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ABSTRACT

With increesngly complex, sophisticated and changing red-world Stuations, it
has been recognized over recent years that Expert Systems which combine one or
more techniques gregtly increase the problem solving capability and hep
overcome some of the shortcomings associated with any dngle technique. The
vaification of these Expert Systems requires methods that could tackle the
multiple  knowledge representation  paradigms  and  integrated  inference
mechanisms used. This thess presents a formad description technique for
verifying the correctness, condgtency, and completeness of Hybrid Expert
Sysems (HES) tha emphasizes an integration of object hierarchy, property

inheritance and production rules.

Four important research contributions arise from this investigation: (1) A formd
approach based on State Controlled Coloured Petri Nets was developed in
moddling and andyzing Hybrid Rule/Frame-based Expert Systems. (2) Errors
and anomdies due to the integration of the object-hierarchy and production rules
in HES are defined and explained. (3) A st of propostions is formulated to
veify erors and anomdies in RulelFrame-based HES defined in (2), and (4)
Rigorous mathematical proofs of al of these propositions are devel oped.

The man idea of this formd technique is to convet the HES into a State
Controlled Coloured Petri Net (SCCPN) where the object hierarchy, property
inheritance and production rules are modelled as separated components in the
same SCCPN. The detection and andysis of the anomdlies in the system are done
by congructing and examining the reachability tree spanned by the knowledge
inference. This provides a forma bass for automating the deduction process and
ameans of verifying HES.

A complexity andyss is conducted to invedtigate the performance of the
methodology. The complexity includes the effort to transform the rules and
object hierarchy into places and transactions, the caculaion of the size of the
Occurrence Graphs, and the time required searching such Occurrence Graphs for



anomdies. This is followed by the discusson and suggestions on the potentia
and direction of the developed mode for future research.
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CHAPTER 1. INTRODUCTION AND MOTIVATION

1.1. Introduction

Expet Sysems (ES) incorporate human expertise in computer programs to alow
these prograns to peform tasks which normdly involve human experts.
Showing that an ES is 'correct' is a critica task. An incorrect sysem may make
cosly errors, or may not perform up to expectations. In ether case the decisons
generated by the system may be inappropriate or wrong, if used, consderable
damage such asfinandd loss or human suffering may result.

Knowledge verification can be broadly defined (Gupta, U. G., 1993) as the
process of anadyzing and edtablishing that an ES is robudt, rdiable, accurate,
complete, and consstent. The process of verifying a knowledge base is made up

of three main activities

Checking if the knowledge is complete, consstent and correct.

Determining if the reasoning mechanism accuraidy and consgtently
interprets and applies the knowledge in the knowledge base to solve
sysem problems. This process is referred to as certification Quite
frequently, when off-the-shef shdls are used in the development
process, inference engine certification is Smply assumed.

Andyzing and grading the performance of the sysem by comparing it
with that of its human counterpart.

Traditiondly, attention has been concentrated on usng verification techniques to
tackle rule-based systems (Gupta, U. G., 1991; Gamble R. F. et a., 1994; Liu N.
K. & Dillon T., 1995; Nurrdl, S. & Plant, R., 1996). However, these techniques
exhibit a limited range of applicability. They could not cope with the kind of
Hybrid Expert Systems (HES), e.g. Rule-based plus Frame-based, which many of
the current Expert Systems are being developed (Aikins, J. S, 1993; O'Keefe, R.
E. & OLeary, D. E., 1993; Durkin, J., 1994; Vrares, S. & Stanojevic, M., 1995).
The use of this hybrid approach integrates the power of organizing data objects



in a class hierarchy and reasoning about the objects through user pre-defined
logicd associations. This advantage accounts for many popular Expert System
development software (or shells), such as ADS, ART, EXSYS EL, KAPPA-PC,
KBMS, NEXPERT OBJECT, LEVEL5 OBJECT, PRO-KAPPA, REMIND,
which combine some sort of Frame-based representation with a Rule-based

inference engine.

The veification of these Hybrid Expet Sysems requires methods that could
tackle the multiple knowledge representation paradigms and integrated inference
mechanisms used. This thess presents a forma description technique based on
State Controlled Coloured Petri Nets for verifying the correctness, consistency,
and completeness of Hybrid Expet Sysems (HES) that emphaszes an
integration of object hierarchy, property inheritance and production rules.

1.2. Motivation of the Resear ch

There are a whole range of problems and difficulties hindering the deveopment
of Expet Sysems Typicdly, the bottleneck is knowledge acquistion,
representation of surface and deep knowledge, creativity moddling, tempord
reesoning, causd and common sense  reasoning, uncertainty  reasoning,
combinatorial  explogons, conflict resolutions, and the like. The use of large
amounts of domain knowledge to solve red world problems rases some
concerns for the creation and maintenance of such systems. (Geissman, J R. &
Schultz, R. D., 1988; Duchess, P. & O'Keefe, R. M., 1995). Furthermore, Snce
these systems tend to grow in an evolutionary manner, constant maintenance of
knowledge is necessary to ensure correct system performance. The importance of
vdidating and verifying Expet Sysems ae wedl documerted (Gupta, U. G,
1991, 1993; O'Keefe, R. M. & O'Leary, D. E., 1993; Coenen, F. & Bench-Capon,
T., 1993; Liu N. K. & Dillon T., 1995; Nurrell, S. & Plant, R., 1996). One of the
mgor criticisms of the above techniques is that none or very little condderation
is given to dlow for the dynamic checking (i.e. the verification is caried out in
the process of the system reasoning (Matsumoto, K. et d., 1991; Preece, A. D.,
1996)) of Hybrid Expert Systems.



In a traditiona pure Frame-based Expert System, reasoning is by comparing
descriptions of incoming facts with the frames in the knowledge base, and
retrieving the class frame that best maiches the dtuation. The man inference
mechanism or drategy for goplying genera information to specific ingtances is
inheritance. This reasoning mechaniam is raher limited in practicd Stuations. In
a traditiond pure Rule-based Expert System, reasoning is by firing a sequence of
rules usng incoming facts Although this method is smple and ussful, complex
domain knowledge could not be represented. The use of a Hybrid Rule/Frame-
based agpproach integrates the power of organizing data objects in a class
hierarchy and reasoning about the objects through user pre-defined logicd

associations.

A Hybrid Expet Sysem combines multiple representation paradigms into a
sngle integrated environment for moddling and reasoning of complicated red
world phenomena For a Rule- and Frame-based integration, it modds the
problem domain using the concepts of Classes and Rules together. The essentid
key modeling features aree Object Classes, Sot Attributes, Inheritance
Relations, Demons, Methods, Rules and Reasoning Strategies.

In order to alow for the automation of the verification of the HES process, to
tackle the mathematicd problems associated with the method, and to provide
accurate detection of anomaies in the HES, a more forma approach (i.e.
methods which are based on mathematicd techniques) of the HES modd is
necessary. Thus, there are two mgjor problems for HES verifications:

Expert Sysems are developed using hybrid techniques, yet very little
fundamenta research work has been done for their verifications.

A need to formaize the verification process to dlow for automatic
detection of anomdiesin the HES.

In view of the lacking of proper underganding within this subject, i.e. Hybrid
Expert Sysem verification, this thess seeks to address the issues of knowledge
description, formulation and verification in HES. It examines the problem of



demondgrating a hybrid knowledge base to be correct, consistent and complete in
teems of more globd issues and provides a framework for verifying hybrid
knowledge based systems.

1.3. Aim of the Research

The am of this research is to develop a forma methodology (i.e. Mathematicd
Modd) for specifying and verifying Hybrid Expet Sysems. A broader
caegorization of anomdies pertaning to knowledge verification is provided.
Representation schemes are examined for adequacy of representation, ability to
detect anomalies and at 1easonable cost. The schemes adopted in this analysis are
based on the notion of State Controlled Coloured Petri Nets (SCCPNSs). Predicate
trangtions, object-hierarchy, inheritance relations are formulated to edtablish
correspondence between anomalies in the hybrid knowledge base and ther
manifestation in the transformed representation. Proofs for these trangtions are
derived. Algorithms are developed to detect the anomdies lised. The
methodology should exhibit the following characterigtics:

provide a graphicd representation of the rdationships among the object
hierarchy, object instances, methods, demons and the production rules.

dlow for the dynamic checking of HES which yidds information on how the
gysem achievesits godls.

provide information about the current state of trandtion predicates as well as
the states of the object instances.

provide a clear semantics which alow for the forma anayss (i.e. methods
which are based on mathematicd representations and proof techniques) of the
behaviour of the moddled HES.

has the ability to maintan or update both the state of predicates and dot
vaues of the object instances during trangtion firings.



has a potentid to tackle gdtuations with rdaively higher complexity and
variant conditions like tempora space, probabilistic and fuzzy reasoning.

1.4. Scope of Resear ch

This research will focus on the development of forma description techniques for
the detection of anomdies dtributed to the integration of production rules with
the inheritance of object propertties within the object hierarchy. If Doman
knowledge (concepts) is reated by production rules and frame hierarchy, then
anomaies may arise among these knowledge (concepts) due to the existence of
two mutudly independent formdism of rdaions The anomdies include the
checking of the Correctness, Congstency and Completeness in Hybrid Expert
Systems.

Correctness refers to the accuracy of the hybrid knowledge base. It includes the
checking of Redundancy, Subsumption, Ambiguity and Circular rule sets that
goplied to the parent object class and child object classes within the HES.
Conggency refers to the reationship between the information in the knowledge
base and the ability of the inference engine to process the knowledge base n a
condstent manner. It includes the checking of Contradiction, Deadend and
Unnecessary |F Conditions that applied to the parent object class and child object
cases within the HES. Completeness refers to the amount of knowledge built
into the knowledge base. It includes the checking of Unreachability of the HES.

1.5. Contributions of the Resear ch

(1) A forma approach based on State Controlled Coloured Petri Nets was
devdoped in moddling and andyzing Hybrid Rule/Frame-based Expert
Systems. The result was published in (Shiu, S. C. K. et d., 1997;1996b)

(2) Errors and anomdies due to the integration of the object-hierarchy and
production rules in HES are defined and explained. The result was published
in (Shiu, S. C. K. et al., 1995a,b; 1996a)



(3) A st of propogtions is formulated to verify erors and anomdies in
Rule/Frame-based HES defined in (2). Our result is to be published in a
Journa paper in the Special Issue on Intelligent Hybrid Systemsof Expert
Systems with Applications.

(4) Rigorous mathematicd proofs of all of these propositions are devel oped.

1.6. Outline of Thesis

Chapter One describes the traditiond methods adopted in verifying Expert
Sysems which exhibit a limited range of applicability. They could not cope with
the kind of Hybrid Expert Sysems (HES), eg. Rule-based plus Frame-based,
which many of the current Expert Systems are being developed. In view of the
lacking of proper understanding within this subject, i.e Hybrid Expet Sysem
verificaion, the mativation of this research is to address the issues of knowledge

description, formulation and verification of HES.

Chapter Two examines the issues of knowledge, Expert Sysems and ther
verifications. Prior works in the area of knowledge verification are reviewed and
thar limitations assessed. This is used to guide the search for dternative
gpproachesin modeling and andyzing of HES.

Chapter Three highlights the importance of seeking a formd description
technique for moddling knowledge representations in HES. In  particular,
Coloured Petri Nets paradigm is adopted as the candidate methodology to
support a forma description of the anomdies in terms of predicate calculus and
object oriented concepts.

Chapter Four introduces a methodology for moddling HES based on State
Coloured Coloured Petri Nets (SCCPNs). The general properties of a HES are
described and their corresponding representations in the SCCPNs given. A
Taxonomy of the anomdiesin the HES is defined and explained.



Chapter Five formaly presents the formulation and representation schemes for
various components in a HES usng SCCPNs. The scheme derived is for the
purpose of knowledge verification.

Chapter Six applies the formd verification method to a practical personnd
section system and illudrates the srength and potentid of the methodology. An
dgorithm for generating the reachability grgph is provided. Through the
reachability anayds, vaious anomdies can be reveded in this personnd
sHection sysem.

Chapter Seven formulates a set of propositions concerning verification in the
transformed HES. Rigorous mathematicad proofs of the correctness, consstency
and completeness of HES are devel oped.

Chepter Eight gives a complexity andyds of the SCCPN methodology. The
evauation criteriaand assessment of the utility of the approach are addressed.

Chapter Nine discusses the findings from this thess. Possble extensons of the
methodology include Hybrid Expet Sysems involving uncertainty, tempord
knowledge, case-based reasoning and common sense reasoning are suggested as

the direction for future research work.

1.7. Publicationsresulted from thisresearch

1.7.1. Refereed Journal Papers
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1.7.2.

3).

(4).

().

(6).

Petri Nets," Australian Journal of Intelligent Information Processing
Systems Vol. 3, No. 3, pp. 59-76, Spring, 1996.

Refereed Conference Papers

Smon CK. Shiu, James N.K. Liu and Danid S Yeung, "Formd
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of The First International Conference on Conventional and Knowledge-
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Addaide, Audrdia, Vol. 2, pp. 419-428, 1997.

Smon CK. Shiu, Janes NK. Liu and Danid S. Yeung, "An Approach
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CHAPTER 2. LITERATURE SURVEY AND CRITICAL
EVALUATION

2.1. What isKnowledge?

According to the Webgter's New World Dictionary of the American Language,
Knowledge is "a cdear and cetan perception of something; understanding;
learning; dl that has been percelved or grasped by the mind and organized
information applicable to problem solving”. "Knowledge encompasses the
implicit and explicit restrictions placed upon objects (entities), operations, and
relationships aong with generd and specific heurisics and inference procedures
involved in the dtuation being modded’ (Sowa, J. F., 1984). "Knowledge is an
abgract term that attempts to cgpture an individud's understanding of a given
subject” (Durkin, J., 1994).

One of the mgor research areas of Artificid Intelligence has been the dudy of
the nature of knowledge, it's forma properties and it's use in reasoning, planning
and interpretation. Another aspect of the research in 'knowledge concerns the
sudy of particular kinds of knowledge, such as spatid, tempord, uncerttan,
fuzzy or causd knowledge. A mgor difficulty in describing knowledge is that an
expert's knowledge is largely implicit. There is widespread agreement that the
most difficult, time consuming, and expendve task in condructing an Expert
Sysem is extracting knowledge (eg. in the form of production rules) from a
human expert and debugging the resulting knowledge base If noise and/or
redundant data are present the problem is even more difficult. As Expert Sysems
are developed, modelers must provide descriptions of them for many purposes.
They use some characterization in terms of properties that appear to be relevant
to the knowledge base. Initid descriptions provide a centrd frame of reference
dlowing cooperation among designers of different parts of an Expert System.
Descriptions dso play a role in the verification process. The modd must be
checked for logica correctness and then implemented for compliance with a st

of criteria



However, when building an Expert System, it is impossble to capture dl of the
expert's knowledge. Rather, a well-focused topic from the subject area is chosen
for moddling and representation. Cognitive psychologists (eg. Newdl, A,
1990) have formed a number of theories to explain how humans ®lve problems.
These works suggest the types of knowledge humans commonly use, how they
mentaly organize their organization, and how they use it eficiently to solve a
problem. According to (Durkin, J, 1994), knowledge can be classfied as (1)
Procedural knowledge: this type provides direction on how to do something.
Rules, drategies, agendas and procedures, are typica type of procedurd
knowledge. (2) Declarative knowledge: this type describes what is known about
a problem. This includes smple statements that are asserted to be either true or
fdse, a lig of Satements that describes some object or concept. (3) Meta
knowledge: this type describes knowledge about knowledge. It picks other
knowledge thet is best suited for solving a problem. (4) Heurigtic knowledge: this
type describes a rule-of-thumb that guides the reasoning process. It is often
cdled shdlow knowledge because it is empiricadl and represents the knowledge
compiled by an expert through the experience of solving past problems. If the
expets ae udng fundamentad knowledge to solve the problem, such as
fundamentd laws, functiond relationships etc. this knowledge is referred to as
deep knowledge. (5) Structural knowledge: this type describes knowledge
sructures. It describes an expert's overdl mentad modd of the problem. Frames,
concepts, subconcepts and objects are typical examples of this type of
knowledge.

2.2. Expert Systems

The technology of Expert Sysems is one of the few branches of Artificid
Intelligence tha has transtioned from research laboratories to the world of
commercid and indudrid gpplications. Expert Systems incorporate  human
expertise in a computer program to dlow these programs to peform tasks
normaly requiring a human expert. An Expet Sysem has been defined as "An
intelligent computer program that uses knowledge and inference procedures to
solve problems that are difficult enough to require dgnificant human expertise
for ther solution" (Feigenbaum, E. A., 1982). "Expet Sysems ae sysems
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which are capable of offering solutions to specific problems in a given domain or
which are able to give advice, both in a way and a a levd comparable to that of
experts in the fidd" (Lucas, P., 1991), and "A computer program designed to
model the problem-solving ability of a human expert” (Durkin, J.,, 1994).

The fird noteworthy Expet Sysem was DENDRAL (Buchanan, B. &
Feigenbaum, E. A. 1978). The sysem was desgned to perform chemica
andyses of the Martian soil. The success of DENDRAL marked the beginning of
the so-cdled Expet Sysem indusry. Later successful sysems include
MACSYMA, INTERNIST, CASNET, MYCIN, HARPY, HEARSAY, PUFF,
PROSPECTOR and XCON. Stating from the 1980s, the interest in the field
gave hirth to a large number of companies tha marketed Expert System
development software — Expet Sysem Shells. Today, Expet Sysems have
reached the stage where they are implemented and used in a wide variety of
organizations and indudries, a sdection of operationd Expet Sysems in US
Europe, Ganada and the Far East can be found in (Liebowitz, J., 1991; Zarri, G.
P., 1991; Stachowitz, R. A. & Chang, C. L., 1991; Lee, J. K. et a., 1991).

A dggnificant bottleneck that is frequently encountered in the use and application
of Expert Systems technology is the lack of a rigorous and unified framework for
testing and verifying the correctness, consstency and completeness of the Expert
Systems. An incorrect ES may make costlly errors, or may not perform up to
expectations, may result in lawsuits, and nay cause Expert Systems to be viewed
as a non-vigble technology for critical gpplications (Brown, D. E. & Pomykaski,
J., 1991).

2.3. Expert Systems Verification

There has been an exploson of activity in the aeas of Vadidaion and
Veification (V&V) of Expert Systems over the past 10 years. For example, one
of the longest sequences of ongoing workshops a the AAAI (American
Asociation for  Artificid Inteligence) meeting has been the Workshop on
Veificion, Vdiddaion and Testing of Intdligent Sysems. The firg five
workshops occurred from 1988-1992. The 1JCAI (International Joint Conference
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on Artificid Intelligence) has had workshops on V&V since 1989. Furthermore,
the European Conference on Al (ECAI) has had a number of workshops on
V&V. Special Isue on Veification and Vdidaion of Expert Sysems had
gopeared in a number of Journds Internationd Journd of HumanComputer
Studies, Vol. 44, 1996; International Journd of Intelligent Sysems, Vaol. 9, No.
8, 1994; Internd Journd of Expert Systems, Vol. 6, No. 3, 1993 and Expert
Systems with Applications, Vol. 1, No. 3, 1990 and Voal. 8, No. 3, 1995. Large
projects of Vdidation and Veification are funded by agencies including NASA,
DARPA, and the European Community's ESPRIT program, such as RCP (Suwa,
M. et a., 1982), CHECK (Nguyen, T. A. et al., 1985), ESC (Cragun, B. J. &
Steudd, H. J,, 1987), COVADIS (Rousset, M. C., 1988), EVA (Chang, C. L. et
a., 1990), KB-REDUCER (Ginsberg, A., 1988), COVER (Preece, A. D., 1989),
SACCO (Laurent, J. P. & Ayd, M., 1989), NASA MMU-FDIR (Culbert, C.,
1994), VALID (Meseguer, P., 1994), JPDEC (Terano, T., 1994), SYCOJET and
SACCO (Ayd, M & Vignallet, L., 1994).

This interest has driven from the need to test the large number of Expert Systems
that have been developed since the mid-1980s. It dso has derived from the
increesing role that intdligent systems are taking in criticd dtudions, such as
medicine and defense. The role and importance of verifying Expert Systems is
well documented (Gupta, U. G., 1991, 1993; O'Keefe, R. M. & O'Leary, D. E,,
1993; Coenen F. & Bench-Capon, T., 1993; Liu N. K. & Dillon T., 1995;
Nurrel, S. & Plant, R., 1996). While there is controversy over how to define the
terms verification and vaidation, there is generd consensus that vdidetion refers
to the process of building the right sysem (that is, subgtantiating that a system
peforms with an acceptable levd of accuracy), while verification refers to the
process of building the sysem right (that is, substantiating that a system correctly
implements its specifications). (Nguyen T. A. et d., 1987; Preece, A. D., 1991;
OKeefe, R E. & O'Leary, D. E., 1993).

Typicaly, Expert Systems verification gpproaches are based upon the concept of
an anomay, where an anomdy is an abuse or unusua use of the knowledge
representation scheme. An anomay can be conddered a potentia error — it may
be an actua eror that needs correcting, or may dternatively be intended.



Congderable research has been done on identifying rule-base anomdies (Gupta,
U. G, 1991; Gamble R. F. et d., 1994; Liu N. K. & Dillon T., 1995; Nurrell, S.
& Pant, R, 1996), with the result that rule anomdies are now quite wel
understood. These may include

a). Correctness
Redundancy: Identicdl or chained rules succeed in the same
Stuation and have some common results.
Subsumption: Two rules have the same rexults but one
contains additiond condraints on the gStuations in which it
will succeed.
Ambiguity: Indeterminate rules.
Cydicity:  Circular  rules (e Withowt a saisfactory
terminating condition.

b). Congstency
Contradiction: Conflicting rules (i.e. Two sequences of rules
offering conflicting results).
Deadend: Rules which are executed and no other rules can
succeed them.

). Completeness
Unreachability: Rules whose conditions can never be satisfied.

Omisson: Missing rules,

Although there are comparatively less reseerch work done on verifying Frame-
based Expert Systems, both (O'Keefe, R. E. & O'Leary, D. E., 1993) and
(Coenen, F. & BenchCapon, T., 1993) pointed out that increasngly,
implemented Expet Sysems employed some variaion of object-oriented
methods to dtore atributes and procedurd attachments and provide inheritance.
They defined the typica anomdies for a Frame-based Expert System are:

Redundancy, (eg. A dot or frame is redundant if it is not used

to establish anything that the system is designed to address).

Missing dots and Frames.
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Migplaced Sots and Frames, (eg. given the propety of
inheritance, the location of a dot in a frame hierarchy can be
highly sgnificant).

Duplication, (e.g. Duplicated dots).

Incondstency, (eg. There exists a possble st of facts that
would dlow an entity to be indantiated to two different
frames).

Incompleteness, (e.g. There exists a posshle set of facts that
an entity could not be ingtantiated to aframe).

