic events:

\ » diagnose - LS is in failure;
I » diagnose R— V1is in failure;
: » diagnose - P is “On” by control;
d » diagnose Q- P is in fault;

NEvent » diagnose - V1 is stuck closed.
; 'Horizon 1 < From thedloqiical point of \éiew, sont:e of the
Svmpto Spack ymptom nodes”, composing the event horizons in
: ympom, p IEvent the developed CAG, could be referred also as an
) ) Horizon 2 “and-nodes”, in cases, when they are built as a
result of two or moretrue symptoms that are

Failure Space

' \ generated at the same time. The symptoms are so-
! ! called ‘ancestors (or “parents”) in the developed
I D, D, D, D, D, | Genetic Operator. In this particular CAG these
Ve - = - symptoms respectively are —,S5, and 3. Of
Diagnosis Space course thetrue andfalse reasoning is having the
Figure 3. CAG diagnostic model of the industrigiyid ~ 1€ading _role, when performing this symptom
waste-processing system evaluation. In the “and-nodes” cases, all ancestors

nodes were evaluated to be true. There exist also

All diagnostic symptoms (represented by thedther types of symptom nodes, which could be
CAG nodes), which were find to e (by the referred asor-nodes. In the “or-nodes” cases, at
Genetic Reasoning Algorithm)sare marked with least one of the ancestor's symptoms was evaluated
filled circles (in the model structure), while the to be true in the CAG structure.
symptoms, which were find to balse were
respectively marked with empty circles. 4. Causal relationships among sy mptoms

The CAG diagnostic model is developed like a  and diagnoses in CAG - diagnostic model.
complex structure, composed of three different Djagnostic reasoning
regions, named respectivefpDiagnosis Space”, One of the most important issues that must
“Symptom Space” and “Failure Spac€. The resolve when analyzing the faulty behavior in
connections (i.e., the arcs) in the CAG modekechnical systems (subjected to FD) is the
structure can interact in both directions and @levi determination of causal relationships among the
options for development of the logical and/or symptoms.
gualitative algorithmic (i.e., reasoning) procedure Several major types (categories) of symptoms,
also in both directions. The developed CAG modelyhich are included in the developed CAG-modeling
can then perform the analysis from symptoms tostructure could be selected, determined and applied
causes, but also can act vice-versa (i.e., fromesu in the analysis of the causal relations.
to symptoms), thus providing fault-tolerance of  A). Failure symptoms(or just failures ;). These
the diagnostic reasoning and preventing thesymptoms indicate an abnormal behavior of the
algorithmic failure in the FD procedures. diagnosed system(s). If a certain failure is deigct

The sets of symptomare structured in two and/or observed, then the FD process can be started
Iayers, namedevent horizorisand can pl’OVide the The sets of the considered failure Symptoms
necessary “depth” of the reasoning and decisiofffailures) are located in the Failure Space of
procedures. The symptom sets express thghe CAG structure and are denoted as:

following causal events in this particular CAG: {F} = {Fy, F», ..., Fx}. The main issue here, is that
» symptom $—-LS is blocked when open; the failure symptoms could be applied during the
* symptom $— V2 is not open; preventive diagnostic proceduresince theF; are
« symptom $— LS provides faulty signal signature; not realized events, when developing a failure
e symptom $— V1 is not responding; prevention of the diagnosed system.
« symptom $— LS is blocked when closed. B). Basic symptomgreferred also as anitial cause

The diagnosis sets express fwssibleinitial ~ symptoms A “pbasic symptom” represents a
causes which are in fact theliagnostic events Symptom, which is included in the core of the
generated by the CAG. These initial causes argodeling structure, could emerge without any \esibl
named Diagnoses”—D;, and represent respectively reason, and for which there is no necessity tachear
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for any further cause for its generation. Thishis t procedure, developed in the CAG model structure.
most presentable set of symptoms that is determine€therefore, the diagnostic issue of finding@ssible

by the genetic operators (in fact, they createstihre diagnosesfor adetermined set of failure symptoms
caled “pool of the chosen symptoms”). Such(defining some type(s) of abnormal system
symptom sets could be subdivided into thredbehavior), represents in fact aqguivalenceto
particular groups (sub-sets) of the following types finding a set of basic symptomgdefining

» Sub-sets, composed 8fstem component faults respectively the faulty components, the undertaken

(%), denoted a4} = {S1 2, s S8 controls actions, and the analyzed external signals
« Sub-sets, composed @ontrol actions(C,), from the environmental operating conditions), with
and denoted a$Ca} ={Ca1.Caz ..., Cac}; respect to causal relations, defined by the CAG

e Sub-sets, composed of Environmental

Operational Condition(EQ.), and denoted as: 5. Conclusions

{EO¢} ={EO¢; EOc, ...,EOcwm}. 5.1. A particular type ofCAG diagnostic
C). Ambiguity symptoms — {AS}Such types of mode|which describes theausal behaviouof the
symptoms are neither faults, neither have theyndustrial waste-processing system, is developed.
belonged to some of the sub-sets of basic 5.2. Causal relationships among symptoms and
symptoms. One of the most important groups of theliagnoses, generated in the CAG-modeling
ambiguity symptoms are included in the negativestructure are determined and applied during the
causal influence, generated in the developed CAGlevelopment of Diagnostic reasoning procedures.
This means, that in such cases, the presentadle (i.  5.3. The created CAG-modeling structure and
the “justifying”) symptom may take the form of a the defined FD reasoning procedures are then
“negative presence”, i.e., a confirmed lack of sach applied during the FD of an industrial liquid waste
symptom is the main specific criteria for someprocessing system, under real operational
particular system diagnose. conditions.

In fact, the developed CAG structure shows
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The search for possible diagnoses (it is not
necessary that, they should be just the minimal

ones), could be developed as a systematic search
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