The earliest references to activities designed to ensure acceptable knowledge
base system quality can be traced to efforts on the MYCIN project (Shortiliffe, E.
H., 1976). Some of these efforts were amed to fix spelling errors, checks that
rues ae semanticdly and syntacticdly correct through pairwise rule
comparison, and to some extent points out potential erroneous interactions
among any two rules. With greater acceptance of knowledge base systems as
visble solutions for a specific range of problems the need for more forma
mechanisms to assure knowledge based system qudity assumed greater
importance.  Independent research sreams addressng the problems of
completeness and consstency of the doman knowledge were now identifiable.
Strategies include the use of Norma Form Approach (Charles, E., 1991);
Decison Table Methods (Suwa, M. et a., 1982; Nguyen, T. A. e 4a., 1985);
Incidence Matrix Method (Landauer, C., 1990; Agarwa, R. & Tanniru, M.,
1991); Knowledge Base Reduction (Ginsberg, A., 1987); Generic Rule Systems
(Chang, C. L. et d., 1990; Stachowitz, R. A. & Chang, C. L., 1988; Stachowitz,
R. A. & Combs, J. B., 1987; Preece, A. D. & Shinghd, R., 1991a and 1991b);
Bayesan Approach (O'Keefe, R. E. & OLeary, D. E., 1993; O'Leary, D.E.,
1995); Statistical Investigations (Landauer, C., 1990; OLeary, D. E., 1988a);
Rule Clustering (Jacob, R. J. K. & Forscher, J. N., 1991; Mehrotra, M., 1991);
Using Test Cases, (Cuda, T. V. & Dolan, C. P, 1991) and Petri-Net Systems
(Liu, N. K., 1996, 1995, 1993, 1991; Wu, C. H. & Lee S. J,, 1995; Scarpelli, H &
Gomide, F., 19943, 1994b; Yao, Y., 1994; Zhang, D. & Nguyen, D., 1994;
Nazareth, D. L., 1993; Agarwal, R. & Tanniru, M., 1992; Meseguer, P., 1990).
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In moddling studies, nobody solves the problem - rather, everybody solves the
mode of the problem. Since an Expert System represents human reasoning and
knowledge, we must judify its representation level through some kinds of
checking and teding, bascdly, the veificaion. While ‘verificaion' and
‘vdidation' might have separate definitions, we can derive the maximum benefit
by usng them synergidticaly treating both as an integrated definition.

In this thess the process of verification involves the checking of correctness,
consstency and completeness in Hybrid Expert Systems. The approach adopted
by this research illudrates the use of dynamic andyss tha involves the
execution of the sysem using a vaiety of inputs and scrutiny of the output for
correct behavior. In genera, correctness refers to the accuracy of the knowledge
in the knowledge base. Condgency refers to the rdationship between the
information in the knowledge base and the &bility of the inference engine to
process the knowledge base in a consstent manner. It includes the checking for
and reporting of built-in  discrepancies, ambiguities, and redundancies in the
contents of the knowledge base. Completeness refers to the amount of knowledge
built into the knowledge base. It means that a knowledge base is prepared to
answer dl posshble gtuations that could arise within its domain. It is hence one
measure of robustness. Completeness checking is a debugging aid which finds
logical cases that have not been consdered, in other words, missing knowledge.
As the input parameters increase, the potentidl number of cases increases
exponentidly, resulting in great humen difficulty determining which Studions
have not been considered.

As such the verification of an Expet System attempts to show that the software
programs of the sysem are correct in relation to the criteria. Verification tries to
prove this correctness by forma means, whose correct application may again be
examined by formd means. This provides greater reiability of the statement as
to the correctness of a sysem than can be achieved by other, non-formdly
controllable vdidation means. In an effort to preclude confuson of other
definition, verification in an Expet Sysem will be condructed to be the
demongration of logica correctness, consstency, and completeness of the
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knowledge base. The view that verificaion is a process of ensuring these logica
quaities does not necessaily imply enforcement of semanticaly correct
performance. It should aso be stressed that these qudities are not restricted to
the theorem proving usage of the construct.

24 Major Approachesfor Expert Systems Verification

2.4.1. Normal Form Approach

(Charles, E., 1991) considered that knowledge based systems can be checked at
the dlausd levd. The rules in an ES ae trandated into clausd form using logical
equivdence. The most common types of cdausd forms are Digunctive Norma
Form (DNF) and Conjunctive Norma Form (CNF). Checking for anomdies
requires comparing the individua dauses. E.Q.

Rule 1: IFBORCTHENA

Rule 2: IF (B AND D) ORETHEN A
These then trandate into the following clauses:

Clauel: B PA

Claue2z CPA

Clause3:BUD b A

Claus=4: E PA
Here clause 1 subsumes clause 3. Meta-rules can be used to identity subsumed
causes, eg. A cdlause is subsumed by another if dl literds in the second clause
ae dso contained in the firdt, i.e. a dause (AUBUC) will be subsumed by a
cause (AUB). If dl the clauses derived from a rule are diminated hen the rule is
declared to be redundant. If only some clauses are diminated then the rule is
declared to contain redundant premises or conclusons. Although this Norma
Form approach is quite straightforward, the decison of how to resolve anomaies
detected is based on the view as to how the rule-base should be structured
together with expert view of the doman. Another problem of this gpproach is its
inability to dedl with complicated Hybrid Expert Systems.

2.4.2. Decison Table Methods

16



A decison table is a tabular representation of a procedura decison Stuation,
where the date of a number of conditions determines the execution of a set of
actions (Coenen, F. & Bench-Capon, T., 1993). Conditions are given aong the
X-axis and actions dong the Y-axis. The am is to demondrate the results of an
exhausive st of mutualy excdusve combinations of conditions More
succinctly, decison tables can be sad to be a method of organizing and
documenting logic in a manner that alows easy ingpection and adyss This
gpproach, widdy used in conventional software specification to determine the
effect of conditiona statements, has been used to facilitate the testing of a set of
rules for conditions of ambiguity redundancy and completeness (Cragen, B. J. &
Steudd, H. J, 1987; Vanthienen, J, 1991). A number of variaions on the
decison table approach have dso been developed, examples include Suwas rule
checking program (Suwa, M. et d., 1982) and Nguyen's CHECK (Nguyen, T. A.
eta., 1985).

Theman idea of decision table techniquesis asfollows.

Separate rules into sub-tables so they have logicd isolaion from other
rules i.e. the rules in the set have a least one condition (attribute) in
common, and no other rules uses that attribute.

Further separate the sub-table so that no rule in a sub-table alocates
the value for a condition in another rule in the same table.

A maser table is created to display al possible combinations for
condition parameters and resulting action parameters.

The magter table is used to check for conflicts, redundancies,
subsumptions and missng rules (eg. A missng rule is identified if
there is a possble combination of vaues of attributes appear in the
antecedent set but no corresponding output action.)

The problem of decison table techniques is that in any redidicdly szed

gpplication the table will grow to unmanageable proportions unless some form of
patitioning is implemented whereby only a finite number of condition-action
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combinations need be consdered. A further problem of decison table techniques

is that only datic checks are involved, i.e. no condderation is given to dynamic
checking.

2.4.3. Incidence Matrix Method

The incidence marix method of Expet Sysem veificaion and vaidation
involves the congruction of matrices to determine the number of rules containing
a cetan vaiable or combination of variables or the number of variables
common to a set of rules. A number of knowledge base system verification and
vaidation systems exist that are based on the development of incidence matrices
(Landauer, C., 1990; Agawd, R. & Tanniru, M., 1991). Structurdly an
incidence matrix is very amilar to a trangposed decison table (i.e. Conditions are

given dong the Y-axis and Actions aong the X-axis).

The main idea of incidence matrix technique is as follows:

Convert the rules into aincidence matrix by
1. AsIgn negaive numbers to possble vdues for attributes in
the antecedent of therules.
2. Asdgn podtive numbers to possible vaues for attributes n the
consequent of the rules.
3. Assgn zero to dtributes not appear in ether antecedent or
consequent of the rules.
E.g. Theincidence matrix of thefollowing rulesis
Rule 1: IFA=1 AND B=1THEN C=1
Rule 2: IF A=2 THEN C=2

A=l1l, A=2, B=1, C=1, C=2

Rule 1 -1 0 -1 1 0
Rule2 0 -1 0 0 1
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€1 0 -1 1 Ou

& -1 0 o 1Y

Multiply the incidence matrix by the trangoose of itsdf. The resulting
matrix shows the common dements contained in the rules in the
knowledge base.

If arule (eg. Rule X) does not share an dement with one other rule in
the knowledge base (KB), we can consider it to be redundant. (i.e. If
we multiply the incidence mairix of the knowledge base (KB) with
the trangpose of the incidence marix for the rule (Rule X), the
resulting matrix contains only zeroes).

Smilar geps as aove can dso check other anomdies such as

subsumption and incompleteness.

The problem of incidence matrix techniques is very dmilar to decison table
techniques, i.e any redidicdly szed goplication the matrix will grow to
unmanagesble proportions unless some form of partitioning is implemented
whereby only a finite number of conditionaction combinations need be
conddered. A further problem of incidence matrix techniques is that only detic

checks are involved (i.e. no consderation is given to dynamic checking).
2.4.4. Knowledge Base Reduction Systems

The concept of knowledge base reduction, as advocated by (Ginsberg, A., 1987)
is based upon ideas concerned with solving problems associated with truth
maintenance as advanced by de Kleer amongst others, particularly those concepts
underlying de Kleer's Assumption-Base Truth Maintenance System (ATMYS) (de
Kleer, J,, 1986). Ginsbery defines KB Reduction as:

"A technique whereby for every assertion H that a KB can make one has

cdculaed al posshble logicdly independent and minimd sets of inputs
under which the KB will beled to assert H."
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The technique requires that the rules in a KB form a hierarchica network that
can be partitioned into levels sarting at the leaf nodes. Labels are then computed
for every hypothesis and default hypothesis in the KB. A hypothesis is any literd
in the consequent of a rule and default hypothess is any literd in the antecedent
of a rule that negates a hypothess. A labd is thus the sat of dl minimd logicaly
congstent inputs to establish a hypothesis. This set of inputs is referred to as an
environment and the individud inputs as findings. The later ae defined as
antecedent literds that are not negated in the consequent of any rule. By
comparing labds we can then identify anomdies such as inconsstency,
redundancy, auxiliary rules and subsumptions. For example, condder the

following four rules:

Rule 1: IFPORQTHENR

Rule 2: IFA THEN B

Rule 3: IFBANDRTHEN S

Rule 4: IFNOT SAND CTHENT

Findings P,QA,C
Hypotheses: R,B, S, T
Default Hypothess @S

Thelabds are then:

Labe R: PUQ

Label B: A

Labd S: (AUP)U(AUQ)

Labd T: @AUCU(ZPUBQUC)

Labd @S: @AU(ZPUBQUC)

If the rule label R condsts solely of inconsstent environments (eg. PU@P) the
rule R can be diminated because it can never be fired. If the rule labd is implied
by the current partid labe of H, (eg. Every environment of H is a super-set of
some environment in the rule labd of R) this may suggest the exigence of a
subsumed rule.



The basc advantage of the KB reduction is its ability to treat multiple, mutualy
contradictory, states a once. In addition, it has an advantage when deding with
problems that require many solutions, since it avoids dl dependency directed
backtracking and context switching. The advantage of the KB reduction is less
clear when there is only one solution. It dl depends on how much dependency-
directed backtracking is required to find the single solution. The more there are,
the better the KB reduction is likdy to be For some problems with many
solutions, the basc KB reduction may contribute to inefficiency because Al
solutions will be explored when only one or afew may be necessary.

2.4.5. Generic Rule Sysems

Generic rule sysems are designed to alow knowledge based systems, using any
representation, to be verified and vadidated by firg trandating the rules or frames
into a generic representation. Two outstanding examples are the EVA (Chang, C.
L. et d., 1990; Stachowitz, R. A. & Chang, C. L., 1988; Stachowitz, R. A. &
Combs, J. B., 1987) and COVER (Preece, A. D. & Shinghd, R., 1991a and
1991b). EVA is written in PROLOG and condsts of a wide range of vdidation
tools that enable the user to check the redundancy, consistency, completeness
and correctness of a KBS. EVA can be viewed as a metashdl consgting of a
unifying architecture that uses a single inference drategy, a sngle metaKB and
a common language for specifying requirements, condraints and models for
domain knowledge. This makes EVA independent of any specific shdl. COVER
is implemented in PROLOG and C, and runs on SUN workstations. COVER
checks for a number of types of anomdy such as deficiency, ambivaence,

redundancy and circularity.
The mgor criticism of udng Generic Rule Systems is tha specific languages
used in paticular Expert System shells must be trandated into this generic form,

whichisnot atrivid task.

2.4.6. Bayesan Approach
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In sysems which atempt to measure uncertainly or srength of association, using
certainty factors, Bayesan probabilities or any other method, it is dso important
to verify that the weights are consstent, complete, correct and not redundant.
(OKeefe, R. E. & OLeary, D. E,, 1993; O'Leary, D. E. 1995). This can be done
by ensuring that each rule that is supposed to have a weight does have one and
that the weghts are developed in concert with the theory on which they are
based. For example, given the following rule

Rule1: IFE THEN H (to degree S, N)

whee S and N ae numeric vaues tha represent the dsrength of
associaion between E and H. S is a sufficiency factor, since a large vdue
of S means that a high probability for E is sufficient to produce a high
probability for H, and N is a necessty factor, snce a smdl vadue of N
indicates that a high probability of E is necessxy to produce a high
probability of H. S and N can be specified directly, or they can be
developed by establishing the likelihood ratios. The rdationships between
these ratios could take any of a number of functiond forms including

linear, quadratic, etc. Anomdies exist if these are violated.

Finding anomdies in the weights in an ES is a process that has received limited
attention, probably due to the limited number of implemented ES that make
extensve use of uncertainty measures.

24.7. Satidicd Investigations

Saigsticad methods can be a useful gatic or dynamic verification test. (Landauer,
C., 1990; OLeary, D. E., 19889 suggest that various aspects of rules, such as
atributes and conclusons, be andyzed dHatidicaly as pat of the verification
process. This can be done datically or dynamicaly. The frequency that rules are
fired or pahs are traversed can be datidticadly anayss to reved some anomdies.
For example, a priori, it may be expected that a particular rule or sequence of
rules should fire frequently. If anadyss of actud or smulated use of the sysem
provides data that indicates that this is not the case, then it would be appropriate



to examine those rules in more detall. In gpplying the datidicd technique, the
biggest problem is the identification of criteria for andyss This may require

expert'sinput, again, it is time consuming and error prone.

2.4.8. Rule Clugtering

Grouping rules can be peformed by: (1) measuring the distance between two
rues based on ther rdaedness and (2) cudering rules with a minimum
digance. Rule grouping has been advocated for improving the modularity of rule
bases, consequently enhancing their maintainability (Jacob, R. J. K. & Forscher,
J. N., 1991; Mehrotra, M., 1991). In terms of knowledge base verification, by
decomposing the rule base into a number of meaningful units, the par-wise
comparisons among rules within the groups can be minimized. The man idea is
asfollows
Cdculate the distance metric between rules using the formula

Total no.of literalsinconsequent of ri and antecedent of r;

D(ri,rj) =
(r.n) No.of overlapping literalsinconsequent of riand antecedent of r;

where D(ri,1;) is the distance metric

Rules are dudtered with aminimum distance

Congtruct arule connection graph in each cluster of rule sets
Represent the rule sets using adjacent matrix

Apply pair-wise comparisons and detect for anomalies

The advantage of this method is the reduction of the totd number of pair-wise
comparisons with the assumption that errors will occur between pairs or limited
sets of rules. Consequently, this gpproach fails to recognize that some knowledge
sysgems are not smple classficaion sysems, but could involve a network of
inferences, and erors in chaned inference ae a definite posshility, even if

pai rwise comparisons indicate no errors.

2.4.9. Using Test Cases
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Usng test cases may be conddered as an informa method, however, some
authors (Cuda, T. V. & Dolan, C. D., 1991) clam that many of the properties
checked by formad means may be beter dedt with by rdativey informa
techniques based on a particular method of congtructing a knowledge base. A test
case condgts of a set of inputs for a particular problem and the correct outputs.
The knowledge base is given the inputs of a tet case, and the outputs it
generated are checked against the known correct outputs. A test case descriptor
alows a possble range of vaues to be entered for each input parameter and then

forms cases by taking the cross product.

An unfulfillable god is detected if, as a result of running the test cases a god
does not have a vaue. Unreachable attribute values and if-conditions are detected
in a gmilar way. lllegd input sets are identified by presenting the expert with
input sets produced by the test case descriptors. lllega output sets are checked
for by running the widest possible range of test cases and checking the system's
output againgt them. Although using test cases is straightforward and easy to e,
it requires expert's evauation and interpretation of the tests reaults. Agan, it is

time consuming and error prone.

2.4.10. Petri-Net Systems

Suggestions for the use of Petri Nets (Liu, N. K., 1996, 1995, 1993, 1991; Wu, C.
H. & Lee S. J, 1995; Scarpelli, H & Gomide, F., 1994a, 1994b; Yao, Y., 1994;
Zhang, D. & Nguyen, D., 1994; Nazareth, D. L., 1993; Agawd, R. & Tanniruy,
M., 1992; Meseguer, P., 1990) to modd the interaction and tempora
reaionships between individud events represented in production-based Expert
Systems gppear promising. The mode's behaviour can be expressed in Algebraic
form, thus supplying the bads for automating dgorithms, cgpable of proving
properties of the modelled system.

Petri-net models are abdtract, formal representations of information flow. They
decribe the input/output relationship between objects usng a graphica
representation. Using Petri nets for verification purposes, each rule is trandated

into a trangtion by dlocating a place to each condition ad each action in the
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rue. The detection and andyss of the anomdies in the sysem are done by
condructing and examining the reachability tree spanned by the knowledge
inference. A more detailed description and evauation of Petri Nets systems as
the appropriate methodology for this research project will be discussed in the
next Chapter.

25 Summary

A number of issues about the description and verification of knowledge being
gpplied in Expert Systems has been discussed. To obtain a conceptud basis br
the theme of veification in this thess we have defined the process of
verification as the checking of the appropriateness of a mode. This involves the
checking of correctness, consstency and completeness in Expert Systems. A
number of maor approaches to the verification of Expet Systems have been
reviewed. These include the use of Norma Form Approach, Decison Table
Methods, Incidence Matrix Method, Knowledge Base Reduction, Generic Rule
Sysems, Bayesan Approach, Statigticd Investigations, Rule Clugtering, Using
Test Cases, and Petri-Net Sysems. However, these techniques exhibit a limited
range of gpplicability. They could not cope with the kind of Hybrid Expert
Sysems (HES), eg. Rule-based plus Frame-based, which many of the current
Expet Sysems are being developed. The verification of these Hybrid Expert
Sysems requires methods that could tackle the multiple knowledge
representation paradigms and integrated inference mechanisms used.
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CHAPTER 3. CHOICE OF METHODOL OGY

3.1. Logic-based Techniques

This set of techniques incdudes the use of Normd Form Approach (Chales, E.,
1991); Decisgon Table Methods (Suwa, M. et d., 1982; Nguyen, T. A. et a., 1985);
Incidence Matrix Method (Landauer, C., 1990; Agarwd, R. & Tanniru, M., 1991);
Knowledge Base Reduction (Ginsberg, A., 1987); Generic Rule Systems (Chang, C.
L. e d., 1990; Stachowitz, R. A. & Chang, C. L., 1988; Stachowitz, R. A. & Combs,
J. B., 1987; Preece, A. D. & Shinghd, R., 1991a and 1991b). The mgor problem of
logic-base  technique is tha it does not provide explicdt and complete
interrdlationship of knowledge dructure. Therefore, it cannot reflect a network of
possible inference in a knowledge base. Consequently, anomdies due to any
smantic ggp will unlikdy be detected and veified. Furthermore, logic-based
techniques is incgpable of supporting the invedtigaion of any concurrent and
dynamic behaviour exhibiting in the knowledge sysems Ladly, logic-based
techniques cannot support the descriptions of complex data types such as object
oriented concepts.

3.2. Statistics-based Techniques

This st of techniques includes the use of the Bayesan Approach (OKedfe R. E. &
OlLeay, D. E, 1993; OLeary, D. E., 1995); Statidtical Investigations (Landauer, C.,
1990; OLeary, D. E., 19883); Rule Clugtering (Jacob, R. J. K. & Forscher, J. N,
1991; Mehrotra, M., 1991). In sydems that attempt to measure uncertainty or
drength of asxociation, datidicd mehods can be a ussfful daic or dynamic
veificaion tes. Neverthdess these techniques employ metaknowledge from the
doman to examine the ddidicd results from the teds Thus, it is not essy to
identify a generic agoproach in represanting  anomdies based on  datidics
Furthermore, the assumptions made when carying out the ddidics has to be
examined together with the results Findly, this kind of techniques is only good a
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proving 'the systlem is good as long as not proven bad. The correctness, consstency
and completeness of the system cannot be formaly established.

3.3. Test Cases-based Techniques

This st of techniques manly use Tes Cases (Cuda, T. V. & Dadlan, C. P., 1991).
The problems of udng tes cases indudes (1) Difficulty in establishing criteria for
testing; (2) Difficulty in comparing results generated from the test cases, (3) How to
mantan Objectivity; (4) How to determine the rdiability of the Expet Sydems if
only test cases are used, and (5) The avaldbility of the test cases Another mgor
problem with usng tes cases is an assumption that the expert agang which the
system is being compared is dways corredt, i.e if the sysem differs from the expert
then it is ‘wrong. Usng synthetic cases is dangerous, and demands condderable
objectivity on behdf of the developers. Findly, there is dways a temptation to meke
the test cases reflect the known strengths of the system.

3.4. Petri Nets-based Techniques

Petri Nets based techniques (Liu, N. K., 1996, 1995, 1993, 1991; Wu, C. H. & Lee
S. J, 1995; Jensen K., 1995, 1996; Scarpdli, H & Gomide, F., 1994a, 1994b; Y a0,
Y., 1994; Zhang, D. & Nguyen, D., 1994; Nazareth, D. L., 1993; Agawd, R. &
Tanniru, M., 1992, Meseguer, P., 1990) is now in widespread use for many different
practicd purposes. The man reason for the grest success of these kinds of net
modes is the fact tha they have a grgphica representation and a wdl-defined
semantics dlowing formd andyss. The smplest Petri nets are those without colours
and cdled PlacefTrangtion Nets (PTN). In PTNs there is only one kind of token and
this means that the date of a place is described by an integer or by a Boolean vdue
(eg. 1 or 0). In high level nets, such as Coloured Petri Nets (CPNs), each token
caries complex information or data which may be used to describe the entire sate of
a process. A Petri net modd is a description of the state and action of a system —it
gives an explicit description of both the gates and actions of the sysem. This dlows
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the user to determine fredy whether, & a given moment of time he wants to
concentrate on daes or on actions. In a typicad Petri Net diagram (Figure 3.1,
daes of the system are indicated by means of cydes (or dlipses) which are cdled
places Each place may contain a dynamicdly varying number of smdl black dots,
which are cdled tokens. An ahitrary digribution of tokens on the places is cdled a
making. An initid didribution of tokens on the places is cdled the initid marking
and it is usudly denoted by Mv. The actions of the system is indicated by means of
rectangles, which are cdled trangtions. The places and trangtions of a Petri net are
collectively refered to as the nodes. The Petri net dso contans a st of directed
arows, which are cdled arcs Each ac connects a place with a transtion or a
trangtion with a place — but never two nodes of the same kind. Each arc may have
an expresson atached to it (eg. A podgtive integer), this expression is cadled an ac
expresson. The above gives the syntax of a Petri net.

With reference to the semantics of a Petri Net, each trangtion represents a potentia
move. A move is possible if and only if each input place of the trandtion contains at
leest the number of tokens prescribed by the arc expresson of the corresponding
input arc. If this lappens, the trangtion is enabled. When a trangtion is enabled the
corresponding move may teke place, this means the trangtion occurs. The effect of
an occurrence is that tokens are removed from the input places and added to the
output places The number of removed/added tokens is specified by the arc
expresson of the corresponding input/output arc. Tokens are removed from the input
places, and completely new tokens are added to the output places. This means that
there is no redionship between the token removed and the token added. The
execution of a trangtion T trandforms marking My to the marking My, therefore, My
is reachable from My by T. If two or more trangtions are concurrently engbled in a
marking M, this means the enabled trangtions may occur a the same time (or occur
in padld). A trangtion may even occur concurrently to itsdf, if there are sufficent
tokens deposited initsinput places.
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P1 1
I ASEO A4 I A5 A6 A7 A8
T1 P3 T2 P4 T3 P5 T4
A2
= A10

Figure 3.1. A Petn Net
InFigure 3.1, there are five places, P1 to P5; four trangtions, T1 to T4 and ten arcs,
Al1to Al0. There are two tokensin place P1, one token in place P2 and another
tokenin P5.

3.4.1. Coloured Petri Nets

In order to describe complex systems in a managegble way, the development of high
levdl Petri Nets conditutes a very ggnificant improvement in this respect. Coloured
Petri Nets beong to the dass of high levd nets The main advantages of Coloured
Petri Nets (CPNs) over PTNs is the introduction of the data type concept. In CPN,
each token is atached a data vadue, cdled the token colour. The data vdue may be
of arbitrarily complex type. (eg. A record where the firg field is a red number, the
second is a text gring, while the third is a ligt of integer pairs). For a given place dl
tokens must have token colours that belong to a specified type. This type is caled
the colour st of the place. Colour sets determine the possble vaues of tokens
andogoudy to the way in which types determine the possible vaues of variables and

expressons in programming languages

Attaching a colour to each token and a colour st to each place dlows the use of
fewer places than would be needed in a PTN. Intuitively, the introduction of colours
hes dlowed the folding of places into a dngle place without logng the ability to



diginguish between vaious daes and actions of the sygem. Smilaly, to get
trandtions which can represent many different actions, the ac expressions
surrounding a given trandtion can contain a number of variables. This variable can
be bound to different vaues and this means that the expressons evaduate to different
vaues. Therefore, in order for the trandtion to occur, the variables in the ac
expressons surrounding the given trangtion have to be bound to colours (datd) of
the corresponding type (data type). When a trangtion is enabled for a certan
binding, it may occur, and it then removes tokens from its input places and adds
tokensto its output places.

Theintroduction of coloursinto PTNs have the following advantages:

Desription and andyss of sysems become more compact and
managegble.

It is possble to describe data manipulationsin adirect way.

It becomes easer to see the amilarities and differences between smilar
sysems.

It is possble to cregte hierarchicd descriptions.

3.4.2. Choice of Coloured Petri Nets to modd Hybrid Expert Systems

3.4.2.1. Requirements of the modelling language

In the desgn and andyss of Expet Systems, questions of correct behaviour & very
important snce they may be usad to contral traffic sysems, tedecommunication
sysems, medicd diagnodic sysems, etc. Ther incorrect behaviour could lead to
disssters Moreover, dynamic andyss of Expet Sygems is more difficult to
understand due to ther combinatorid complexity. Therefore, a proper formd
methodologica framework for the verification of knowledge basesis needed.



Formd approaches to software specification and development have been a topic of
active research for a long time. Forma methods are introduced (Graigen, D. et d,
1993) as "mahematicaly based techniques, often supported by reasoning tools, thet
can offer a rigorous and effective way to modd, desgn and andyze computer
gydems” At the spedification levd, a forma method provides a notation for
software gedification and devdopment with some mathemaicd meaning which
eech specification is associated a mathematicad entity. Moreover, there is a formd
deduction sysem which makes it posshle to peform some symbolic computations
or proofs This forma sysem is consgent with the mahematicd meaning. One of
the man intereds of formd techniques is the posshility to peform proofs. Such
proofs have different ams (1) they can be used to verify a spedificaion, (i.e. by
veifying that some properties are consequences of the specification, or by refuting
some other properties which correspond to undesirable Stuations; (2) They can be
used to verify that a desgn dep is correct, (i.e that a detaled specificaion is
compatible with a less detalled one; (3) They can be used to check that a system
satisfies aspecification, (i.e. by proofing the properties of the system).

A forma description technique (Broy, M., 1991) comprises of the following two
components

Syntax: the forms of descriptions are precisely defined, this can be done
by graphicd forms as wdl as by textud forms or mixtures of both of
them.

Semantics the meening of the syntactic forms has to be uniquely defined,
this can be done by mapping the syntactic forms onto gopropriatey
chosen samantic modds aswell as by logical caculi.

Without a mahemdicdly properly defined semantics a description technique

cannot be cdled forma but & mogt semiformd. Semantic modds are helpful in the
underganding of the concepts of a forma description technique. Logicad caculi are
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of methodologicd importance when devdoping, trandorming, and  veifying
sysdems desriptions. In generd, an avalable formd framework serves two
important purposes. Frst of dl, it gives a proper foundation such that it is dear what
IS meart that a system is correct or that it can be verified. Second, support tools that
should give subgantial support aid have to be based on formd methods. This is why
formd description methods get more and more into practical use, a lead, if sysems
with high rdiability are required.

As the mgor am of this Ph.D. research is to devdop a formd methodology for
saafying and veifying Hybrid Expert Sydems, the most important recuirement is
whether the modelling language used has a sound, solid and well defined semantics
for fomd andyds In addition, the mehodology chosen should exhibit the
following potentias

provide a graphicd representation of the rdaionships among the object
hierarchy, object ingances, methods, demons and the production rules in the

Hybrid Expert Sysems.

dlow for the dynamic checking of HES which yidds information on how the
System achievesit gods

provide information about the current state of trangtion predicates as wdl as
the states of the object instances.

provide a dear samaics which dlow for the formd andyds of the
behaviour of the moddled HES.

has the ability to mantan or updae both the Sate of predicates and dot
valuesaf the object ingtances during trangtion firings
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hes a potentid to tackle gStuaions with rdaively higher complexity and
variant conditions like tempora space, probabilistic and fuzzy reasoning.

3.4.2.2. Reasons of choosing Coloured Petri Nets as the modelling language

Fra of dl, a CPN modd is a description of the moddled system, and it can be usd
as a spedification of a sysem which is to be built, or a representation of a sysem
which we want to underdand and communicate with others. Secondly, the behaviour
of a CPN modd can be andyzed, ether by means of amulaion or by means of
formd andyds method. Detall ressons for using it for this research project ae as
follows

3.4.2.2.1. Graphical Representation

It is extremdy essy to underdand and grasp the meaning of the modelled systems by
CPN because of its grgphical representation. This is due to the fact that CPN
diagramns resemble many of the informd drawings which desgners and enginears
make while they condruct and andyze a system. The notion of dates actions and
flow ae paticulaly appeding, when they ae used to modd the daes of the
predicates of the rules the inference mechanians in the Expet Sysems. Many
concepts in Expert Systems can be represented by places, trandtions, and arcs of
CPN directly.

3.4.2.2.2. Well Defined Semantics

It is the presence of the semantics which makes it possble to implement smuleators
for CPNs, and it is dso the samantics which form the foundation for the formd
andyss methodsthat this research project seeks to develop.

3.4.2.2.3. Concurrent Systems




Trangtions in CPN can be concurrently enabled and occurred, they can be used to
modd sysems which required descriptions of concurrently behaviours. This means
that the notions of conflict, concurrency and causd dependency can be defined in a
vay naurd and gdraghtforward way. In Hybrid Expert Sydems, the dynamic
behaviour (eg. Inference drategies inheritance among the object dasses in the
hierarchy) can be moddled explictly usng these concurrently enabled trangtions.

3.4.2.2.4. Faw, but Powerful Primitives

The definition of CPN is rather short and it builds upon standard concepts which are
bassd on mathematics and programming languages. This means tha it is redivey
ey to learn to use CPN. In addition, the amdl number of primitives dso means tha
it is much esser to develop srong andys's methods

3.4.2.2.5. Explicit Description of both Sates and Actions

Snce CPN is a sysem description language which explicitly describe both dates
and actions it is easy for the user to change the point of focus from date to actions,
or from actions to dates In the case of HES moddling and andyds a& some
indance, it may be convenient to concentrate on the dates of the predicates, and the
dates of the object indances while a other ingtances it may be more convenient to
concentrate on the inferences or inheritance of the object properties.

3.4.2.2.6. Hierarchical Descriptions

This means that large CPN can be condructed from rdaing smdler CPNs in a well
defined manner. Therefore, the moddling of very large sysems can be carried out in

amanagesble and modular way.

3.4.2.2.7. Data Manipulation




This means that from a CPN, it can be seen what the environment, enabling
conditions and effects of an action are. The data manipulaion is carried out by the
net expressons which may be bult from a number of vaiadles condants
operations and functions. The manipulation is Imilar to goplying the operation and
functions to the binded variables The operations and functions take a number of
arguments and return a result.

3.4.2.2.8. Formal Analysis Technigues

Formd andyss techniques are avalable for CPNs such as the condruction and
andyds of occurrence grgphs (representing dl reachable markings); caculaion and
interpretation of sygem invaiants (place and trangtion invaiants); reductions
(which drink the net without changing a certan sdected st of properties) and
checking of gructurd properties (which guarantee certain behaviourd properties).

35 Summary

As the mgor am of this Ph.D. research is to devdop a forma methodology for
sedifying and veifying Hybrid Expert Sydems the most important requirement is
whether the moddling language used has a sound, solid and well defined semantics
for formd andyds. In addition, the method chosen should be able to modd both the
Frane-based and Rule-based knowledge representation characteridics. Such  a
technique is chosen as a posshle candidate anong logic-based, datistics-based, test-
cases based and Petri nets-based methods. The andlys's of these choices suggests the
ue of the Peri Nets paadigm a the candidate methodology for moddling
knowledge representations in Hybrid Expert Sysems. The didinguished network
characterigics and the concept of coloured tokens can be used to establish forma
deription and verification of Hybrid Expet Sydems This will require semantic
extendons of the nets to provide sufficient descriptive and expressive power for the
purpose of verification of hybrid knowledge bases.



CHAPTER 4. MODELLING AND VERIFICATION
PROBLEMSIN RULE/FRAMEBASED
HYBRID EXPERT SYSTEMS (HES)

4.1. A Hybrid Expert System

A Hybrid Expet Sysem combines multiple representation paradigms into a sngle
integrated environment. For a Rule- and Frame-based integration, it composes of the
folowing key fedures Object Classes, Sot Atiributes, Inheritance Rdations,
Demons, Methods, Rules and Reasoning Strategies. These features can be andyzed
usng three conceptud views (French, S. W. & Hamilton, D., 1994) of an Expert
Sydem, they ae (1) An Object View which encgpsulates a module of knowledge
(or a concept). These knowledge modules (concepts) are represented by Object
Clases. Inheritance Rdations describe how these knowledge modules are related.
(2) A Function View which spedifies the functiond behaviour of the objects within
the Expert System. These functions are represented usng Methods and Demons. (3)
A Control View which specifies the sequence of knowledge inference in the Expert
System. These controls are represented in terms of Rules and Reasoning Strategies.

In practicd HES development (Shiu, S. C. K. et d., 19953, 1995h), Frames are used
to represent domain objects various kinds of Demons are used to implement
procedures atached to specific dots, Inheritance is used to inherit Class properties,
Methods and Demons among Object Classes, Messsge Passing is used for the
interaction among different objects and Methods are used to peform dgorithmic
attions or some aray manipulaion within an object. Rules are used to describe
heurigic problemsolving knowledge, Forward and Backward chains are commonly
used to reason using rules. Therefore, in HES, the Frame base can be seen as being
used to define the vocabulary for the Rule base, i.e. the possble vaues that dots can
be defined and 0 specified, and the litera used to condruct rules must conform to
the redrictions imposed by wha is avaldble from the dass hierarcchy. The Frame



base is maried together with the Rules desgned to manipulate it. The spedific
integration mechanisms of HES are asfallows:

Rules with Message Passing: Rules send or receive messages to and from objects
for teting the Rules premises

Rules with Inheritance: Rules directly read and write data into dots in a parent
object and through inheritance of this dot's vadue to its children objects, trigger
other rulestofire.

Rules with Demons Rules directly read and write data into dots and cause the
execution of the associated Demons, which then trigger other rulestofire.

Rules with Methods: Rules are embedded as part of an object's methods. Since
methods are arbitrary pieces of code atached to an object, they can access the
rulesthrough function calls

Rules with Ingances Rules can be usad to create/deete an indance of a specific
Object Class.

Uaudly, Object dass has a st of atributes, demons and methods. Each atribute is
of a dmple data type: eg. sring or integer. Each specific object dement is caled an
ingtance of the Object Class and will have different attribute values.

A Demon is a function which is executed when the associated dot vaue is dther
updated, or needed. Sometimes, a Demon can dso act like a vaidation trigger which
checks the cardindity and/or condraints imposed on a particular dot. The effects of
aDemon are confined aways localy to the same Object Class.

Methods are procedures atached to some Object Class, tha will be executed
whenever a 9gnd is passed through. This way of executing a method is known as
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Message Passing. Rules will interact with the informetion contained in the dots of
the various Object Classes within the HES.

Findly, in HES, there should be a set of reasoning drategies. Some common ones
ae

Backward Chain with Inheritance God directed search with inheritance as one
of the means to establish the rule chains linking up different Object Classes.

Forward Chain with Inheritance: Data directed search with inheritance as one of
the means to establish the rule chains linking up different Object Classes.

Other important inference drategies incdude  Peaten  Matching,  Unification,
Resolution and Heurigtic Seerch.

4.2. Moddling Hybrid Expert System usng State Controlled Coloured Petri
Nets (SCCPNs)

4.2.1. Object Classes

Each object classs data structure s represented by a compound colour set, and each
object indance is represented by a token in that set. For indance, if there are fifteen
sets of non-empty types or colour sets being used to represent one object classs data
dructure, i.e. S = AA,BB,...00; Color AA may be defined as text strings, Color BB
may be as Boolean; ..and Color OO may be defined from some dready declared
coloured sats, eg. Color OO = Product AA * BB * CC. Each object dass ingtance is
declared as a varidble of a particular colour s, i.e. var Ingance-1 : OO (var denotes
vaiadble declaration which introduces one or more variabes). Here we have one
vaiadle, Ingance-1, which is with colour OO. We may use va Ingance-1, Instance-
2, Ingance-3 : OO for dedaring three different instances of the same object dass
with colour OO. In the following sections, we will use three vaidbles object "d',



which is a paticular ingance of a Super Class A, object "al”, which is a particular
indance of Class A. (i.e "d' ISA supeadass indance while "al" ISA dass
indance) and State "s' which is the date token. Sae "s' is used to cary the
informetion that identifies which object indance had fired from which trangtion.
(i.e.vara: OO, var al : OO and var s: text Sring)

4.2.2. Rules with Inheritance

In SCCPN, the trandtion operdions are represented by the arc expresson functions.
By ddfining the ac expresson functions differently, it can hdp us modd different
events in the HES. Therefore, places in the SCCPN are taken to correspond to two
different dements in the HES. Fird, places are taken to correspond to predicates of
the production rules which are pre-defined earlier by the user. Secondly, places are
taken to correspond to the Objects dass in the HESs Frame hierarchy. Similarly,
trangtions in the SCCPN correspond to two different events in the HES. Fird, the
trandtions correspond to the implications of the rules. Secondly, the trandtions
correspond to the inheritance of the properties from Classes.

Rulg B 17 X [S-A mamber ol super class A
ANDY X's slat-1 & 'Y
THEN X's sla-2 s 'Y,

1dy) -
Rule & Staw B
I o
- "X} Tnheritance I
Supet To, (y)
Class A >
Class Al

O  =a{asupr class token)
) al (A class tken)
e

= (@ slaw loken)

Figure 4.1a Rule R with Inheritance (before firing) with an input token "d' & "s' in
Super ClassA.



The trandtion operations are represented by the arc expresson functions. (eg. A
Rule R can be represented in SCCPN as shown in Figures 4.1a, 4.1b and 4.1¢)

Byle B 17 X [S-A member ol super class A
ANIF X's slot-1 & 'Y
TIEN X's sla-2 s "Y',

Y
Rule B Stawe B
In s
. "X} Tnheritance I
Supe Tn,(y)
Class A > Oe
Class Al

O  =a{asuper class token)
[ al (aclass sken)
® =:u{aslaw loken)

Figure 4.1b. Rule R with Inheritance (after firing Inheritance T) with an input token
"d' & "s'in Super ClassA.

Bule B 117 X [S-A maomber ol super class A
ANDY X's slat-1 &Y'
THEN X's slo-2 s 'Y",

[
NGy >
Rule K Staw B
In .
- "X} Tnharitance |
Super Tr, (y)
Class A 300
Class Al

O  =a(asuper class token)
. al (A class sken)

® =y (aslaw lokon)

Figure 4.1c. Rue R with Inheritance (after firing both Rule R and Inheritance T)
with output token "d' & "S' in Sate R and output token "al" & "s' in Class AL A
datetoken "s' isdso created in Super Class A.



Super Class A is a SCCPN Place with colour set that was used to represent the data
gructure of dl olject ingances in Super Class A. Class Al is a SCCPN Place with
colour st that was used to represent the data structure of al object instances in Class
Al Rue R is a SCCPN Trangtion which is enabled iff the input arc expresson &(X)
Is evauated to ke true (i.e, the premise X IS-A member of super dass A AND X's
dot-1 is "Y' is true). If fr(X) is true then Rule R is fired, it implies that Rule R is
executed. All tokens will be removed from Super Class A and a new token "d' will
be created in State Rwith new data values determined by the output arc expresson
fry) (.e fr(y) will as3gn 'Y' to X's dot-2). Inheritance T is a SCCPN Trangtion
which is endbled whenever there is an "d' token in Super Class A, after firing this
trangtion, a token "al" is cregted in Class A1 with dl the atributes inherited from
A. (i.e a child token is crested with the same atributes of its father). These two
tokens ("d', "al") can be usad for further inference (if any) in the HES. In this way,
we can trace the exeaution path of these two tokens by examining the information
caried by the date tokens created within the SCCPN network. Moreover, we can
adso examine the contents of these two tokens to see if any atributes are in conflict
with each other. These could sarve as an indication of the exigence of anomalies
within the HES. (Note that in order to preserve the date of the predicate in Rule R, a
date token is crested in Super Class A via the sdf-loop of Rule R and an "a' token is
creeted in Super Class A via the sdf-1oop of inheritance T.)

4.2.3. Rules with Message Passing

Places in the SCCPN are taken to correspond to predicates of the production rules
and the trangtions in corresponding to the implications of the rules. Since the object
class ingance's data ructure is represented by the token of a particular colour s,
we can define ac expresson such that they directly read and write data in the
token's data dots. This can be illusrated by the following Smple example Pass the
message "OK" to the object Class A's dot- promation.
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Colour sts:
Color Classes = with ClassA | Class B;
Color Promoation = String;
Color Objects = product Classes* Promotion;
va X : Classes,
Arc expresson:

IF x=ClassA THEN 1'(ClassA, "OK") ELSE empty.

This will serve the purpose of sending or recelving messages (data vdue) to and
from object ingtance for testing the rules premises.

4.2 4. Rules with Demons

Rulz B : II' X [S-A member of super class A
AN X5 slat-day 15 'SAL
TTTEN X's slec-overtime & 'Y
Demon R - IF X's slot-overume changed to N
TN X's slot-salary 1.2%bkasiwce salary.

[fv) 1 dedy)

Rule B

(x) Inherilance T
ln.(s ) 14lgy) \Q

Cluss Al

I
[j:l

O —alasnper class taken)
O =al {aclass teken)
[ ] u (A sl tokert)

Figure 4.2a Rule R with Demon (before firing) with an input token "d' and a dae
token"s' in Super Class A.
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Smilaly, a Rule with Demon can dso be represented by a Places/Trangtion tuple,
eg. if a demon is atached with object X's dot-overtime, whenever the vaue of dot-
overtime is updated to 'Y then the demon will execute and compute the dot-sdary
vaue by the formula 1.2*basc sday. This can be represented by Figures 4.2a and
4.2b.

The demon function, dk(y), is represented as an ac expresson. The firing of Rule R
will trigger the demon function to execute.

Rulz B 17 X [9-A member of super class A
AND X5 slat-day 15 'SAL
TTTEN X's slac-overtime & 'Y
Denon R - IF X's slot-overume chanaed to ™
TIHEN X's slot-salary 1.2%kaswc salary.

) 1 dedy)

Rul=R Stale B
I,
) g (%) Inherilance T
P ln.iy ) 1 dgy)
Clasy A [ X
Cluss Al

O —alasuper class taken)
O =al {aclass taken)

® Y (@ sle token)

Figure 4.2b. Rule R with Demon (after firing) with output token "d' & "S' in Sae R
and output token "al" & "s' in Class Al. A date token "'s' is dso created in Super
ClassA.

4.25. Ruleswith Methods

Methods are procedures attached to an Object class, they can be represented by the
Functions and Operations declarations in SCCPN. The function takes a number of
arguments and returns a result. The arguments and the result have a type which is a
declared colour =, the st of dl multi-sets over a declared colour set. A declared



function can be used in ac expressons, guards and initidization expressons in the
SCCPN. For example, a typicd function which tdls whether the argument is even or
not might be:

fun Even(n:integers)=((n mod 2)=0).

Operations can aso be usad to represent Methods. In both Functions and Operations
declarations, different kinds of control structures can be built. eg. CASE daements,
IF b is true THEN gatement 1 EL SE datement 2, WHILE b is true DO; REPEAT
gatement 3 UNTIL b is true. The Rules with Methods can thus be represented by
SCCPN asfollows (Figures 4.3a-4.3.d, the slf-1oops are omitted for clarity reason)

Method 35 represented by Places - PL 1o T3 to P
Rule iz representad hy 1Macas - P2 1 P4

Fi__ ] TS 4

@ F1 7\ Fé ' O
1 i 1
N v

Tl Tl ™ 3 s

O —aasupcr class wwken)
0 —al {aclxs taken)

® —:{ac:lalc wkeon)

Figure 4.3a Rule with Method (before firing) with an input token "d' and a Sate
token"'s" in PL.



Method 15 represcoled by Places - PL 1o S to P5
Rule is reprasenta:d by PMacss ; P2 1 P4

P2 . 4
ooy FS gt
'l_,-/ >I Ll .
T2
r2 F1
@ i B2 (g L6 F8 ( )
Bl 1 ™ T3 s

o A (asupaT class liken)
0 =al {aclas token)

® s {aslale wken)

Figure 4.3b. Rule with Method (Rule is cdled by the Method). The token "d' was
passed to P2 and agate token 's' was created in P1, P2 and P3 respectively.

Meihnd 15 represeotcd by Places - FL o TS to P
Rule is representad hy Paces ; P2 1 P4

P4
>= NGy,
T2

7

o) A (asuper class Loken)
0 =al {aclass taken)

[ s {aslale wken)

Figure 4.3c. Rule with Method (After firing). The token "d' isin P4 and a Sate token
"s'in P1, P2 and P3 and P4 respectively.



Misthedl 15 repocsented by Places - Pl to PS to P4
Rule is reprovauniod by Places -T2 e T4
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[3 L4
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O =a{asupcr class token)
o al (aclass laken)
® = [uslule vkon)

Figure 4.3d. Rule with Method (Method resumes contral). The token "d' was passed
to P5. A dae token "s' was subsequently created in P1, P2, P3, P4 and P5

respectively.

The modelling of methods is divided into two parts. Fird the dae of the method: (1)
executed some of the program codes and waiting to pass the contral to the Rule; (2)
waiting for the Rule to pass back the control; (3) executed dl the program codes and
waiting to passthe control to other process.

Secondly, the actud program codes of the method itsdf (i.e. Represented by the arc
expresson functions). In Fgures 4.3a-4.3d, P1 to P3 to P5 represents three states of
the Method described above. P2 to P4 represents the Rule embedded within the
Method. Arc expresson function F1 is the fird part of the Method which executes
fird, then control is passed to the Rule by F2 which will cregte the "a' in P2. After
firing of the Rule (T2 is enabled and fired), P3 and P4 will dlow T3 to be fired. F8
represents the remaining pat of the Mehod which will act on Obect A
correspondingly. After execution of this Rule with Method, a dae token "s' is
deposted in dl the Places, P1, P2, P3, P4 and PS5 for preservation of the Sates.



4.2.6. Ruleswith Ingances

This is represented in SCCPN by the arc expressions because the number of
removed/added tokens and the colours of these tokens are determined by the vaue
of the corresponding arc expressions.

4.3. A Taxonomy of Anomalies

Although the integration of a Rule- and Frame-based Expet System can teke the
advantages of both representation paradigms, the systems are not free from erors
and anomdies In a pure Rule-based sysem, errors and anomadies could indude
redundancy, dead-end rules subsumption, duplication, drcula rule SHs
unsatisfigble conditions, missng rules.etc. Ther veificaion are wel documented
in the literature (Gupta, U., 1991; Coenen, F. & Bench-Capon, T., 1993; Gamble R.
F.etd., 1994; LiuN. K. & DillonT., 1995; Nurrdl, S. & Pant, R., 1996).

In a pure Frame-based sysem, errors and anomalies may occur due to the problems
of messge pasing and concurrency, problems of inheritance (induding smple,
repested and multiple inheritance) and problems of polymorphism. Indead of
coveing dl the posshle errors and anomdies caused by the integration of the above
two representation paradigms, we would like to focus oursdves on the additiond
erors and anomdies dtributed to the integraion of rules with the inheritance of
object properties.

Given that in a dosed world gtuaion in which a common concept is derived by a
HES. The anomdies tha ae rdevat to the correctness, consgsency, and
completeness of the HES, teke the following forms

4.3.1. Correctness

4.3.1.1. Redundancy
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Casz|. Conditions and Actions identica between Parent Class and Child Classes.

In the case of rules which have identical conditions and actions applied both to the
parent object class ad child object dasses, this implies the exigence of redundant

rules.

Rulel: AUBP C
Rule2:A'UBP C'

(A, B & C ae dotsin the parent object, A", B' and C' are dots in the child object and
A'=A, B'=B, C=C because of inheritance).

Case Il. Chained inference

Rue3:Ab C
Rue4:A'p B'
Rue5:B'p C'

In the case of a chained inference, some rules could become redundant if the same
result could be inferred by dternative trangtions even the same input facts are given.
(A=A and C=C because of inheritance and B' is not ascartainable through other
rules). Rule 3 could become redundant as C' could be inferred by an dternative
trangtion, Rule 5, viaRule 4.

4.3.1.2. Subsumption

Casel. Rule 6 is subsumed by Rule 7 (Condition part) between Parent Class and
Child Classs.



Rule6: AUBP CUD
Rue7:A'P CUD'

Caell. Rule 8 is subsumed by Rule 9 (Action pat) between Parent Class and
Child Clases.

Rule8: AUBP CUD
Rue9:A'UBP C'

Caselll. Rule 10 is subsumed by Rule 11 (Both Condition and Action) between
Parent Class and Child Classes.

Rule10: AUBP CUD
Ruell:A'p C

In a complex frane hierarchy which dlows for multiple inheritance, checking for
ubsumption  becomes more  difficult because the problem becomes what
characteridics the child inherits and from which parent? The HES has to follow
some sort of default orderings in inheritance, and this may lead to sts of conflicting
traits which are even more complicated to verify.

4.3.1.3. Ambiguity

Casel. Rude with indusve digunction of ISA conditions from different Object
Classes.

Ruel2 A IS-A member of ClassX U A IS-A member of ClassY b B

Ca==1l. Rulewith indugve digunction of IS-A Actions for different Object Classes.

Ruel3 Bb A IS-A member of ClassX U A I1S-A member of ClassY
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In gened, when a HES enters into this indeterminate Studtion, some sort of
sdection tactics would have to be executed by the sysem to choose the best
dterndiveit could have. Thisrequires agreater degree of srategy evauation.

4.3.1.4. Circular Rule Sts

If a crcular loop can occur when a set of rules among different object classes are

fired, then these rules ae conddered as a drcula rule st within the object

hierarchy.

Cae|. Sdf-referencerule

Ruel14: A'b AUB

Cae ll. SAf-reference chain of inference

Rule15: APBP ---...PP
Rule 16: Ppb A

If more than one levd of dass hierarchy is involved, an implict cyde may exis
where the loop is formed from severd rules and different frames dots in the frame
hierarchy.

4.3.2. Congstency

4.3.2.1. Contradiction

If two rules have duplicate antecedents but in the consequents a dause is both
afirmed and denied, we refer this as incondgency. In an object hierarchy,



inconsstency may occur if a rule gpplied to the Parent object dass but denied to the
Child object classes.

Case |. Sdf-contradictory rule

Rule17: Ab @A’

Case I1. Sdf-contradictory chain of inference

Ruel8 AbBp ... ..pb @A’

Case I11. Contradictory pairs of rules

Rule 19: AUBP C
Rule20: A'UBP @C

Case IV. Contradictory chains of rules

Rue2l:ApBp ------PP
Rue22 A'P @P

4.3.2.2. Deadend

A vdue dot or frame is missang if it aopears as the premise or condugon in the
rules but is not defined in the Frame hierarchy. In this case, the antecedent part of
the rule cannot be satified because it contains a literd which cannot be matched to a
fact or aliterd in the consequent part of any other rule.

Rue23: Ab B

A isnot defined in the dot of the dass hierarchy.
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4.3.2.3. Unnecessary IF condition

Rule 24;: AUBP C
Rule 25: A'UCP D

When rule 25 is backward chained to rule 24, (i.e. in order that C is true, we have to
check whether A is true and B is true). Rule 25 is equivaent to the testing of A, A
and B, (Rule 26):

Rule 26;: A'UAUBP D

Snce A' and A ae in inheritance reaion, we may want to remove dther the
condition IF A" or IFA.

4.3.3. Completeness

4.3.3.1. Unreachability

Case I. Mutually excdusve dases (a rule with two or more IS A condition
datementsin its antecedent part)

Rule 27: ClassA U ClassA'p C
Rule28: ClassB U ClassCb D

In Rule 27, if Class A is the Parent and Class A' is the Child, it is not possble for an
object indance to be both belonging to Class A and Class A'. Smilarly, in Rule 28,
Class B and Class C are both children of Class A, it is not possble for any object
ingance to be bath belonging to two different mutualy exdusive dasses
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Case 1. Mutually exdusve dasses chans

Rule 29: ClassAUBUCb P
Rule 30: ClassA'UPP Q

If rue 30 is backward chaned to rule 29, this causes an unreachable condition
because rule 29's condition pat and rule 30's condition pats are having mutudly
exdudve dass indantiation.

A broad caegorization of anomdies pertaining to knowledge verification of HES
was given. This was dasdfied in teems of sub-problems related to correctness,
condgency and completeness in hybrid knowledge base. The anomdies take the
form of Redundancy, Subsumption, Ambiguity, Circular Rule Sets, Contradiction,
Deadend, Unnecessary |IF condition and Unreachability. It is noted that sgnificant
dfect dems from the chaned inference in the hybrid knowledge base
Consequently, a mechanian for the detection and location of these anomdies
gopearsto be essentid, which is part of the subjects for knowledge verification.

4.4, Summary

An informd description of the method to modd Hybrid Expert Systems is described.
(The formd definitions of the method will be given in the next chapter). This is
based on the notion of State Controlled Coloured Petri Nets (SCCPNs). The object
classes are represented by the compound colour s&t; the production rules trangtion
operations ae represented by the arc expresson functions, the inheritance of the
properties from classes are represented by another type of trangtions operations,
message passing is moddled by defining arc expresson such that they directly read
and write data to token's data dots Demon is represented by a Places/Trandtion
tuple and Methods are procedures atached to an Object class, they are represented



by the Functions and Operations declarations in SCCPN. In HES, there should be a
st of reasoning drategies. Two common ones ae (1) Backwad Chan with
Inheritance (i.e God directed search with inheritance as one of the means to
edablish the rule chains linking up different Object Clases); (2) Forward Chan
with Inheritance (i.e Data directed seerch with inheritance as one of the means to
esablish the rule chains linking up different Object Classs).



CHAPTER 5. A FORMAL METHODOLOGY FOR
MODELLING RULE/FRAMEBASED HES
USING STATE CONTROLLED COLOURED
PETRI NETS (SCCPNs)

5.1. Fundamental Principles

A Hybrid Expet Sysem combines multiple representation paradigms into a sngle
integrated environment for moddling and reasoning of complicated red world
phenomena. For a Rule- and Frame-based integration, it modes the problem domain
usng the concepts of dasses and rules together. The essatid key modeling
features ae Object Classes, Sot Attributes, Inheritance Rdations, Demons,
Methods, Rules and Reasoning Strategies. The Frame base is married together with
the Rules designed to manipulate it. The spedific integration mechaniams of HES are
asfollows:

Rules with Message Passng: Rules send or receive messages to and from objects
for teting the Rules premises

Rules with Inheritance: Rules directly read and write data into dots in a parent
object and through inheritance of the dot's vaue to its children objects, trigger
other rulestofire.

Rules with Demons. Rules directly reed and write data into dots and cause the
execution of the associated Demons, which then trigger other rulestofire.

Rules with Methods: Rules are embedded as part of an object's methods. Since
methods are arbitrary pieces of code attached to an object, they can access the
rules through function cdls



Rules with Ingtances. Rules can be usad to creste/delete an indance of a specific
Object Class.

Based on the above concepts of integration, a Hybrid Expert System, therefore, can
be formaly defined asfollows

DEFINITION 5.1. A HES is defined as a tuple given by: HES = (C, A, D, M, I, H,
R, S satidying the requirements below:

C= afinite sat of object classes, where each object dass is a Catesan product of
(AxDxM).

A = afinitesst of attributes. Each attribute is of asample data type.

D= a finte s of demon functions Each function is defined from A into an
expresson such that: " al A:D(@)I A. (This means the demon functions can
only change a dot's vdue within the same object indance. Besdes, this demon
function: D(a) generates only one output from each given input "a").

M= a finite st of methods Each method is defined as a function which tekes a
number of arguments from an object! C and returns aresult to the objectl C.

| = agpecific object dement from an object class C.

H = aninheitancerdaion. It isdefined from the partialy ordered relationsin C.

R= The rules are composed of predicates which are used as functions that mep
object arguments into TRUE, FALSE vdues represnted by binary truth
vaues 1,0, regpectively. (One of the predicaes is the ISA predicate which is
used to specify the dass of objects which a particular rule can be gpplied). All
literds used in both the condition and ection predicates must come from the
atribute st A.

S= afinite st of reasoning drategies. The two common HES reasoning drategies
are: Backward Chain with Inheritance and Forward Chain with Inheritance.

Explanations. Object dass here is defined as having a set of dtributes, demons and
methods. Each dtribute is defined as of a dmple data type eg. dring, integer or
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red. Each specific object dement is cdled an indance of the Object Class and will
have different atribute vaues of the vaidbles. Inheritance is defined as a patid
order on the st Object Class it is a rdation that is reflexive, antisymmetric and

trandtive

Reflexive : For every Object Class, it inherits the properties from itsdlf.

Antisymmetric : For every Object Class, if A inheits from B and if B inherits
fromA, itimpliesthat A isB.

Trangtive : For evary Objett Class, if A inherits from B and if B inherits from C,
it impliesthat A inheritsfrom C.

The &ove definition only covers dmple inheitance In the case of multiple
inheritance, the problem becomes what characteridics the child inherits and from
which parent? The HES has to folow some sort of default orderings on inheritance
(Dori, D. & Tacher, E., 1994; Willis C.P, 1996), and this may lead to sets of
conflicting traits which are even more complicated to verify. Therefore, our present
andysisis concentrated on Smpleinheritance only.

A Demon is defined as a function which is executed when the assodiated dot vaue
is either updated, or needed. Sometimes, a Demon can dso act like a vdidaion
trigger which checks the cardindity and/or condraints imposed on a particular dot.
The effects of aDemon are confined dways localy to the same Object Class.

Methods are functions atached to some Object Class tha will be executed
whenever a sgnd is passed through. Each method is defined as a function which
takes anumber of arguments and return aresult.

Rules will interact with the information contained in the dots of the various Object
Classeswithin the HES.



Findly, in HES, there should be a st of reasoning drategies The two common ones
ae:

Backward Chain with Inheritance God directed search with inheritance as one
of the means to establish the rule chains linking up different Object Classes.

Forward Chain with Inheritance Data directed search with inheritance as one of
the means to establish the rule chains linking up different Object Classes.

As HES is modelled by SCCPN, a mapping between the two dructures is necessary,

andisgivenin Table5.1.

Hybrid Expert System State Controlled Coloured Petri Net
Framebased part
Object Classes Places
Object Class Types Colour Sets
Object Instances Tokens
Sots Vaiablesin Tokens
Factsin Sots Binding of Variableswith Condants
Inheritances Trangtions
Demon Arc Expressions
Methods Arc Expressons
Rule-based part
Predicates Maces
Predicates States Tokens
Rules Trangtions
Facts Binding of Variableswith Condants
Trangtion Operdtions | Arc Expressons

Table 5.1. Conceptud Interpretation of HES in SCCPNs.

As shown in Table 5.1 the components of the HES are separatdly represented, which
can be moddled explicitly by the SCCPN. The places are taken to correspond to
predicates and object clases, and trangtions to represent rules implications as well
as inheritance. There are two mgor types of tokens, one is the date token which
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records the sate of the predicate and the dlass type information. (i.e. Since rules may
be fired by ether parent class ingance or child class ingances). The second type of
token is the object ingance token which represents a particular object ingance of a
paticular class within the object hierarchy. Trandtions are fired to represent rules
being executed or inheritance is being caried out. The maximum number a rule can
be executed is equd to the totd number of different class types. (i.e. each dass type
object ingance can fire a particular rule once a most). Each input place of a rule has
a «df-loop ac for mantaning the date of the predicate. Smilarly, the input place of
an inheitance ds0 has a «Hf-loop ac for recording the inheritance execution.
Methods and Demons ae represented by functions in the arc inscription of the
SCCPN. The net result is the exchange of colour tokens from places to places and a
new marking, which is defined as the didribution of tokens over the places of the
SCCPN, is obtained.

The SCCPN notation employed in this thess is an extenson of State Controlled
Petri Nets proposed by (Liu, N. K. & Dillon T., 1995), and Coloured Petri Nets
proposed by (Jensen, K., 1995, 1996) and is specified as follows.

DEFINITION 5.2. A SCCPN can be defined as a 10-tuple given by = (S P, T, D,
F, A, N, C, E, I), where sstiffying the requirements below:

S={ wi,we,...w}, afinite st of non-empty types, caled colour sets i3 1,
P ={P., P} afiniteset of places,
Pc={ pc1, Pc2, -, P }, a finite set of places that modd the dasses of the HES,
cdled class places, j° 1,
Pr={ p1, pr2, ---» P}, @ finite set of places that modd the predicaes of the
production rules, caled predicate places k3 1,
PLCP;: the intersection of P.CP; represents those 1S-A predicates of the rule
sets atached to the specific classes
T={ T, T}, afiniteset of trangtions,

52



Te= { te1, te2s oy tal },

Tr :{ tr1, troy ooy trm },

TCT =/,
D={ dy, dy, ..., cn}, afinite

a finite st of trangtions that are connected to and from
class places, cdledinheritance transition, 13 1,

a finite s&t of trangtions tha are connected to or from
predicate places, cdled predicate trangition, m3 1,

st of predicates, |P,| = [D|, n31,

F={fyf ..}, afintest of classes, |[P¢|=|F|, n®1,

A={ a, a, ..., &}, afinite

stof arcs, k® 1,PCT=PCA=TCA= /&

N: A ® P TET P, a node function, it maps each arc into a pair where the first
dement is the source node and the second is the dedtination

node,

the two nodes have to be of different kinds. The node

functions can be further dasdfied into the folowing eght
different types
Inheritance: { A, Ac, As, A} where

Ac :T® (Po)vis

Ac : Tc® (PC)MS

AS Tc® (Pc)MS

As Tc® (Pc)MS

is an input dass function for inheritance, a mapping
from inheritance trandtions to the bags of dass places.
MS gands for multi-set (or bags).

is an output dass function for inheitance, a mapping
from inheritance trangtions to the bags of class places.

is an input date function for inheritance, a mapping from
inheritance trangtions to the bags of dass places.

is an output date function for inheritance, a mapping

from inheritance trangtions to the bags of dass places.

Predicate: {O, O, Os, O where

C)c T Ti® (Pr)MS

C")C Tr® (Pr)MS

C)S Tr® (Pr)MS

is an input class function for predicates, a mapping from
predicates trangtions to the bags of predicates.

is an output dass function for predicaes a mapping
from predicates trangtions to the bags of predicates.

is an input date function for predicates, a magpping from
predicates trangtions to the bags of predicates.



Os: T®(P)uws is an output state function for predicates, a mapping
from predicates trangtions to the bags of predicates.

C :P® S acolour function, it mgps each place into acolour s,

E: A®expresson, an ac expresson function, It is defined from A into expressions
such thet " al A : [ Type(E(a))=C(p(a))msUType(Var (E(@))l S]
where p(a) is the place of N(a), where MS gands for multi-set
(or bags),

| : P® expresson, an initidization function. It is defined from P into dosd
expressions such thet: " pi P:[ Type(I(p))=C(p)mg .

DEFINITION 5.3. For eech trangtion 1 Tinanet N,
Odt)COLL) A&

Och)COct)=E

A CAL) A

AL5)CALL)=A,

uch that

pl Oy)P pl O4y),

pil Oc(t)p pil Ocfh),

pil Ac(t)P pl Ach),

pl AP pi Ad(),

DEFINITION 5.4. A binding of a trandtion t is a function b defined on Var(t), such
thet: " Vi Var(t):b\W) Typev) where Va(t) denotes the st of vaidbles in a
transition and B(f) denotesthe set of all bindings for t.

DEFINITION 55. A token dement is a pair (p,c) where d P and d C(p), while a
binding dement is a pair (tb) where § T and B B(t). The st of dl token dements
is denoted by TE while the sat of dl binding dementsis denoted by BE.



DEFINITION 5.6. A making M is a multi-set over TE while a step is a non-empty
and finte muit-st over BE. The initid making Mp is the making which is
obtaned by eveuding the initidization expressons " (p,c)l TEMo(p,c)=I(p)(C).
The markings of a SCCPN can be further dassfied into the following two different
types (M, Ms) where M. represents markings of the class tokens, and M represents
markings of the state tokens.

DEFINITION 5.7. A gep Y is endbled in a marking M iff the following property is
sidied: " pl P: é E(p,t) <b>E M(p) where E(pt) is the expresson of (place,

(tb)I Y
trangtion) and E(t,p) is the expression of (trangtion, place). The summation
indicates the addition of expressons Expresson<b> denotes the binding of the
edific expresson with a set of congtants b. When (tb)l Y, this denotes thet t is
endbled in M for the binding b. When (t1,b1), (t,b) TY and (tg,br) * (t2,bn), this
denotesthat (t1,b1) and (t,by) are concurrently enabled.

DEFINITION 58. When a gep Y is enddled in a making M it may occur,
changing the marking My to another marking My, defined by: " pl PM2(p) = ( My(p)
- A E(p,t)<b>) + & E(t, p) <b>. The fird sum is the removed tokens while

(tb)Y (b)Y
the second is the added tokens. M, is directly reachable from M by the occurrence
of thestep Y, which can be denoted as M1[Y>M,.

DEFINITION 5.9. A finite occurrence sequence is a sequence of markings and
deps Mi[Y>MYo>Ms......Mi[Y>Mpe1 such then n T Naurd Number and
Mi[Yi>Mi+1 for dl il 1....n. The marking M1 is cdled the stat marking of the

occurrence squence, while the marking Mn+1 is cdled the end marking. The non
negative integer n denotes the number of gdeps in the occurrence sequence, or the

length of it



DEFINITION 5.10. A marking M" is reecheble from a marking M' iff there exigs a
finite oocurrence sequence having M' as dat marking and M" as end marking, i.e.
iff for some nl N there exits a sequence of steps Yi,Ys....Yn such that:
M1[Y 1>M3[Y2>Ms... ... Yn>M". M" is reechable from M' in n deps A firing or
occurrence sequenceisdenoted by s=(Y1,Y ... ... Yn)

The st of markings which are reachable from M' is denoted by [M™>.

DEFINITION 5.11. The full occurrence greph of a SCCPN is the directed graph
OG=(V, A, N) where:

a V=[My>

b. A={ (M1,b,M2)I VXBEXV|My[b>M 5} .

c." a=(M1,b,M)I A: N(@=(M1,M>).

In OG, a node is a paticular marking reachable from My. The st of markings which
are reachable from Mo is denoted by [Mo>. An arc a with N(a)=(M1,M2) issad to go
from the source node Mi to the dedingion node M,. An ac with the binding
element b isdenoted by (M1,b,M5).

The occurrence graph (O-graph) has a node for each reachable marking and an arc
for each sep that occurs - with a sngle binding dement. The source node of the arc
isthe start marking of the step, while the destination node is the end marking.

5.2. Description and Properties

The logicd predicate becomes true by the presence of a date token and the trangtion
asociated with this predicate will become active by the presence of the
corresponding object dass token (ingance) and provided tha the dots atributes in
the object dass indance satidies the trangtion condition. The trandtion is endbled
ad is ready for firing. For sgmplicty reasons, without taking any trangtion
conditions or trangtion operaions into condderdion, we can minimally endble a
goecific trangtion and then check the reechability st for any irregularities of



predicate places. In this representation, a marking M is composed of M that depicts
the marking for the class places and M that depicts the marking for the Sate places
in the SCCPN. A trangtion | is represented by a tvector. For verification purposes,
we define thet:

DEFINITION 5.12. A trangtion § isminimadly activeif

_i1if paT (Adt) E O(t)) U

Mc= | :
10  otherwise

DEFINITION 5.13. A trandtion tj is minmelly engbled if t; is both minimély
active and thet

_11if pT (A@EO)uU
s= :
10  otherwise

ad
& E(p.t) <b>E£ (M(p:) E M{(p:))
DEFINITION 5.14. T¢ tha contans a group of trangtions {t,} is sad to be

minimally adiveif " j=1,2,.n, 11 Tk, $ p 1 (AB)EOLL)) | B(TIEOLTY), such

i1 if paT (A(t) E QL))
: andp.T (A(t)E O.(t))
10 otherwise

Note that the sdf-loop arc corresponding to each input place does not cause a
repested firing of trangtions In the dosence of any <f-reference rule, the set of
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input places and that of output paces with respect to the trangtion in SCCPN are
adways digointed.

DEFINITION 5.15. T¢ tha contans a group of trangtions {t,} is sad to be
minimally enebled if "j=12..n, § T T, $ pi T (AMEO)) | A(TIEOCLTY),
such that

i1 if p T (Adt) E O.(1))
Ms= 1| andp.i (A.t)E O.(t))
10 otherwise

and

a E(p.t) <b>E (M(ps) E My(ps))
5.3. Moddling HES with SCCPNs

It is important to understand how to make use of State Controlled Coloured Petri
Nets to mode the knowledge structure and inference in HES. SCCPNs inherit mogt
of the mathemetical properties from Coloured Petri Nets (Jensen, K., 1995, 1996),
which enable the storage and recdl of past and present states of machine problem
solving processes and the precdculation of results Storage of daes heps to
implement high levd problem solving by dlowing the sysem to back-track through
its problem solving process, resolve god conflicts, and then resume the process from
the lag successfully completed desgn dep. Precaculation of rexults dlows the
expeart sydem to bypass some or dl of the steps required during problem solving
when it comes across previoudy encountered or predetermined Stuations.

In addition to the representation advantages, SCCPNs can provide a clear indication
of data dependencies, which would make it possble for us to exploit pardldism in
the problem doman. The andyss of SCCPNs can reved bottlenecks or other



possble anomdies in the procedurd flow associated with the hybrid knowledge
base. The following schema is usad to represent some typica rules which atached to
the object hierarchy. The sdf-loop arc is omitted for clarity reason.

5.3.1. Correctness

5.3.1.1. Redundancy
Cas2 1. Conditions and Actions identica between Parent Class and Child Classes.

Rulel: AUBP C
Rule2: A'UBP C'

(A, B & C ae dotsin the parent object, A', B' and C' are dots in the child object and
A'=A, B'=B, C=C because of inheritance).

The SCCPN representation of Rule 1 and Rule 2 isFgure 5.1.

Parent Class Rule 1
‘ [ ’—»

Y Inheritance G o> State C

f Rule 2

Child Class

» Statetoken
e Parent token
o Child token

Figure 5.1. SCCPN showing Redundancy Case |
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Initidly, if we have a Parent token in Parent Class with both A and B being True,
then Rule 1 will fire, and a Parent token will be created in State C with A, B and C
beng True At the same time, a Child token will be created in Child Class, having
both A" and B' being True, because of inheritance. This endbles Rule 2, and after
firing, a Child token isaso created in State C with C' being True.

Caz |l. Chained inference

Ruel:Ab C
Rue2:A'p B'

RuleN :Np C'

In generd the chain inference can be represented by the following SCCPN in Figure
52

Parent Class Rule 1
. >I

Inheritance

Child Class

& Statetoken
¢ Parent token
o Child token

Figure 5.2. SCCPN showing Redundancy Case |



Initidly, if we have a Parent token in Parent Class with both A and B beng True,
then Rule 1 will fire, and a Parent token will be crested in Sate C both A, B, and C
being True. After the chain inference from Rule 2 to Rule N, a Child token will be
created in State Cwith A', B'... and C' being True.

5.3.1.2. Subsumption

Casel. Rue 1 is subsumed by Rule 2 ondition part) between Parent Class ad
Child Clases.

Rule1: AUBP CUD
Rule2:A'p CUD'

Parent Class Rule 1 Rule 2
< [ ’_» ]

=r= | nheritance

©

Child Class

= State token
o Parent token
@ Child token

Figure 5.3. SCCPN showing Subsumption Case |

Initidly, if we have a Parent token in Parent Class with both A and B beng True,
then Rule 1 will fire, and a Parent token will be crested in State C and State D with
A, B, C and D bang True. At the same time, a Child token will be crested in Child
Class, having both A" and B' being True, because of inheritance. This enables Rule
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2, and dfter firing, a Child token is aso created in State C and State D with C' and D'
being True.

Casell. Rue 1 is subsumed by Rule 2 (action pat) between Parent Class and
Child Classs.

Rulel: AUBP CUD
Rue2:A'UBP C'

Caselll. Rule 1 is subsumed by Rule 2 ¢ondition and action) between Parent Class
and Child Classes.

Rulel: AUBP CUD
Rule2:A'p C

Yy Inheritance

O

Child Class

¢ State token
@ Parent token
o Child token

Figure 5.4. SCCPN showing Subsumption Case Il and 11

Subsumption Case Il and Case Il are both represented by Figure 54. Initidly, if we
have a Parent token in Parent Class with both A and B are True, then Rule 1 will
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fire, and a Parent token will be created in State C and State D with A, B, C and D
being True. At the same time, a Child token will be created in Child Class and
having both A" and B' being True, because of inheritance. This enables Rule 2, and
after firing, a Child token isdso crested in State C with C' being True,

5.3.1.3. Ambiguity

Caze |. Rule with indusve digunction of ISA conditions from different Object
Classes.

Ruel: A IS-A memberof ClassX U A IS-A member of ClassY b C

Class X Class X Rule 1a Class X

: Rule 1a : Rule 1a
State C State CC&D State CC& o>

Rule 1b Rule 1b

(O—>

Class Y Class Y Class Y

¢ State token
@ Class X token
o ClassY token

Figure 5.5. SCCPN showing Ambiguity Case|l

Rules with indusve digunction of 1S-A conditions from different Object Classes
can be represented in a dight different fashion. In Figure 5.5, assartion of dther 1S-
A Class X or ISA Class 'Y or both will result in Stete C bang asserted. Owing to the
ambiguous condition of the rule involved, the rue can be unfolded into three
optiond sub-rules, each of which is represented by an dternative set of markings
ie



Rulela: A ISA membea of ClassX b C
Rulelb: A IS A merberof ClassY b C

Ca=zll. Rulewith indudve digunction of IS A Actionsfor different Object Classes.

Ruel: CP AIS-A member of ClassX U A IS-A member of ClassY

Class X

©

Rule 1a

Rule 1b

State C C*

Rule 1c

ClassY

® State token
a Class X token
o ClassY token

Figure 5.6. SCCPN showing Ambiguity Casell

Rules with indusve digunction of ISA actions from different Object Classes can
be represented by the dternative sets of marking as shown in Fgure 5.6. Firing of
the rule will infer the assartion of ather ISA Class X or ISA Class Y or both. In
generd, when a HES enters into this indeterminate Stuation, some sort of sdlection
tactics would have to be executed by the sysem to choose the best dterndive it
could have. Thisrequires agreater degree of Srategy evaduation. i.e.

Rulela: Cb A IS-A member of ClassX
Rulelb: CP A IS-A member of ClassX U A 1S-A member of ClassY
Rulelc: CP A IS-A member of Classy



5.3.1.4. Circular Rule Sats

Cae|. Sdf-referencerule

Ruel:A'P AUB

Parent Class

Inheritance Y

Child Class

¢ State token
& Parent token
o Child token

Figure 5.7. SCCPN showing Circular Rule Sets Case |

A SCCPN representation of this sdlf-reference rule uang a typicd example (eg. If X
Is a Universty Student THEN X is a Student AND X has a Student Identity Card) as
in Fgure 5.7. Here, Student indudes the Sub-Class Universty Student, therefore,
the firing of Rule 1 will continue to creste Parent tokens in Parent Class, and this
formsadircular loop.



Cae 1. SAf-reference chain of inference

Ruel BPp C'
Rue2: Cpb D'

RuleN: N'b B

In generd the Sdf-reference chain of inference can be represented by the following
SCCPN in Figure 5.8.

Parent Class  Ryle N Rule 2

@%l« ---------------------

y Inheritance State C

é Rule 1
. l

>
Child Class

s Statetoken
e Parent token

o Child token
Figure 5.8. SCCPN showing Circular Rule Sets Case 1

5.3.2. Consgtency

5.3.2.1. Contradiction

Case |. Sdf-contradictory rule

Ruel:Apb C
Rue2:A'p @C



Parent Class Rule 1

e State token
e Parent token
o Child token

V_ Inheritance (65D State C

Child Class
Figure 5.9. SCCPN showing Contradiction Case |

Initidly, if we have a Parent token in Parent Class A is True, then Rule 1 will fire,
and a Parent token will be created in State C with both A and C being True. At the
same time, a Child token will be created in Child Class having A' beng True,
because of inheritance. This erndbles Rule 2, and ater firing, a Child token is ds0
created in State C but with C' being FALSE.

Case 1. Sdf-contradictory chain of inference

Rulel: B'P @C
Rule2:Cpb D

RuleN: N'p B
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Y |nheritance State C

Rulel
. >=

Child Class

* Statetoken
e Parent token

o Child token
Figure 5.10. SCCPN showing Contradiction Case I

Initidly, if we have a Paet token in Sate C with C is True, then Rule 2 will fire,
after the chain inference from Rule 2 to Rule N, a Parent token will be crested in
Parent Class with B being True. After inheritance, a Child token will be crested in
Child Class with B' being True, and this will endbles Rule 1 to fire This time, the
Sate C is assrted to be FALSE by Rule 1 contradicting to the initid fact C which is

TRUE
Ca=ell. Contradictory pairsof rules

Rulel:AUBP C
Rue2:A'UBP @C



Parent Class Rule 1

Inheritance State C

Child Class  Rule?2

® State token
o Parent token

o Child token
Figure 5.11. SCCPN showing Contradiction Case 11

If we have a Parent token in Parent Class with A is TRUE, and a Sate token in State
B indicating State B is TRUE, State C will be assarted to be TRUE by Rule 1 but
FALSE by Rule 2 indicating cortredictory state of inference.

Case IV. Contradictory chains of rules

Ruel: A'b @P
Rue2:Ab B

RueN:Npb P
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Parent Class  pyle2.. Rule N
. f-o e >

AA Inheritance State C

Rule 1
» >=

Child Class

® State token
e Parent token

o Child token
Figure 5.12. SCCPN showing Contradiction Case IV

5.3.2.2. Deadend

A vdue dot or frame is misang if it gopears as the premise or concluson in the
rules but is not defined in the Frame hierarchy. In this case, the antecedent part of
the rule cannot be stisfied because it contains a literal which cannot be matched to a
fact or aliterd in the consequent part of any other rule. (Figure 5.13))

Ruel:Ab B

A isnot defined in the dot of the dass hierarchy.

State A Rule 1 State B
- > >
Figure 5.13. SCCPN showing Deadend

Since A is not defined, no tokenswill be created in State A.
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5.3.2.3. Unnecessary |F condition

Rue 1: XUAP B
Rue2 X'UBPp C

When rule 2 is backward chained to rule 1, (i.e. in order that C is true, we have to
check whether B is true and X' is true). Rule 2 is equivdent to the tedting of X', X
and A, (Rule2):

Ruel+Rue2: X'UXUAP C

Snce X' and X ae in inheitance rdaion, we may wat to remove ether the
condition IF X" or IF X. (Figure 5.14.)

Parent Class{ »

State A
Rule 1
. \4
Inheritance === State B
Rule 2 State C
Child Class >

e Statetoken
e Parent token
a Child token

Figure 5.14. SCCPN showing Unnecessary |F condition

5.3.3. Completeness

5.3.3.1. Unreachability
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Case |. Mutudly exdudve dases (a rule with two or more IS-A condition
datementsin its antecedent part)

Rule1: ClassA U ClassA'p C (gpplied to Parent Class)
Rule2: ClassA U ClassA'p C (applied to Child Class)

Parent Class

: Rule 1

A Inheritance > StateC

f Rule 2

Child Class

» Statetoken
e Parent token
o Child token

Figure 5.15. SCCPN showing Unreschability Case l.a

Rues with mutualy exdusve dasses can be represented by the dternative sets of
rules in Figure 5.15. Rule 1 will check al Parent tokens deposted in the Parent
Class to se if they ae dso Child tokens Smilaly, Rule 2 will check dl Child
tokens depogted in the Child Class to see if they are dso Parent tokens. This will be
unsuccessful, and State C will never be assated TRUE. In generd, when a HES
enters into this unreechable date, some sort of sdection tactics would have to be
executed by the sysem to choose the best dterndive it could have or the moddler
have to review which dass indantiation is more appropriate for the system.
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Rule1: ClassA U ClassBb C (gpplied to Class A)
Rule2: ClassA U ClassBb C (gpplied to Class B)

Parent Class

Inheritance Inheritance

Rule 1
Child A
Child B

State C

e State token
a Parent token Rule 2
o Child token

Figure 5.16. SCCPN showing Unreachability Casel.b

Smilar to the previous case, Child Class A and Child Class B ae both children of
the Parent Class, it is not possble for any object ingtance to be both belonging to
two different mutualy excdusve dasses.

Casell. Mutudly exdusve dasses chains

Rule1: ClassX UAUBP C
Rule 2a: ClassX'UCP D (gpplied to Class X')
Rule 2b: ClassX'UCP D (applied to State C)
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State A State B
Parent Class O >

Inheritance Rule 1
» State token
s Parent token

o Child token

Child Class @ S saec

vy

Rule 2b

State D
Figure 5.17. SCCPN showing Unreaechability Caselll

If Rule 2b is backward chaned to Rule 1, this causes an unreachable condition
because Rule 2b's condition pat and Rule 1's condition parts are having mutudly
exdudve dass indantiation.

5.4. Knowledge Inferencein SCCPN Modéling

Bascdly, the methods for knowledge inference comprise of event driven and god
driven ressoning. The reesoning drategy for dynamic knowledge inference in
SCCPN is event driven reasoning, because the reasoning process is based on the
occurrences of events. The god of the reasoning for SCCPN is to determine the
subsequent events (activities) based on current events.

The initid marking and colours of the net determines the initid date of the sysem.
Subsequent markings and colours of the tokens contribute to a reachability set which
can reflect the degree of inference a different leve, gemming from the initid event.
The trangtions of SCCPN modd are dructured to be in one direction only with the
exception for the sdf-loop that is associaed with each input places. When a
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trandtion t (ather representing a rule or a inheritance relaion) becomes active and
fired, the inference proceeds in a forward direction. Subsequently, SCCPNs support
a forward chaining (events driven) paradigm of inference. In order to modd and
dlow for dmulating the backward chaning (god driven) behaviour, a concept for
backward enabled trangtion (Liu, N.K., 1991) have been introduced. It is defined
that a trandtion t for P® Q is backward endbled if its inference proceeds in a
backward direction as if it were for P~ Q. Input places and output places are

interchanged accordingly to accomplish the changes.
55. Summary

The factud and inference knowledge in a HES can be formulated in SCCPNs. Sate
tokens are usad to indicate the vdidity of a fact which is maintained by the presence
of a Hf-loop in the net. A methodology for moddling a variety Studions incduding
Redundancy, Subsumption, Ambiguity, Circular Rule Sets, Contradiction, Deadend,
Unnecessary |IF Condition and Unreachability of rule sets atached to the object
hierarchy is given. This dlows for the checking of dtenative markings a any levd
of inference. SCCPN is a event driven inference paradigm. This is to fadilitate the
generdion and andyds of the knowledge inference in a HES being moddled by the
net.
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CHAPTER 6. AN APPLICATION OF THE FORMAL
VERIFICATION METHOD

6.1. A Personne Selection Hybrid Expert System

To illugrae the HES moddling by our proposed SCCPN methodology, we adopt a
amplified verson of a Personnd Sdection Expet Sysgem currently being used in
Hong Kong (Huen, H.SM., 1993). This sysem is used to find out, among dl the
cdeks in the organization, who should be promoted to senior dek. The
organizetion's employee data dructure is represented in a Frame-based hierarchy as
shown in Fgure 6.1 and detals of rdevat frames in the hierarchicd dructure are

given below.

Junior staff

Junior office staff]

Office Boy

Typist

Clerk

Figure 6.1. The Frame Hierarchy

A Junior Staff Frame

Sot Name Vdue Type Demon
Job Grade Junior Staff Sring
Office Hours 9am-5pm Time
Qudification Requirement FivepassessinHKCEE | String
SHay Pay Scde Point 1 to Point 10 Sring
Department Generd Secretariat Sring
Annud leave 21 days I nteger
Father Frame -
Son Frame Junior Office Staff

Table 6.1. A Junior Saf Frame
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A Junior Office Staff Frame:

Yot Name Vdue Type Demon
Job Grade Junior Office Staff Sring
Name Sring
Address and Telephone Sring
Hong Kong Identity Card String |F possessHKID
Number (HKID) THEN Privilegeis
Locd ELSE
Privilegeis
Overseas
Privilege Locd /
Oversess
Sex M/F
*OfficeHours 9am-5pm Time
*Qudlification Requirement Five passesin HKCEE | String
* Department Genera Secretariat Sring
*Sdary Pay Scde Point 1 to Point 10 Sring
Present Sdary Pant Integer Present Sdary
Point mugt
between 1to 10
indusve
Years of Service Integer
*Annud leave 21 days I nteger
Leavetaken Integer
Leave badance Integer Leave bdance =
Annud leave-
Leave taken
Knowledge of Work G/M/L
(Good,
Medium,
Low)
Acceptance of Responghility G/MI/L
Organization of Work G/M/L
Intigtive G/M/L
Rdations with Colleagues G/MI/L
Reations with Public G/MI/L
Expression on Paper G/MI/L
Ord Expression G/MI/L
Supervisory Skills G/MI/L
Leading kills G/MIL
Performance G/MI/L
Experience G/MI/L
Ability G/MIL
Quadlity of Services G/MI/L




Seniority G/M/L
Promotion Yes
/Wait
/Rgect
Father Frame Junior Saf
Son Frame Clerk, Typigt and
Office boy

* denote dots inherited from parent frame

Table6.2. A Junior Office Saff Frame

A Clerk frame is gmilar to a Junior Office Saff frame except that more detailed
information about the various types of Clerk duties are induded such as Purchasng
Clerk, Book Keeping Clerk, Sdes Clerk, Inventory Clerk, Customer Services Clerk,
Data Entry Clerk...etc. For the purpose of this modeling exercise, we can tregt the
Class Junior Office Staff as the common job grade in the organization, and the Class
Clerk, Office Boy and Typist & specific job categories dl beonging to the same job
grade. Any new employment regulations and promotion rules that apply to Junior
Office Staff grade will be gpplicable to adl Cleks Office Boys and Typids in the
organization. The mgor problems of \eifying this HES is due to the fact that some
rues ae agplicdble to the generd dass (Super Class Junior Office Steff) and
through inheritance these rules are gpplicable to specific dasses as wdl (Clases
Claks, Office Boy and Typids). Anomdies exis whenever rules spedficdly
goplied to a dass are in conflict with those rules that are applied to their superclass.
Furthermore, these rules may be in a subsumed Stuation and some of them may be
unreechable. We will illustrate how to detect them in the following sections.

Frg, we modd the above example usng our proposed methodology described in
previous chapters. It is noted that a frame is eguivdent to a daa Sructure with
vaious type dedadions (or an object with different atributes). Demons ae
declared as methods or procedures within some frame. In the above Expet System
example, the two frames ae Class franes Each individud derk's information is
inferred by the cregtion of a derk frame ingance. The data vaue of Clerk Name,
Sex, Address...etc are input via the user interface. The data vaues and demons in the
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dots with a * are inherited from the parent frame the data value of Privilege and
Leave baance are updated by firing the demons in HKID and Leave bdance. The
data values for dots between Knowledge of Work and Leading kills indusvely are
input by the individud dek's supervisor & the beginning of the inference process.
The daa vdue of Peformance, Experience, Ability, Qudity of Services and
Seniority are being inferred by the execution of the rules pre-defined earlier by the
personnd manager of the organization. The god is to find out the data vdue of the
dot Promation, which can be infered by forward chaining or backward chaning
within the rule sets (Over 100 rules were condructed for the origind Expet System
based on the Multiple Criteria Decison Modd). Detall deta Sructure of a derk
token and some typicd rules are given asfollows:

A dek token'scolour is

Color AA = aring; (dl text srings)

Color BB = with Local | Oversess, (colours explicitly specified)
Color CC = with Mde | Femde

Color DD = time; (date)

Color EE = integer with 0..10; (between 0& 10)

Color FF = integer;

Color GG = with Good | Medium | Low;,

Color HH = with Yes| Wait | Rgect;

Color Il = lig AA with 4; (alig of four grings)

Color JJ= lig AA with 3;

Color KK = lig FFwith 5;

ColorLL = lig GG with 15;

Color MM = with Clerk | Typist | Office Boy;

Color NN = product Il * BB * CC* DD * JJ* KK * LL * HH; (al tuples

(i,b,c,dj k| ,h) whereil I1,bl BB,...H HH)
Color OO = with Yes | No;
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Color PP = product OO * KK; (for state token, the first varisble d OO is
the date of the predicate, (i.e if the vadue is Yes it denotes
that the predicate is true, d<e if the vdue is No, the negation
of the predicate is true. The second variable ki KK is to
record which class object hasfired the rule))

Va iill; var biBB; var c.CC; var dDD; va |13 var kKK; var [ILL; var h:HH; var
clek: NN; (var denotes variadble declaration which introduces one or more variaoles
Here we have one varidble, derk, which is with colour NN. We may use var clerkl,
derk2, derk3: NN for declaring three different clerks for example.)

Sometypicd rulesare:

Rulel. IF X isajunior office Saff
AND X's qudity of sarviceis Good
AND X'sseniority isHigh
THEN X'spromationisYes.

Rue2 IFXisadek
AND X's qudity of sarviceis Good
AND X'ssniority isHigh
THEN X'spromotionisYes.

Rule3. IFXisaclerk
AND X'squdity of serviceis Good
AND X'ssniority isHigh
AND X isalocd dtizen
THEN X's promotionisYes

Rule4: IFXisaclerk
AND X'syear of sarviceis greater than Five
THEN X's seniority isNot High.

Rule5: IF X isajunior office daff
AND X'syear of serviceis gregter than Five
THEN X's sniority isHigh.



Rue6: IFXisadek
AND X's knowledge of work isNot Good

AND X's English isNot Good
THEN X needsto dtain training course.

Rule7: IF X isajunior office &ff
AND X needsto atain training course

THEN X's experienceis Low.

Rule8. IFXisadek
AND X isajunior office gaff
THEN X isentitled to 14 days annud leave.

Rule9: IF X isan office boy

AND X needsto aitain training course
THEN X ison Probation.

Rule 10: IF X isajunior office S&ff
THEN X isrequired to do typing.

Rule 11: IF X isrequired to do typing
THEN X isaderk.

Rule12: IF X isaclerk
THEN X isajunior office $&ff.

These rules can be rewritten as;

Ruel: AUBUCP X
Rue2 A1UBUCP X
Rue3 A1UBUCUDP X
Rue4: A1UEb @C
Rule5 AUEb C

Rue6. A1U@FU@AGP Y
Rue7. AUYP H

Rue8 AlUAP K
Rue9: A2UYP Z
Rule10: AP L

Rulell: LP Al
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Ruel12: Alb A
Where the meanings of the literds used in the above rules are asfollows:

A =Jdunior Office Staff

Al =Clerk

A2 =Office Boy

B =Qudity of service is Good

C =Seniority isHigh

D C=Seniority isNot High

D =Locd dtizen

E =Yeasof saviceisgreaer than Five
@DF=Knowledge of work is Not Good
@AG=EnglishisNat Good

H =ExperienceisLow

K =Entitled to 14 days annud leave
L =Required to do Typing

X =PromaotionisYes

Y =Needsto attan training course
Z =0n Probation

The Hybrid Expert Sysem is represented by a State Controlled Coloured Petri Net
shown in Fgure 6.2, according to the methodology proposed in the previous
chapters. Note that for ampliaty, the sdf-loop associated with each input place is
not shown in the net. The rules are labdled R1 to R12. The inheritance relaions are
represented by T1 to T3. S1to S7 represent the predicates of these rules.

To illugrate the gpplication of our forma methodology, the net in Figure 62 are
representing the followings
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ClassAA
(Class Junior Staff)

® K
ClassAl (Clerk)

@ statetoken O clerk token C junior office staff token

Figure 6.2. SCCPN representation of the given HES

S ={ Coalor A, Color B, ...Color P}, sixteen colour sets used,
P ={P., P} afintest of places,
Pc = {Jdunior Saff, Junior Office Staff, Office Boy, Typis and Clek }, five
places that mode the dasses of the HES,
Pr = { ClassA, ClassAl, S1, &, S3,...S7}, nine places that moded the
predicates of the production rules,
PLCP; : the intersection of P.CP, ={ClassA, ClassAl}, represents those IS-A
predicates of the rule sats attached to the specific classes
T={ T, T}, afiniteset of trangtions,
Tc. = {T0, T1, T2, T3}, four trangtions that are connected to and from class
places,
T, ={ R1, R2, R3, ....R12}, twelve trangtions that are connected to and from
predicate places,



TCT=A,

D={dy dy, ..., dn}, afinitesat of predicates, |P| = |D|, nd 1,

F={fyf ..}, afintest of classes, |[P|=|F|, n®1,

A={ay a, .., &}, afintesstof arcs, k3 L,PCT=PCA=TCA= /A&

N: A ® P TET P, a node function, it maps each arc into a pair where the first
element is the source node and the second is the dedination node, the two
nodes have to be of diffeeent kinds The node functions can be further
dassfied into the following eght different types
Inheritance : { A, Ac, As, A where

A()= {ClassAAif TO, ClassA if T1, ClassA if T2 and ClassA if T3}
Act)=  {ClassAif TO, ClassAl if T1, ClassA2 if T2 and ClassA3 if T3}
Aqt)= {ClassAAif TO, ClassA if T1, ClassA if T2 and ClassA if T3}
ASt)=  {ClassAif TO, ClassAL if T1, ClassA2 if T2 and ClassA3 if T3}

Predicate: {Oc, O, Os, Os} where

i ClassAif RL ClassALif R2,ClassALif R3,

! ClassALif R4, ClassAif R5 ClassALif RS,

Oc(t)= 1. ClassA+ S3if R7,ClassA+ ClassAlif RS,
Z:ﬁ ClassA2 + S3if R9,ClassA if RIO,

§S7if R11, ALif R12

i SLif R, SLif R2, SLif R,

1 S2if R4,S2if R5,S3f R6,

£ S6if R7,S4 if R8,S5if R9, S7if
{ RL0,ClassAL if RL1,ClassA if R12

Oc(t) =

i ClassAif RL ClassALif R2,ClassALif R3,

! ClassAl if R4,ClassAif R5,ClassALif RS,
Oqt)= ? ClassA+ S3if R7,ClassA+ ClassAlif RS,

f:ﬁ ClassA2+ S3if R9,ClassAif R10,

§S7if RLLALIf R12



| SLif RLSLif R2, SLif R3
| S2if R4,S2 if R5, S3if RS,

- S6if R7, S4if R8, S5if R9, ST if
f RLO, ClassALif R11 ClassAif R12

C :P®S a colour function, it maps each place into a colour set, {Color N + Color
P} for dl places

E(@) = {Ino(X), Ino(y), ..In3(X), Ing(y); and f1(x), f1(y),.. f12(X), f12(y)}
| = Theinitid junior gaff token and Sate token in ClassA.

Ot)=

6.2. Analysis of the Personnd Sedlection System using SCCPNs

The mgor andyss technique, within the context of Expet Sydem veification, is
the use of reachability tree which represents the reachability set of the SCCPN (or
occurrence graph in (Jensen, K., 1995,1996)'s terminology). The basic idea behind is
to condruct a tree/graph containing a node for each reachable marking and an arc for
eech occurring binding demet. In Expet Sygem veification, it refers to
exhaustivdy exploring dl the usful and rdevat interactions of predicates within
the modd. From a given initid date, dl possble trangtions are generated, leading to
a number of new daes This process is repested for each of the newly generated
dates until N0 new dates ae generated. Obvioudy such a treg/grgoh may become
very large even for a andl SCCPN. However, recent research (Li, X. e d., 1993;
Chrigensen, S. & Petrucai, L., 1995; Kemper, P. 1996; Kondratyev, A. et d, 1996)
has been taken to dlow for a patid examination of a subportion of the reachability
grgph, therefore reduce the efforts in deriving possble solutions For amplicity
reeson, without taking any trandtion conditions or trandtion operaions into
condderation, we concetrae our andyss by endbling a spedfic trandtion (i.e
corresponds to some meaningful initid facts) and then check the reachability sat for
avy irregulaities of the associaed predicte places The checking of the
irregularities and anomdies can be done exhaudivey or heurigicdly by adequately
initigtion of the sequence of trangtions and dosdy examining the reachability
makings The problems can be locaed through the trace of the sequence of



trangtions which may provide dtermnative or multiple marking effects Therefore, we
propose the following agorithm for generating the reachability set of a SCCPN as
folows

Reechability Set = { Mo}, where Myistheinitid marking
Reachability Grgph ={}
UnfiredMarkingList = [Mg]
repest
sdect somemarking M in the UnfiredMarkingList
for each trandtiont whichisenabled a M
do begin
generate marking M’ which results from
firngt aaM
if M" isnot an dement of ReachabilitySet
then
begin
add M' to ReachabilitySat
append M' to UnfiredMarkingList
end
add arc (M, T,M") to ReachahilityGraph
end
until UnfiredMarkingLigt is empty

In most automated SCCPN damulations, the fird dement of the UnfiredMiarkingList
Is dways sdected, and so the reachakiility graph is produced in breadth-first order.

In veifying the HES agang the problems of correctness consgency, and
completeness, we use an attomated computer ad for the generdtion of the
reachability set. The SCCPN is initidized by placing tokens in the place and seting
the vdues of data variables The operation of the net can be invedtigated by the
program ether in astep by step manner or in an automatic mode.

6.2.1. Detection of Errors and Anomdiesin HES



6.2.1.1. Correctness

6.2.1.1.1. Subsumption

Andyss of the network will show the presence of subsumption in the HES (Figure
6.39). Suppose we have a Junior Office Staff with good qudity of service and high
seniority, we want to infer whether he should be promoted or not in our HES. This
inference process will be as follow: initidly, we have a Junior Office Saff token in
the input place Class A (Jdunior Office Staff), and this token's dot "qudity of service
Is Good" is TRUE and this token's dot "seniority is High" is dso TRUE. This
enables both R1 and T1 to be fired, as a result, a Clerk token is created in place
Class Al (clek) by the T1 trangtion and a Junior Office Staff token is created in S1
by fi(y). Next, R2 is dso enabled Snce R2's antecedent is the same as R1. After
firing the two rules, S1 consgts of both a Junior Staff Token and a Clerk token.

Class AA
(Class Junwwe Statt)

T

52 PINEY

LAk

N

Class A
Clumivw dxtiz= ﬁT:rH-] ®

(£ Ticz By <5

Cless At
{TyprL)

Class Al (Clerk)

® stae b O clerk ks O junior aftier seaf® ken

Figure 6.3a SCCPN representation showing the events of subsumption, Casel
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Figure 6.3b represents the reachability graph as the reslts of the execution of R1
and R2. The graph is a directed graph from which we can see the markings M1, M2,
M3, M4 and M5 are reachable from marking MO. In marking M5, both a Clerk token
and a Junior Office Staff token is created in Sl, by examining the dot "promotion”
in this two tokens reveds tha they have the same vdue, i.e 'YES. Since in the place
Class Al, the Clek token inherited dl his atributes from the initid Junior Office
Staff token, this means that R1 and R2 are usng the same st of hitid attributes for
inference, therefore, we can conclude that R2 is subsumed by R1 because R2 is just
amore specific case of R1. (i.e. Clerk isthe child of Junior Office Staff).

& — state peken, © — clerk taken
1 —Jumor stall loken, - —omply

Figure 6.3b. Reachahility graph due to thefiring of R1 and R2

In generd, if we have two rules

RueX: AUBP C
RueY: A'UBp C

If the vdue of dot A inherits to dot A' (i.e A is the parent and A’ is the child), then
Rule Y is subsumed by Rule X because Rule Y is jus a more specidized case of
Rule X. (i.e. whenever Rule X succeeds, Rule Y will dways succeed). In a complex
frame hierarchy which dlows for multiple inheritance, checking for subsumption



becomes more difficult because of ambiguity in the behaviour of multiple inherited
subclasses.

Next, we condder a more complicated subsumption Stuation as in Figure 6.4a
Suppose initidly, we have a junior office daff token in the input place Class A
(Junior Office Staff), with dot "qudity of sarvice is Good' is TRUE, dat "seniority
Is High" is TRUE and dot "locdl dtizen" is dso TRUE. This enables both R1 and
T1 to be fired, as a result, a Clerk token is created in place Class A1 (Clerk) by the
T1 trandtion and a Junior Office Staff token is created in S1 by f(y). Next, R2 and
R3 are dso enabled. After firing ether one of the two rules, S1 conssts of both a
Junior Staff Token and a Clerk token.

Class AA
(Clasa Tunww Staty

§l %

Class &
(lunior Mz 3@l g

. -~
Claso A2 BES

(Mes Ry ) 5
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Class A2 (Clek]

® stae ok O clerk wke O junis aftier seaf oken

Figure 6.4a SCCPN representation showing the events of subsumption, Casell




Figure 6.4b represents the reachability grgph as the reaults of the execution of Rulel
followed either by R2 or R3. Since M5 is reachable from M4 ether by R2 or R3, by
examining the dat "promation” in the Clek token and Junior Office Staff Token
reved that they have the same vaue i.e 'YES. Therefore, Rule 3 is subsumed by
Rule 2 because the two trangtions R2 and R3 can be enabled in A1 and their find
marking isthe same.

aow A Z
v g

i

& siateink=n, ¢ clerk taken
1 =Junsor stall oken, - = emply

Figure 6.4b. Reachability graph dueto the firing of R1, R2 and R3

6.2.1.1.2 Cyclicity

If a crcular loop can result when a set of rules are fired, then thee rules ae
conddered asacircular rule s&t. For example:

RueX: BpbC
RueY: CPbB

If dot C is the paent of C, Rule X and Rule Y will foom a crcular loop. If more
than one levd of dass higrarchy is invalved, an implidt cyde may exis where the
loop isformed from severd rules and different frames dotsin the frame hierarchy.
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Figure 6.5a. SCCPN representation showing the events of cydicity.

In our example, Rule 10, Rule 11 and Rule 12 will form such a cydidty. In Fgure
6.5a, if we have a Junior Office Staff token in Class A then R10 is enabled and fired,
this will further enable R11 and a Clerk token is deposited in Al (Clerk). As a result,
R12 will be endbled and a Junior Office Staff token will be deposited in Class A.
This process will continue within a loop with no end. Reechability andyds (Figure
6.50) will show that there exigs an infinite tree which has the branching patern
repested after four levels. (Markings M7, M13 and M12 are repegted in cycles)
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s sl loken, ¢ <lerk foken
J =Juniex staff token, - =empoy

Figure 6.5b. Reachability grgph due to thefiring of R10, R11 and R12

6.2.1.2. Consistency

6.2.1.2.1 Contradiction

If two rules have duplicated antecedents but in the consequence a clause is both
afirmed and denied, we refer the Stuation as incondstency. The following two rules
arein conflict.

RuleX : AUBP C
RueY : AUBP @C
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Snce both A" and B' are dots vaues inherited from his parent, Rule X is in conflict
with Rule Y. In practicd Expert Sysem deveopment, this problem is dedt with by
the concepts of overriding (i.e. Rule Y overides Rule X). This overiding behaviour
Is normally congdered as an anomdy unless it is with the expert's true intent. In @r
example, Rule 4 and Rule 5 are in conflict. In Fgure 6.6a, if we have a Junior Office
Saff token to dart off in Class A with "year of service gregter then five years', after
fing Rule 4, then his sniority is High. A token dek will be ceded in Class Al
with the same aitributes but this time after firing Rule 5, his seniority is Not High.
This dtuation is reveded when we check the reachability grgph in Fgure 6.6b.
Marking M5 is reachable from MO. In M5, we got both a Clerk token and a Junior
Office Staff token in S2. When examining the date of 2 in these two tokens, we
could see one is confirmed and the other is denied. This reflects that we have two
conflicting rules gpplied to two different Object Classes.

Class AA
(Class Juniea Statd)

(O ee MHasy)

Clas Al (Clerk)

@ srats malaen O cerk mken QO yranr atficz st tagen

Figure 6.6a. SCCPN representation showing the events of contradiction




& slAle ke, ¢ clerk token
1 =jomor stall loken, - =cmply

Fgure 6.6b. Reachaility grgph dueto thefiring of R4 and RS

6.2.1.2.2. Unnecessary |F condition

If we have two rules which contain the same conduson but with conflicting
conditions, then this Stuaion is refered to as having unnecessary |IF conditions in
the knowledge base. E.g. congder the following two rules:

RueX : AUBP C
RuleY ;: AUZBP C

These two rules can be combined to form asmplerule

RueX:Ab C
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Figure 6.7a. SCCPN representation showing the events of unnecessary |F condition

The second IF condition becomes unnecessary. In our example HES (Figure 6.7a),
additiond unnecessary conditions can occur when an action in one rule becomes a
condition of ancther rule and these two rules condition parts are in an inheritance
reldionship (i.e Rule 6 and Rule 7).

Congder the following two rules

RueX : AUBP C
RueY : AUCP D

When Rule Y is backward chained to Rule X, (i.e inorde that C is true, we have to
check whether A is true and B is true) Rule Y is equivdent to the tesing of A', A

and B:
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RueY : AU(AUB)P D

Snce, A' and A ae in inheitance rdaion, we may wat to remove dther the
condition IF A" or IF A.

Refer to our example, when we check the reachability graph (Figure 6.7b) generated
by the initid Junior Office Staff token in Class A, we only have three markings
which S6 never gets infered with any token. It is because R6 and R7 are indirectly
aking the variable X to be indantiated, both to Junior Office Saff and Clek
amultaneoudy. Therefore, we have an unnecessary IF condition for X. (i.e IF X isa
Junior Office Staff AND IF X isaClerk.)

3 = ctata taken, ¢ =clerk taken
1 qunkyw slall token, - cmply

Figure 6.7b. Reachability graph dueto the firing of R6 & R7

6.2.1.3 Completeness

6.2.1.3.1 Unreachability, Case |

When a rule requires an object indance to be bound with two mutudly exdusve
classes, or two dassesin an inheritance hierarchy. Thisrule cannot befired. E.g.

RueX : AUA'P C
RueY : Al1UA2b C
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Figure 6.8a. SCCPN representation showing the events of Unreachability

In Rule X, if A is the parent and A’ is the Child, it is not possble for an object
ingtance to be both belonging to Class A and Class A'. $milaly, in Rule Y, Al and
A2 are both children of A, it is not possible for an object instance to both belonging
to two different mutudly exdusve dasees Refaring to our example (Figure 6.8.a),
Rule 8 is found to be in this dtuation. Examining the reachability tree (Figure 6.8b),
no token is ever deposted in 4 in dl reachability Markings from MO.

Mi Ml

A 1
Al [
hE -
4 wlal=ioken, ¢ clerk 1oken

(=junke stall lwken, - =cmply
Figure 6.8b. Reachébility graph due to the firing of R8
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Furthermore, if the antecedent part of a rule cannot be satisfied because it contains a
literd which cannot be matched to a fact or a literd in the consequent pat of any
other rule, then this case dso leads to Unreachability.

6.2.1.3.2 Unreachability, Case ||

Class AA
(Class Junwwe Statt)

Class A
(lumivw At = Start)

{Ulass A2
{ (DN Ticz Bay)

. Clzssad
5, ATypeL)

® st ke Q cluktacen QO qurier etficzstafttoken Q0 atfizz iy teken

Figure 6.9a. SCCPN representation showing t he events of Unreachability

Condder a more complicated dtuation which involves chan rules (Figure 6.93),
Rule 6's action part will forward chain to Rule 9's condition part.

Now this causes an unreechable condition because Rule 6's condition pat and Rie
9's condition parts are having mutualy exclusve dass indantigtion.



4 A inken, ¢ clerk woken
1= jumor stafi t.oken, o= ollwre boy lokon

Figure 6.9b. Reachahility graph dueto thefiring of R6 & R9

By examining the reachability grgph in Fgure 6.9 it shows tha S5 never has ay
token reached from Marking MO. Thismeansthisruleis unreechable.

6.3. Time and Space Complexity of the SCCPN M ethodology

When the SCCPN methodology is used to detect anomdies of the above Personnd
SHection Expat Sysem, some messurements ae necessay to asess the red
performance of the methodology. Two of the mogt important consderations are how
much memory (pace complexity) it will use to condruct the full Occurrence Grgph
and how long (time complexity) it will take to search for a paticular marking in the
nodes of the Occurrence Grgph? Other important issues incdude the effort used to
transform the rules and object hierarchy into places and transactions and the effects
of chooding different search Strategy.

6.3.1. Derivation of the Occurrence Graphs



Gven a SCCPN, the derivation of the Occurrence Graph depends on a number of
parameters, such as the number of places and transactions, the arc expressons, the
number of token types and the initid makings. Refer to the Personnd Sdection
Expert Sysem, as can be seen from Figure 6.3 to Figure 6.9, the Sze and the shape
of the Occurrence Gragph only depend on the initid markings of the SCCPN. (i.e. the
characterigtics of the Junior Office Staff). It is because there are no changes of the
production rules ard the object hierarchy used.

The derivation of the Occurrence Graphs of the Personnd Sdection Expert System
can be divided into the following two seps (1) Cdculae the totd number of
Occurrence Grgphs generated from dl possble initid markings, (2) For each initid
marking, cdculate the efforts required to derive that particular Occurrence Graph.
Therefore, usang the word-case andyds the totd number of Occurrence Grgphs
generated in this example is equd to the totd number of possible combination of dot
vaues between the Sot Knowledge of Work and Leading Skillsinclusively.

= (Possible vaues each dot could have) to the power of (total number of dots)
=39
=19,683

Therefore, there ae totdly 19,683 different Junior Office Staff tokens for initid
markings, which corresponds to 19,683 Occurrence Graphs being generated. In
order to reduce the number of Occurrence Grgphs being examined, we can use only
those meaeningful Junior Office Staff tokens. (eg. those with a leet 9x "GOOD'"s
between the Slot Knowledge of Work and Leading Skills This reduced the number
of initid markingsto:

= (dx "Good") + (seven "Good") + (Eight "Good") + (Nine"Good")
= 23C(9,6) + 22*C(9,7) + 2*C(9,8) + 1

=67/2+144+18+1

=835
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Therefore, usng the aove meaningful tokens as initid markings, we can reduce
over 95.7% of our effortsin generating and examining the Occurrence Graphs.

Secondly, the efforts required to derive the Occurrence Graph of the Personne
Sdection Expert Sysem, usang the worst-case andysis, isasfollows:

We convert the SCCPN in Figure 6.2. into two matrices, Di, and Do, which are used
to represent the input and output functions for the class tokens and date tokens

repectively.

The Di of the Personnd Sdection Expert Sysem SCCPN is

T0 T1 T2 T3 R1 R2

ClassAA

ClassA

ClassAl

- [C,S] - - - -

ClassA2

- - [O,Sgl - - -

ClassA3

f = Junior Staff j = Jdunior OfficeSeff  c=Cleak 0 = Office Boy

t=Typig

ble 6.3a Input functions for the class tokens and control tokens (
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ClassAA | - - - - - - - -

A | - - - - - - - [cs

ClasALl | - - - - - - I -
ClassA2 | - - - - - - - -

TasA3 | - - - - - - - -

S - - - [j/(;,s]

- oy - -
6 : — [ Ofed | - :

U!S] - -

Table 6.3b. Input functions for the class tokens and control tokens (R5-R12

Detection of any form of eror in the Personnd Sdection Expert Sysem will require
the generation of a reachability tree for dose examingtion. All makings that are
reechable from a given making will need to be dored for examinaion. Given an
initid marking MO, the efort, in the word case, to derive the next marking will
involve the following operations:

Identify enabled trandtions requires comparison between MO and the Markings in
Di.

= (Number of tokens compared) * (Number of dotsin each token)

= (16 classtokens) * (16 dots) + (16 Sate tokens) * (2 dots)

= 256+32

= 288 comparisons

Smilaly, the cregtion of the next dae making requires subditutions of token
colours with the vaues in the output matrix Do.

The Do of the Personnd Sdection Expert System SCCPN is

1@




CasAA | 19 - - - - - -
ClasA | - ' '

ClassAl - - - - - [cd [cs

TasA2 | - x = = - - -

CasA3 | - - - - - - -

ST : x : x - : :

QYAQB 8

Table 6.4a Output functions for the class tokens and control tokens (TO-R4)

f = Jdunior Saff J = Jdunior Office Staff c=Clak o = Office Boy
t=Typid

R5 R6 R7 R8 R9 R10 R11

ClassAA - -

O=A T3 [ - 109 19 - 09 | -

CasAl | - [c3 [cd - - -
CasA2 | - - = - [0 - -

TasA3 | - - - - - - -

SI = = . = - : =

2 - - - - - - -

S3 B B [C’S] B [C!S] B B

) - - - - . - -

55 - - - - - - -

S7 -

6 - - - - . - -
IE

Table 6.4b. Output functionsfor the dlass tokens and control tokens (R5-R12)
Therefore, the number of subditutions required is
= (Number of tokens subgtituted) * (Number of dotsin each token)
= (19 classtokens) * (16 dots) + (19 Sate tokens) * (2 dots)

=304 + 38
= 342 subditutions
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The totd number of comparisons and subditutions required in each derivetion of the
next date markings are 342 + 288 = 630 in the wordt- case.

6.3.2. Trandormation of Rules and Object hierarchy to SCCPN

Since there are 12 rules having atotd of 26 conditions and 12 actions, the maximum
number of predicate places is (26+12) = 38 (Storage spaces). There are 5 object
dasses in the hierarchy, therefore, we need ancther 5 object places. The tota number
of dtorage spaces for the predicate and dass places of this Pearsonnd Sdection
Sysem are43.

The storage paces required for the tokens are cdculated asfollows:

= (Number of dasses) * (Number of Places) * (Number of dotsin each token)
=5*43* 16

= 3,440 (storage spaces).

Therefore the totdl storage spaces required are 3,483.

6.3.3. Evaduation function for particular marking

After generaion of the Occurrence Graph, esch node will be evduaed by a
function. The purpose of this function is to check for the exigence of a particular
making within a node. For a function tha searches for Subsumption within the
HES itisasfollows
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SearchSubsumption (SearchArea, StartNode)
Begin
Reault:=SatNode Found:=FALSE
For al noded SearchArea Do

Begin
If ParentToken and ChildToken Exigsin Result THEN
Bagin
Compare SotsVdue
|F Parent.Sots.Vdue = Child.SotsVaue THEN Found:=TRUE
End
End

End.

SearchArea gpecifies the part of the Occurrence Graph that should be searched. It is
often the subset that isminimaly enabled by the meaningful initid markings.

6.3.4. Complexity measures for the Personnel Selection Expert System SCCPN

6.3.4.1. Correctness

6.3.4.1.1. Subsumption

Refer to the Occurrence Grgph for Subsumption Case |, Figure 6.3b, the space
required is

= (Tota no. of nodes)* (Storage spaces for each node)

= 6*3,483

= 20,898

The computation effort required for comparisons and subgtitutionsis:

= (Tota no. of comparisons and subgtitutions) * (Stepsin comparison + subgitution)
=7*630

= 4,410
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Refer to the Occurrence Graph for Subsumption Case I, Figure 6.4b, the space
required is

= (Tota no. of nodes)* (Storage spaces for each node)

=6*3,483

= 20,898

The computation effort required for comparisons and subgtitutionsis

= (Tota no. of comparisons and subgtitutions) * (Stepsin comparison + subditution)
= 9*630

= 5,670

6.3.4.1.2. Cydlicity

Refer to the Occurrence Graph for Cydlicity, Figure 6.5b, the space required is
= (Tota no. of nodes)* (Storage gpaces for each node)

=15*3,483

= 52,245

The computation effort required for comparisons and subgtitutionsis

= (Tota no. of comparisons and subdtitutions) * (Stepsin comparison + subditution)
= 29*630

= 18,270

6.3.4.2. Consistency

6.3.4.2.1. Contradiction

Refer to the Occurrence Grgph for Contradiction, Figure 6.6b, the space required is:
= (Tota no. of nodes)* (Storage spaces for each node)

=6*3,483

= 20,898
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The computation effort required for comparisons and subgtitutionsis:

= (Totd no. of comparisons and subgtitutions) * (Stepsin comparison + subgtitution)
=7*630

=4,410

6.3.4.2.2. Unnecessary | F Condition

Refer to the Occurrence Graph for Unnecessary |F Condition, Figure 6.7b, the space
required is

= (Tota no. of nodes)* (Storage spaces for each node)

=3*3,483

=10,449

The computation effort required for comparisons and subditutionsis:

= (Tota no. of comparisons and subgtitutions) * (Stepsin comparison + subditution)
=2*630

= 1,260

6.3.4.3. Compl eteness

6.3.4.3.1. Unreachability

Refer to the Occurrence Graph for Unreachability Case |, Figure 6.8b, the space
required is

= (Tota no. of nodes)* (Storage spaces for each node)

=2*3,483

= 6,966

The computation effort required for comparisons and subditutionsis:
= (Tota no. of comparisons and subgitutions) * (Sepsin comparison + subditution)
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=1*630
=630

Refer to the Occurrence Graph for Unreachability Case I, Figure 6.9b, the space
required is

= (Tota no. of nodes)* (Storage spaces for each node)

=5*3,483

= 17,415

The computation effort required for comparisons and subdtitutionsis

= (Tota no. of comparisons and subgtitutions) * (Stepsin comparison + subditution)
= 6*630

= 3,780

From the above cdculaions the totd effort involved in finding the anomdies of the
Personnd  Sdection Expet System requires 149,769 storage spaces and 38,430

computations.
6.3.5. Worst Case Andlysis of Occurrence Graphs

The above space and time complexity analyds is based on the concept of word-case
andyds As can be seen from the above cdculdions, the amount of work done
cannot be described by a sngle number because the number of seps performed is
not the same for dl inputs. According to (Baase, S., 1988), word case andyds of an
agorithm is defined as

W(n) = max {t(1) | I T Dn}

where W(n) is the maximum number of basc operations performed by the dgorithm
on avy input of Sze n. Dn is the s of inputs of dze n for the problem under

108



condderation, and | be an dement of Dn. t(I) is the number of basc operations
performed by the dgorithm on input 1.

Refer to the Occurrence Graphs of the Personnel Sdlection Expert System, Dn is the
sets of meaningful Junior Office Staff tokens | is a paticular Junior Office Staff
token, t(l) is the number of comparison and subditutions required on input | and
W(n) is the maximum computations generated over the input s&t I. (e W(n) = the
detection of Cydicity which requires 52245 dorage spaces and 18,270

computetions.)

In practicad gpplications of Occurrence Grgphs andyds, as reported by (Jensen, K.,
1995,1997), the time and pace complexity could be sgnificantly reduced snce a lot
of the markings in an Occurrence Grgph will be dmog identicd. The solution is to
avoid duplication of identica parts by representing each marking as a set of pointers,
as shown in FHgure 6.10. This means each multi-set only appears once - even though
it may gppear in many different marking nodes.

Markings Page Multi-Set
Records Records Records
MO —}——» [Pagell +——»[MSL___|
M1 Page 1.2 /V
M2 : 5
: %e 21
MK 7] : : ]
— 7k \\
— Page3.1 S

Fgure 6.10. Representation of aset of markings
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The above method saves a lot of space, as wdl as the time required to evduae a
paticular marking. Neverthdess, the full exploration of the time and space reduction
methodologies of Occurrence Graph andyss is beyond the scope of this research,
therefore, our current anadlyss only concentrated on the efforts required for building
the full Occurrence Grgphs of the Personne Sdection Expert Sysem for anomdies
detection.

64. SUmmary

In this Chapter, we have applied our SCCPN gpproach to model a practica
Personnd  Sdection Hybrid Rulee and Frame-based Expert Sysems The detection
and andyss of the anomdies of system is done by condructing and examining the
reachability tree spanned by the knowledge inference. An dgorithm is dso given to
gengrate such a reechability st of the netls. A complexity andyss is conducted to
investigate the performance of the methodology. The complexity indudes the effort
to trandorm the rules and object hierarchy into places and transactions, the
cdculation of the sze of the Occurrence Graphs, and the time required searching
such Occurrence Grgphs for anomdies. Our gpproach dlows for forma verification
of the correctness, congstency, and completeness of the hybrid knowledge base.
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CHAPTER 7. FORMAL DESCRIPTION AND
VERIFICATION OF RULE/FRAME-BASED
HES

It has been shown that Hybrid Expert Sysems can be modelled by State Controlled
Coloured Petri Nets (SCCPNs). Consequently, we have been able to dynamicdly
smulate the propagaion of rule inference and inherence of object properties in the
hybrid knowledge base and identify some defined anomdies through the andyss of
the reachability tree. To dlow for accurate detection of these anomdies a more
foomd definition and discusson of the properties of these anomdies will be given.
Altogether, eight Propostions are derived, each Propostion represents a dynamic
property of the SCCPN, namdy: (1) Redundancy, (2) Subsumption, (3) Ambiguity,
(4) Cydicity, (58 Contradiction 1, (5b) Contradiction I, (6) Deadend, (7)
Unnecessary |IF and (8) Unreechability. A st of Occurrence Graph (c.f. Definition
511) properties is defined for each Propostion. These propeties act as the
necessty and auffident conditions for the exigence of the corresponding dynamic
propertiesin the SCCPN.

Therefore, if we want to formdly verify whether a given Hybrid Expet Sydem
condgs of, for example, Redundancy or not, we only have to investigate the HESS
corresponding  SCCPN, and thus we shdl condder those Occurrence Graph
properties under the Redundancy Propogtion. If those properties exid, we can
deduce that the SCCPN condsts of Redundancy. Since the SCCPN is the modd of
the given Hybrid Expert System, therefore, we have verified the HES.

7.1. Correctness. Forward Case Proof
The problems of correctness about a rule set gpplied to an object hierarchy might

involve redundancy, subsumption, ambiguity, and cydlicty as described in terms of
predicate formulae in Chapter 4. These are obsarvable either between a par of rules
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goplied to an object hierarchy or rules that represent chains of inference in the object
hierarchy.

7.1.1. Redundancy

Proposition 7.1. For a gven making Mo, tha minimaly endbles a nontrivid
trandtion sequence si, iff the HES has incorrect rules causng redundancy between
the parent and child object classes then $s;, $k, such that these sequences have the
following properties:

@) siCsi=4&

(i) TCsi=& TCsi &

@iy M'=d(Mo,si), M"=d(Mo,s));
(iv) Mg=0, M 4 >0, My >0;
V) Ma=0, Mg >0, My >0;

i) B(PriCo)T M g, $(PriCo)'T M g
(Vi) (Pri,Cex)'=(Prk,Cek)"

Explandtion: Property (i) denotes that there should exig two nontrivid trangtion
sequences and they are digoint one another. Property (ii) denotes that trandtion
sequence s does not involve any inheritence while trangtion sequence s involves
inheritance. Property (iii) denotes that making M’ is reachadle from initid mearking
Mo by the fird sequence si and making M" is reechable from Mo by the second
sequence sj. Property (iv) denotes that no State token is deposited in Place k in the
inid marking. While in markings M' and M", there is a least one Sate token
deposted in Place k. Property (v) is amilar to (iv) except that the markings are
referring to class tokens. Property (Vi) denctes that there exids a dass token dement
(prk,.Cek)' In predicate place k of M'. There is dso a dass token dement (Prk,Cek)"
which exigs in predicate place k of making M". Propaty (vii) tdls us tha the
colour (datavaue) of predicate k of thistwo class tokens are the same.
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If there exigtsincorrect rules gpplied to the object hierarchy of the following cases
Ca=e (1): Conditions and Actionsidentical between Parent Class and Child Class.

Let E(F) be the ac expresson function of the predicate IS-A member of Parent
Classand
Let E(f ) bethe arc expression function of the predicate IS A member of Child Class.

In SCCPN representation, there should exist tyo, tr1 and t; such that

EOc(tro).tro) - E(F)=EOc(tr1) tr1) - E(f)
E(t|'0|oc(tl'o)):E(trll C")c(trl))

Oc(tro)=Ac(tc), Ac(t)=Cc(tr1), Oc(tro)=Cc(trr),
Otro)=Adte), A(t)=0dtr1), Otro)=O(tr1)

Choose My with a dass token dement (pro,Cco) and a state token (po,Co) St. to is
minimaly enabled,

then Mg=1 if ps] Otr0), O otherwise.
And Mo=1if ped Oc(tro), O otherwise.

Since Odty0)=Aqt) and Oc(t;0)=Ac(to), t isenabled (Definition 5.7.).

Since t is endbled, the new marking in Ai(t.)=1 and has a colour of (pr1,Gc1) which is
inherited from (pro,Cco). Where E(pro,tc) - E(F )=E(tc,pr1) - E(f ) (Definition 5.8.).
Since E(Oc(tr1),t1)=E(Oc(tro0).to) - E(F) + E(f ), thereforet,s is enabled.

As from Ddfinition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(t),
Sj:(tc,trl).
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Therefore

c 11 i pud {Ofto), Ot}
MSk:| .
1 0 otherwise

' _\l,l |f pckT Oc(tro)
™10 otherwise

And the colour of the dass token a Oc(to)=(Prk,Cck)’

v C11if pal {Oftn),04(t1)}
}O otherwise

" _\I,l if pcki Oc(trl)
™10 otherwise

And the colour of the dlass token a Oc(tr1)=(Prk,Cck)"
Since E(tro, O{tro))=E(tr1, Oc(tr1)), therefore (pri, Ce)'=(Pri, Cc)”

Thus, for pud Ogto), M«=0, M ¢ >0, Mg >0, and for pud Oc(tro), Mek=0, M >0,

M '(':k >0, and (Pr,Cek) =(Prk,Cek)", iMplying incorrectness with si=(to), Sj=(tc,t1).
Caz(ll):  Chaned inference
Let E(F) be the ac expresson function of the predicate IS-A member of Parent

Classand
Let E(f ) be the arc expression function of the predicate IS A member of Child Class.
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In SCCPN representation, there should existS to, and si=(tc,t1,tro, .. . .tij) Such thet

E(éc(tro):tro) - E(F ):E(oc(trl)1tr1) - E(f)
E(to,Oc(tro))=E(t, Oc(ty))

Os(tr(m) ):Os(tr(m+1)) form=12,....J-1.
Oc(tr(m) )=Oc(tim+1) for m=1,2,....j-1.
Ocltro)=Ac(te), Ac(te)=Cc(tra),
Olto)=Ad(te), Adt)=Odltra),

Choose Mo with a dass token dement (po,Go) ad a dae token (pro,Co) St
Si=(tc.try.tr2,....t) isminimaly engbled, i.e, " m=123,... -1,

then Msk::'l if p«l As(tc)
10  otherwise

710 otherwise

The execution of transition sequence, s;, givesM' st. " m=1,2,3,....j, Oftm)l O(s))

11 if pud {O4t:),O(s)}
10 otherwise

And the colour of the class token a Oq(t)=(Prk,Cck)'

Since EO (o) tr0)=E(O(tr1) 1) - E(f ) + E(F ), therefore tq is enabled.

Let M o =d(Mo,tro),
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o1 i pad Ofto)

=i .
k730 otherwise

And the colour of the cdlass token a Oc(t:0)=(Prk,Cck)"
Since Etro, Ocltro))=E(t, Oc(t), therefore (pric,Cok)'=(Pri,Cek)"

Since Oc(tro)=Oc(t)i Oclsi), thus, for @l Ots), M«k=0, Mg >0, My >0, and for

ped Oclt), Mak=0, Mg >0, My >0, and (Pr,Cek)'=(Prk,Cex)", implying incorrectness

7.1.2. Subsumption

Propostion 7.2. For a given making Mo, tha minimdly engbles a nontrivid
trandtion sequence s;, iff the HES has incorrect rules causng subsumption between

the parent and child object classes then $s;, $k, such that these sequences have the
following properties:

() siCsi=A&
(i) TcCsi=A TCsj A
(i) M'=d(Mo,si), M"=d(Mo,sj);

(iv) Mg=0, Mg >0, My >0,

V) Ma=0, Mg >0, My >0;

() B(PrCodT My, $(PriCa) T Mg
(Vi) (Pri, k)T (PricCok)’

Ca=z(l): Rule X is subsumed by Rule Y (condition part) between Parent Class
and Child Class
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Let E(F) be the ac expresson function of the predicate 1S-A member of Parent
Classand
Let E(f ) bethe arc expresson function o the predicate IS-A member of Child Class.

In SCCPN representation, there should exist tyo, tr1 and tc such thet

E(C)c(trl),trl) - E(f )i E(C)c(tro),tro) - E(F)
E(tr0,0C(tI’O)):E(trl,OC(tl’l))

CN)c(tr 0) :Ac(tc) ) Ac(tc) :C)c(tr 1), Oc(tro) :Oc(tr 1,
Os(trO) :AS(tC) ’ A S(tc) :C)S(trl) ) (")S(trO) :OS(trl)

Choose My with a class token dement (pro,Cco) and a date token (pro,Co) St. to IS
minimaly enabled,

then Ms=1 if p«] O(tro), O otherwise.

And Ma=1 if pexd Oc(tro), O otherwise.

Since Odtro)=Aq(t)) and Oc(tro)=Ac(to), t. is enabled (Definition 5.7.).

Since t, is endbled, the new marking in Ay(t))=1 and has a colour of (pr1,G1) which is
inherited from (pro,Cco). Where E(po,tc) - E(F )=E(te,pr1) - E(f ) (Definition 5.8.).

Since E(O(t:1),t-1)=E(Oc(tr0)tro) - E(F) + E(f ), therefore ;1 is enabled.

As from Definition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(tr),
Sj:(tc,trl).

Therefore

' i,l If p§<T {Gs(tro),Os(tro )}
Mgk =i i
10  otherwise
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[ _‘l[l |f pck’[ éc(tro)

=i .
k30 otherwise

And the colour of the class token at Oc(tr0)=(Prk,Cck)’

c 0L if pud {Oft), O )
kT10  otherwise

" _‘l[l |f p:k’[ Oc(trl)

=i .
ok 10 otherwise

And the colour of the classtoken a Og(t1)=(Prk,Cck)"
Since E(tro, Oc(tro))=E(tr1,Oc(t1)), therefore (prk,Cek)'=(Prk,Cex)"

Thus, for pul Ogto), M«=0, M, >0, M, >0, and for pud Oc(tro), Ma=0, M, >0,

M ;k >0, and (Prk,Cek)'=(Prk,Cex)”, implying incorrectnesswith si=(to), Sj=(tc,t1).

Case(I1):  Rule X is subsumed by Rule Y (action part) between Parent Class and
Child Class

Let E(F) be the ac expression function of the predicate 1S-A member of Parent
Classand

Let E(f ) be the arc expression function of the predicate IS A member of Child Class.

In SCCPN representation, there should existstyo, tr1 and t such thet

E(Oc(tro) tro) - E(F )=E(Oc(trn) tra) - E(F)

Et1,0c(t )l E(tro,Oc(tro))
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oC(tl’ 0) :AC(tC) ) AC(tC) ZGC(tF 1) y OC(tl'O) :Oc(tf 1) )
Os(tro) :As(tc) ) As(tc) =Os(tr1) , os(tro) :Os(trl)

Choose Mp with a dass token dement (pro,Cco) and a state token (po,Go) St. o iS
minimaly enabdled,

then Ma=1 if p«l Os(tro), 0 otherwise.

And Ma=1 if pexd Oc(tro), O otherwise.

Since Odtro)=Aq(td) and Oc(tro)=Ac(tc), t. isenebled (Definition 5.7.).

Since t. is endbled, the new marking in Ay(t.)=1 and has a colour of (pr1,Gc1) which is
inherited from (pro,Cco). Where E(pro,te) - E(F )=E(te,pr1) - E(f ) (Definition 5.8.).

Since E(Oc(tr1)tr1)=E(Oc(tro).to) - E(F) + E(f ), therefore t1 is enabled.,

As from Definition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,sj) and si=(t:o),
sj=(tc,tra).

Therefore

_‘!1 |f p§<T {és(tro),Os(trO)}
sk %O otherwise

\I,l |f pckT Oc(tro)

M ., =
k710 otherwise

And the colour of the dass token a Oc(to)=(prk,Cck)’

" _\I’l if pskT {és(trl),Os(trl)}
Mgk =i ;
10  otherwise
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" i l |f pckT Oc(trl)
M ck = i .
10 otherwise

And the colour of the classtoken a Og(t1)=(Prk,Cck)”

Since E(t1,Otr))l Etro,Oc(tro))
therefore (P, Cek)"l (Prio Cok)'

Thus, for pid Ogto), M«=0, M >0, M, >0, and for pud Oc(tro), Mak=0, M >0,

M ::k >0, and (prk,cck)"i (Prk,Cex)', implying incorrectnesswith si=(to), S;=(tc,t1).

Case(I11):  Rule X is subsumed by Rule Y (condition and action) between Parent
Classand Child Class.

Let E(F) be the ac expresson function of the predicate 1S-A member of Parent
Classand
Let E(f ) bethe arc expression function of the predicate IS A member of Child Class.

In SCCPN representation, there should exigtstyo, tr1 and t; such thet

E(Oc(tr) tra) - E(F )i E(Oc(tro),tro) - E(F)
E(tr1,Oc(t1))l E(tro,Oc(tro))

éc(tr 0) :Ac(tc) ) Ac(fc) :éc(tr 1) ) Oc(tro) :Oc(tr 1) )
Olto)=Adtc), Adte)=Odltr1), Od{tro) =Ox(tr1)

Choose My with a dass token dement (pro,Cco) and a state token (po,Go) St. o iS
minimaly enabled,

then Mg=1 if p«l O«(tr0), O otherwise



And Mg=1 if kaT Oc(tro), 0 otherwisa.
Since Odt;0)=Aq(to) and Oc(tro)=Ac(te), 1. is enabled (Definition 5.7.).
Since t, is enabled, te new marking in Ac(t))=1 and has a colour of (pr1,G1) which is

inherited from (pro,Cco). Where E(pro,te) - E(F)=E(tc,pr1) - E(f ) (Definition 5.8.).
Since E(O(tr1),t-1)=E(Oc(tr0). ko) - E(F) + E(f ), therefore t;1 is enabled.

As from Ddfinition 5.10, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(tr0),
Sj:(tc,trl)-

Therefore

1 pad {O4t0),O(t0)}

M ! —
k™10 otherwise
' ‘l,l |f pckT Oc(tro)
Mek=] -
10  otherwise

And the colour of the class token a Og(tr0)=(Prk,Cck)’

" i,l if p§<T {és(trl),és(tvl)}
Mgk =i :
10  otherwise

01 if pad Ota)
710 otherwise

And the colour of the class token a Oc(tr1)=(prk,Cck)"

Since E(tr1, Odtr))l E(tro,Oc(tro))
therefore (pri,Cek)"l (Pri,Cek)’
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Thus, for pud Ogto), M«=0, M >0, M, >0, and for pud Oc(tro), Mek=0, M >0,

M >0, and (prk,Cek)"l (pri,Cek)', implying incorrectness with si=(tro), Sj=(tc,tr1).

7.1.3. Ambiguity

For the Hybrid Expet Sysem (HES) to be unambiguous, there can be no
unambiguous input to the rule set which reaults in having more than one object
dasses are being indantiated with subsumed concluson. Less importantly, there can
be no unambiguous input which will trigger a number of object dasses hat lead to
the same conduson. The problem pressnted by ambiguity increeses as the
redundancy and subsumption increase. Therefore, it is useful to condder the sources
of the redundancy and subsumption in the HES. The anomdies could be spedificaly
identified which might assamble the efect of having an indeterminate rule in the
rule base, that is composed of a sat of quas-separated rules in the form of a number
of immediate possble trangtions being modded by SCCPN. For indance, if there
exigs an anbiguous rule

Ruel: R® Q
that involves digunction of predicates, (i.e one of the predicates is the ISA
predicate), according to the modd trandormation, the rule could have been

represented by a number of possble immediate trangtions in SCCPN, i.e $G={t}
for Rule1intheform of:

pUpU..... pm® U qU..... On

where pi Pfori=12,......m,
gl Qforj=12,......n,



st.  O(0)=0(t0)EOLt)E .....EOLt),
OO =0O4to)EO(tr)E ... .... O(trk).

Consquently, we emphasize on the verification of incorrectness due to a number of
redundancy and subsumption, that might dso demondrae the exigence of
ambiguity in a HES. It may not be our good practice to introduce such anomdies by
introducing any of incorrect rules into the knowledge base. However, the importance
of the veification, in this context, is to dlow for a means of demondrating the
possble inference of an indeterminate rule to the rest of the rules in the HES In
conddering with the problems of ambiguity in SCCPN representation, we will put
our atention on the reachable effect of trangtion firings in the st G upon a given
marking.

Propostion 7.3. For a given marking Mo, that minimaly ensbles G={s;,s;} for a
nontrivid  trandtion sequence si, Sj, Iff the HES has incorrect rules causng
anbiguous conditions of events between different object dasses then 3K,
"l O4G)," prd Oc(G), such that these sequences have the following properties

() siCsi=A

(i) M=d(Mosi), M"=d(M'sj);

(i) Mg=0, Mg 31, Mg >1;

(V) Ma=0, My 31, My >l

V) $(PrioCadT Mg, $(pricCo)'T M g

() (prk,Cck)'=(prk,Cck)"

Caze (1): Rule with indusve digunction of IS A oonditions from different
Object Classes.
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Let E(Fa) be the arc expresson function of the predicate ISA member of Object
ClassA and

Let E(F,) be the ac expresson function of the predicate ISA member of Object
ClassB.

In SCCPN representation, there should exists G={to,tr1} Such that

Os(tr0) GO(tr1)=AE, O(tr0)=0x(tr1)=0x(G),
CN)c('[ro)gcm)c(trl) =/ Oc(trO) :C)c(trl) :C)C(G) )

and
E(F 21 E(Oc(to).tro), E(F o)l E(O(tr1) t1)-

Choose My st. to, t1 ae minimdly engbled, therefore, to, t1 are active (i.e, My=1
if pxd Oc(G), 0 otherwise and Ms=1 if pxl O(G), 0 otherwise).

Without loss of generdity, let M'=d(Mo,tg). Since Oc(t:0)COc(t1)=/E, there is no

conflict for to, tr1 and both trandtions will be executed immediady one after the
other. Thus

C 11 i pud {Oftn), Oto)}

M .=
ok %O otherwise
and
c 11 if pud {Odtn), Ou(to), Ofto)}
I\/lsk_

i .
10  otherwise

And the colour of the dlass token a Oc(tr0)=(Prk,Cck)’
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AS Oc(tr0)=Oc(tr1)=0c(G), Let M"=d(M" t;1),

. 12 if pd &0
Mck=i .
10 otherwise
12 if pl OO
My =il if p.] &Q
10 otherwise

And the colour of the dlasstoken a Oc(t1)=(Prk,Cck)"

Since Otr0)=0x(t:1)=0c(G), ad
E(trO,Oc(u'o)):E(trl,oc(trl))
therefore (pr,Cek)'=(Prk,Cek)"

Thusfor " pud O4G), " prid Oc(@, M&=0, M 4 3 1, M g >1, Ma=0, M, 3 1, M . >1
and (prk,Cek)'=(Prk,Cek)" implying incorrectness with G={ 0, tr1}

Caxe(Il):  Rue with indusve digunction of IS A actions from different Object
Classes.

Let E(F,) be the arc expresson function of the predicate ISA member of Object
ClassA and

Let E(F,) be the ac expresson function of the predicate ISA member of Object
ClassB.

In SCCPN representation, there should exist G={s0,s 1,52} such that

Soz(tflytl'21 ------ trm),
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S l:(tr(m+1) 1tr(m+2), ...... tr(m+n)),

S 2:(tr(m+n+1) ,tr(m+n+2), ...... tr(m+n+|)),

andtheareexisg t. ] So, tn] S1, tl S2, Such that

S0Gs1Cs2=A

O(tru)=Ou(tr) =Ox{tw),

Oc(tru) =Oc(trv)=Ocltrw),

Odltr)l Oltrv), Odtrw)l Odltr),
Octu)l Oc(tr), Oltrw)l Oclt)-

and

E(F )l E(tru, Ocltry), E(F o) Etows Ocltw)),
E(F ) E(tv,Oc(tw)), E(F )T Etrv, Oc(tr)),

Choose My s.t. t1 is minimaly endbled, then My=1 if i Otr1), O otherwise and
Ma=1 if pcki Oc(trl), 0 otherwise.

Since O(tr1)=Ot(m+1))=Oltrm+n+1)) @ Oc(tr)=Oltrm+1))=Cc(trm+n+1), t(m+1) and
tmn+) A€ a0 endbled. The effect of having Ogtyl Odtv), Odtw)l Otn),
Octr)] Oc(tn) and Oto)l Oc(tr) dlows for the identification of subsumption in the
representation. We use the idess of Subsumption (Forward Case Proof c.f. 7.1.2)
Ca=e (I1), and Subsumption (Converse Case Proof c.f. 7.2.2.), and prove its inference

between so, s1 ad s» regectivdy, thus demondraing the exidence of
incorrectness, having the properties of the proposition or vice versa.

7.14. Circular Rule Sets
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Circular Rule Sets take place as a result of the incorrect rules causng cydlicity
between the parent and child object classes. The rules are represented by a series of
trangtions in SCCPNs, being enabled and fired in sequences. To be able to highlight
the interinference of the trangtions, the reechability st produced by SCCPN
andysis is based on a breadth-firs ordering. Given a marking M that engbles to, if
there exigs any occurrence of cydicity, then we can express the reachability st
aufficently degp enough to cover the cydidty, in terms of a trangtion sequence G,
asfollows.

G=(S1,52seeee+++S1,Si#1s+ ey SnyereeesSm)

where s; is a sequence of dterndive trangtions spanned immediately by sj.1 in G for
j=2,3,....m. Note that s is gpanned by t.o initidly.

And that there exigts a cydic sequence, a=[titr(i+1),....trqn)], in G where til si for j=i,
i+1,...n<m, forming a path which begins and ends with the same trangtion, and
T.Cal &£

Therefore an execution of any transtion tx in G where tl sk for k=1,2,...n, will
aufficently trigger the event of cydiaty in the HES.

We define M2 [Odt;)] as the marking for any pd Og(t;), smilary, for M9, [Oc(ty)],
as the marking for any pad Oc(t;). Also, we define M, [O4(t;)] as the marking for

ay psd Odty), and ML [Oc(ty)], as the marking for any pad Oc(t;), after an
execution of any trandtion t; for i>0 in the sequence.

Proposition 7.4. For a gven making M° tha minimaly engbles transtion
sequence a, iff the HES has incorrect rules causing cydicity between the parent and

127



child object classes, then $j2i, $k such that the sequence has the following
properties:

Q) MT[MO%S=(M°MLM2.. .M. .M},
(i) M=d(M°a) forj>0,

(i) T.Cal/

v) ML [6]>0, M) [O]>1.

Ca=(l): Hf-Reference Rule
In SCCPN representation, there should exist t1 and t., forming a connected pah

such that A(te)l Ocltra), Aclte)l Ocltra), Adte)l Odtra) and At)i Oltra). Choose M°
st. tr1 isminimaly enabled, therefore

o 11 if pd Oftn)
M &1 .
10 otherwise
o 11 if puI O(ts)
M ck 1 .
10 otherwise

i.e MO [Ogt)]=1if psd Ogtr1)

Snce Ac(to)l Oc(t1) and Agt)i Ost1), tc is enabled, therefore the marking in
A(t)=1, 0 otherwise and the marking in Ag(t.)=1, O otherwise,

Slnce Ac(tc)i Oc(tr]_), As(tc)l' os(tr]_), tr]_ |S md)lw, a\d Mjs-k = d(Mo,tr]_),
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\|2 If py’l\ Os(trl)
1

ML={1 if p.] Ofta)
%O otherwise
‘ll |f pckT C)c(trl)
M il:-k =i

10 otherwise

Thus for p« 1 Ogt), ML [O>0, M, [OJ>1, implying incorrectness, with i=1,
j=1, and a=(t1)

Case(ll):  SAf Reference Chain of Inference

In SCCPN representation, there should exist a=(tiytr2,....trg-1),te b trm) fOrming a
connected path such that

és(tr(|+1))i Oitrl) for1=1,2,....m1,

Choose MO st. a=(tr1,tr2,....tr-1) teo e, tm) isminimaly enabled, i, " 1=1,2,...m-1,

o _11 if p«T O.(t:),whereMJ (p) =1
M sk~ .
10  otherwise

i.e MO [Ogt)]=1if psd Odtrr)

Snce Ogt)i Ogtm), and M™= d(M°,a;). Therefore the execution of transtion
sequence, a, givesM™ st. " 1=1,2,...m-1.
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\|2 if pg<,|\ OS(tfl)
MT=11 if puT {Oft), Ot}
%o otherwise

Thus for pc T Ogtra), M2 [O]=1, M ] [&]>1, implying incorrectness, with i=1, j=m,
ad a=(tr1,tr2,....tr(|_1) S P .
7.2. Correctness, Conver se Case Proof

7.2.1. Redundancy

Given Mo which minimaly ensbles a trangtion sequence s;, and $k, $s; st.
SiCs;=A& T.Csi=A& TLCst £ M'=d(Mo,si), M"=d(Mo,sj), with Mx=0, M'Sk>0,

Mg>0, Ma=0, My >0, M>0, and $(pri,cad)T My, $(preCo)T Mg, St

(PrisCek)'=(Prk,Cek)", if si and s have the fallowing cases
Congdering thet s and s; are nontrivid trangtion sequences, i.e. sit A& and st /£
Let s; composed of asngletrangtion tyo

Snce to is minmdly enebled in Mo, P $(po,.Cco))l Mo, $(Pro,Co)l Mo st
é E(pro,tro) <b>E£ Mo (Definition 5.7.) where <b> is <((0,Cc0), (Pro,.Cs0))>-

and

i1 if pd O(to)
Ms=| .

10 otherwise

i1 if pal Ocfto
Mck:i P (t)

10  otherwise
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and M'=d (M O,trO) ,

DL pd {Ote).O0))
kT10  otherwise

' _‘l,l |f kaT Oc(tro)
710 otherwise

therefore P $(pri,cek)T M Ick

Since there exigts another sequence, s, the following cases can happen
Case(1): s; iscomposed of transitions (t,tr1).

As s; is enabled by M, therefore, Adte)i Otro), Ac(td)l Oclto), Adte)l O«t1) and
Ac(tc)i Oc(trj_).

Let M"=d(Mo,s)), and since $Kk, st. Mg=0, My >0, M >0, Mg=0, M >0,

M >0, therefore, Og(to)COx(tr1)t £ and Ou(tio) CO(t1)t £
And $ps, st. psd O(to) and psd O(tr1), and $pek, st. ped Oc(tio) and pad Oftra).

i1 if pud {O(t1),0ftn)}
10  otherwise

‘l/l If pck’l\ OC(trl)
10  otherwise
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therefore b $(pri,ce)'T M g

Since (prk,Cek)'=(Prk.Cex) ", therefore
E(trO , oc(tro)):E(trL Oc(tr 1)) .

Snce M'=d(Mo,si), M"=d(Mo,s;), and E(tro,Oc(tr0))=E(t1,0c(t1)). This indicates a
par of incorrect sequences si=(to) and sj=(t.tr1), possibly having incorrect rules
causing redundancy between the parent and child object classes.

Case(I1): sj iscomposed of trangtions (t,tr1,tr2. ... .tr).
Snces;isendbled by Mo, therefore

Os(tr(m) ):C)s(tr(m+1)) form=12,....J-1,

OC(Tr(m) ):Oc(tr(m+1)) form=12,....J-1,
Ac(t)=Ocltrn), Adt)=O(tra).

Let M*=d(Mo,trme+1),
M l _‘! 1 |f p:kT {Os(tr(m) ), Os(tr(m + 1))}
& | .
10 otherwise
il If pcki OC(trm+1)
M= o

70 otherwise

therefore B $(Pri,Cek) M?:-k

Smilaly for any tmwuinsj, whereu=12,.....n,
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\!1 if p§<,|\ {Os(tr(m)),OS(tr(rml))......os(tr(m*u))}
}0 otherwise

I If pckT OC(tr(m + u))
% 0 otherwise

therefore B $(prk,Cai)' M g

Let M"=M" and (pr,Cei)“=(Prc,Cek)'",
Since (Prk,Cek) =(Prr,Cek)”, therefore
E(trO ) Oc(tro)):E(trl, OC(trj)) .

Snce M'=d(Mo,si), M"=d(Mo,s;), and E(tro,Oc(tr0))=E(t1,0tsj)). This indicates a
par of incorrect sequences Si=(to) and s;j=(totr1,tr2... 1), possbly having incorrect

rules causing redundancy between the parent and child object classes.

7.2.2. Subsumption

Given Mo which minimdly endbles a trandtion sequence si, and $k, $s; st.
siCsj=/& TCsi=&, TCsit £ M'=d(Mo,si), M"=d(Mo,sj), with M«k=0, M g, >0,

(PrioCek)'T (PrioCex)'if s and s have the following cases

Conddering that si and s are nontrivid trangtion sequences, i.e, . Sit /& and sjt A&
Let s; composed of asngletrangtion tyo

Snce to is minmdly enebled in Mo, P $(po,.Cco))l Mo, $(Pro,Co)l Mo st
é E(pro,tro) <b>E£ Mo (Definition 4.2.) where <b> is <((0,Cc0), (Pro,Cs0))>-
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i1 if pd Ofto)
10 otherwise

il if pcki Oc(tro)
Mek=1 .
10  otherwise
and M'=d(Mot;0),
o 11 if pad {Odto),Ou(t0)}
Mgk =i i
10  otherwise
c 11 if pad Oto)
k™10 otherwise

therefore b $(pri,C) T Mg,
Since there exists another sequence, s, the following cases can happen
Let sj composed of trangtions (tc,k1).

As s; is enabled by M, therefore, Agte)i Otro), Ac(td)l Oclto), Adte)l O«t1) and
Ac(tc)i Oc(tr]_).

Let M. be the marking after firing trandtion tc, since t1 is minimaly enabled in M,
P $(priCa)l Mo $(p1.ca)l Mc St § E(petrs) <b >E Me (Definition 5.7.) where

<b>is <((pc,Cc1)y(pC’Csl))>-



Let M"=d(Mo,sj), and since $k, st. Mg=0, M4 >0, M >0, Mg=0, M >0,

M >0, therefore, O«(tro) COs(tr1)t ZE and Oc(tro) COG(tr1)t £
And $pg, st. psl O(tro) and pucd Oltr1), and $pek, Sit. perd Oc(to) and ped Olta).-

" _i,l |f pyT {és(trl),és(trl)}
k™10  otherwise

i1 if pud Oftn)
M k=] .
10  otherwise

therefore P $(prc,C)'T M g

Since (prk,Ce)"T (Pre.Cex)'s therefore
E(tr1,Oc(t1))i E(tro,Oc(tro))

Since M'=d(Mo,si), M"=d(Mo,s;), and E(tr1,Oc(tr))i E(to,Odtro)). This indicates a
par of incorrect sequences si=(to) and s;=(l.tr1), possbly having incorrect rules
causing subsumption between the parent and child object classes.

If & E(pet) <b><Me and Eftr1,Ocltr1))=E(tro, Oc(to)), we have the case of a pair
of incorrect rules having conditions subsumed between Paent Class and Child

Class.

If & E(petd) <b>= Me ad Etrs,Ocltro))l Efto,Oclto)), We have the case of a pair
of incorrect rules having subsumed actions between Parent Class and Child Class.
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If é E(pe,tr) <b>< Me and Etr1,Oc(trr))l E(to,Oc(tro)), We have the case of a par

of incorrect rules having both conditions and actions subsumed between Parent
Class and Child Class.

7.2.3. Ambiguity

Ca= (I): Rue with indusve digunction of IS A conditions from different
Object Classes.

Since Gisminimaly encbled,

_i1 if pud O(G)
I\/lck—l' .
10 otherwise

Sncefor " px 1 O4G)," pek T OLG), Mx=0, My=0, M 4 >1, M >, a least two
trandgtions mugt be active and fired immediady one after the other. These are
designated as to,tal G sit. Q(tg)l OLG), Qt)l OLG), and Q(t:0)COL(tr1)=A due
to nonconflict criterion. Let MP=d(M t.o), M'=d(M° t;1), Stt.

11 if pud {O(t:), Oto)}

MG =i |
10 otherwise
MO _i1if pad {Odtn), Ou(to)}
sk | .
10 otherwise
and
c 12 ifpad O(Q
k™10 otherwise
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12 if p.d O(G)
Mg =il if pT O(G)
%O otherwise

Thusfor " pec T OdG), p T Ocltra) and pec T Ocltro), " kT OLG), pscT Oltra) andl pc
T Otro). This indicates a pair of incorrect sequences si=(tg) and s;=(t1), having
problems of ambiguity possibly due to the exigence of an indeerminate rule causng
indusive digunction of conditions from different Object Classes.

Caxe(ll): Rue with indusve digunction of IS A actions from different Object
Classes.

Since Gisminimdly encbled,

11 if eI O(Q)
* %O otherwise

Snce for " px 1040," px 1 OG), Ms=0, Mak=0, Mg >1, My>1, Mg >1,

Mg >1, & least three transitions must be active, and fired immediately one after the
other. These are designated s tio,trr and t2l G st. Oc(to)l Oc(Q, Odta)l OL(G),
Oc(t2)l OB, Oc(tro)=Odtr1)=Cc(trz) and Oc(tro)COc(tr2)=A, Ocltro)l Oc(tr1),
Oc(tr2)l Oc(tra).

Let M°=d(M tro), M'=d(M° tr2), M"=d(M"tr2), St.

0 _\I,l if pcki {Oc(trl),éc(trz), Oc(tro)}
*710 otherwise
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V0 =11 if Pl {O4t:).0.t2), Ot}

sk

}0 otherwise
and
.11 if pl O(A)
k™10 otherwise
i1 if pxI O4A)
sk %O otherwise
and
w12 if pal O(A)
M k=] .
10 otherwise
« 12 if p«l O(A)
k™10 otherwise

Thus for " pud OKG), " ped Oc(G), M«=0, Mk=0, Mg >1, My >1, Mg >1,
M >1 This indicates three incorrect sequences si=(to), Sj=(t) and sk=(t2),
having problems of ambiguity possbly due to the exigence of an indelerminae rule

causng indusve digunction of conditions from different Object Classes.
7.24. Cydicity

Given M which minimdly enables atransition sequence a, and $j2 i, $K, st.

Q) MT[MOS={M°MIM2 .. .M' .M},



(i) M=d(M°a) forj>0,
(i) T.Cal/E
iv) M. [O]>0, M) [O]>1.

If a hasthe following cases

Conddeing that a is a nontrivid trangtion sequence, i.e, at A and a is composed
of asriesof trangtions.

L et the sequence be
a=(ttra,.....thi te b1y, - trn)s - egmy)

Ca=(l): The subsequence b consds of a gngle trandtion that begins a t and
ends a t¢ for i=1.

Sincet 1 isminimélly enabled, let M° be theinitid marking, such thet

0 _\Irl If psk,l\ Os(trl)
M sk | .
710 otherwise
0 _\Ill if pcki Oc(tvl)
M ck

i .
10 otherwise

Thus M9 [O(t1)]=1.

After fiing of t1, the marking M* of Ogt1)=1, O otherwise and the marking M* of
Oc(t1)=1, 0 otherwise.

Since b=(tr1,t), thustc isenabled after firing tr1.
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therefore, Ac(te)l Oc(tr) and A(t)l Odtr).

Let M? =d(M* to)

12 if ped Ofts)
M2 ={1 if p.d Ot)

% 0 otherwise

\!l if pcki OC(tC)
70 otherwise

Since tr1 is immedige endbled in a, and $j31, for j=2, i=0, $k s.t. Mgk [O4t1)]=1,

M2 [Ogt)]>1,
\ $ps st. pud Odt) and Ot 1) GOt A

This indicates an incorrect sequence a contaning b=(t;,t;), for i=1, possbly occurs
within the object classes

Case(ll):  The subsequence b condds of a sies of trangtions that begins a t;
and ends at tn for i=1 and n>i.

Since a isenabled by M©, therefore

0 _\Irl If psk,l\ Os(trl)
M « | .
710 otherwise
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0 _11 if pcki éc(trl)
*710 otherwise

Thus M9 [Og(t1)]=1.

Let M*=d(M°t.1),
Ve 11 if ped {O(t0),0(t0)}
sk~ | .
10 otherwise

_\!1 If pck’[ Oc(trl)
10 otherwise

Since b=(t1,t.tr(i+1), . .. .tm), thustcisenabled after firing ;1.

therefore, Ac(te)l Oc(tr) and Al Odtr).

Let M2=d(M1t.)

11 if pud {Oft.),Oft1),O(L)}
10 otherwise

11 If pck’l\ Oc(tc)
10 otherwise

Smilarly for any t ina, wherel =2,3/4.....i-1,
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11 if pud {Ou(t:),Oft: ), O41), Ot :)....Oft)}

ML =
*710  otherwise
Il if cki Oc t\
MLk:I p . (t)
10 otherwise

Snce tn is immedige endled in a, and $j=rfi=1, $k st. MY [O4t1)]=1,

MY [O4t)]>1, ie,

12 if pud Ou(tn)

M= if pad {Ox(tn) Ote) Odtrz).... Ot}
{O otherwise

This indicates an incorrect sequence a containing b=(ti,tc,ti+1,....ta), possbly having
a problem of cydicty within the object classes Note tha a could be longer than
aufficent to demondrate the effect of such cydiaty if m>n>i.

7.3. Consgency: Forward Case Proof

7.3.1. Contradiction

Propodtion 7.5a. For a given making Mo, tha minimdly endbles a nontrivid
trangtion sequence s;, iff the HES has incondgtent rules causng contradiction

between the parent and child object dasses, then $s;, $k, such that these sequences
have the following properties

() siCsi=/&
(i) TCsi=/E TGsit /&
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(i) M'=d(Mo,si), M"=d(Mos));

(iv) Mg=0, M >0, My, >0;

V) Mca=0, M >0, Mg >0;

M) $(PreCa)T M gy, S(PrCe) T M
(M) (Pri, Cox) =D(Pri, Cek)”

If there exigs incorrect rules gpplied to the object hierarchy of the following cases

Ca=(l): Identicdl Conditions but Contradict Actions between Parent Class and
Child Class.

Let E(F) be the ac expresson function of the predicate IS-A member of Parent
Classand
Let E(f ) bethe arc expresson function of the predicate IS-A member of Child Class

In SCCPN representation, there should existstyo, tr1 and t such thet

E(Oc(tro),tro) - E(F )=E(Oc(tr1) t1) - E(F)
E(to,Oc(tr0)) =2E(t1,O(tr1))

C)c(tr 0) :Ac(tc) ) Ac(tc) :C)c(tr 1), Oc(tro) :Oc(tr 1,
Os(trO) :AS(tC) ’ AS(tc) :C)S(trl) ) (")S(trO) :OS(trl)

Choose My with a class token dement (pro,Cco) and a date token (pro,Cop) St. to IS
minimaly enabled,

then Mg=1 if py] Oq(tro), O otherwise.
And Mg=1 if pad Oc(tro), O otherwise.

Since Odtro)=Aq(td) and Oc(tro)=Ac(to), t. is endbled (Definition 5.7.).
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Sincet. is enabled, the new marking in Ag(tc)=1 and

has a colour of (pr1,cc1) which is inherited from (po,Cco). Where E(protc) -
E(F )=E(tc,pr1) - E(f ) (Definition 5.8.).

Since E(O(t:1),t:1)=E(Oc(tr0).tro) - E(F) + E(f ), therefore t;1 is enabled.

As from Ddfinition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(t),
Sj:(tc,trl)-

Therefore

i’l If p§<,|\ {és(tro),OS(trO)}
10 otherwise

‘l,l |f pckT Oc(tro)
10 otherwise

And the colour of the dlass token at Oc(to)=(prk,Cck)’

w11 if pued {Ofta), Ot )}
k™10 otherwise

" _‘l[l |f pckT Oc(trl)

M k=i .
k710 otherwise

And the colour of the dass token a Oc(t1)=(Prk,Cck)"

Since E(tro, Od(tro)) =ZE(tr1, Oc(tr1)),
therefore (prk,Cek)'=B(pPrk,Cek)"
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Thus, for pul Og(to), M«=0, M, >0, M, >0, and for pud Oc(tro), Mck=0, M >0,
M >0, and (PriCek)'=B(Pr,C)”, implying incondgtency with si=(to), sj=(tc,tr1) in
the object classes.

Casz (I1): Contradictory pair of rules between Parent Class and Child Class.

Let E(F) be the ac expression function of the predicate 1S-A member of Parent
Classand

Let E(f ) be the arc expression function of the predicate IS A member of Child Class.

In SCCPN representation, there should exist tyo, tr1 and t; such that

S{E(Oc(to) tr0)} - EF )=S{E(Oc(t1).tr1)} - EF)
E(to,Oc(tr0))=E(t1,0tr1))

Ac('fc)‘I C~)c(tro), Ac(tc)‘I CN)c(trl), C")t:('[ro):c.)c(trl),
Adte)l Odtro), Adic)l Oltra), Oultro)=Cxltra)

Choose My with a class token dement (pro,Cco) and a date token (pro,Cop) St. to IS
minimaly enabdled,

then Mg=1 if ps] Og(tro), O otherwise.
And Mo if pud {Oclto)CA(t)}, O otherwise

Since Adto)l Og(tro) and Ac(to)l Oc(tro), tc isenabled (Definition 5.7.).

Since t, is endbled, the new marking in Ay(t))=1 and has a colour of (pr1,G1) which is
inherited from (pro,Cco). Where E(pro,tc) - E(F )=E(te,pr1) - E(f ) (Definition 5.8.).
Since S{E(Od(t0).tr0)} - E(F)=S{E(Odt1).t1)} - E(f ), therdfore . isenabled.
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As from Definition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(t),
Sj:(tc,tr]_).

Therefore

11 if pd {Oto),Ofto)}

|\/|' =
k™10 otherwise
' il |f pck,l\ Oc(tro)
M ck:i .
10 otherwise

And the colour of the dass token a Oc(tr0)=(Prk,Cck)’

o 11 if pud {Oftn),Ots)}
sk %O otherwise

CA1 i ped Ofta)
Mek=i .

10 otherwise
And the colour of the dass token a Oc(t1)=(Prk,Cck)"

S nce E(tro,oc(tro))ng(trl,Oc(trl)),
therefore (prk, Cox)'=D(Prk,Cek)"”

Thus, for pul Oto), M«=0, Mg >0, M ¢, >0, and for pud Oc(tro), Ma=0, M >0,

M ;k >0, and (Prk,Cek) =APrk,Cek)", implying inconsstency with si=(t0), Sj=(tc,tr1).

Cas(l11): Contradictory chains of rules between the parent and child object classes.
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Let E(F) be the ac expresson function of the predicate 1S-A member of Parent
Classad
Let E(f ) bethe arc expression function of the predicate IS A member of Child Class.

In SCCPN representation, there should exists si=(tr1,trz,....tj) and sj =(te,tro) Such
thet

E(Oc(tro) tro) - E(F)=E(Oc(tr1) tr1) - E()
E(tro, Oc(t0))=DE(t;, Oc(t;))

Oltim) )=Oltm+p) for m=1,2,.....j-1.
Oclti(m))=Cclti(ms+1)) for m=1,2,....j-1.
Ocltr1)=Ac(te), Ac(te)=Cc(tro),
Oltr1)=Ad(tc), At:)=Otro),

Choose Mo with a dass token dement (po,Cco) and a dtate token (pro,Csn) St. Si
=(t1tr2,... .t) isminimally engbled, i.e, " m=1,2,3,... J-1,

then Mg;}l if psl As(tc)
10  otherwise

\1 f kT Actc
AndMge - P A
10  otherwise

The execution of trandtion sequence, s, givesM' st. " m=1,2,3,....j, O(tm)l O«s))

! _i,l |f psk’l\ {és(trl),Os(Sl)}
M sk~ 1 .
710 otherwise

And the colour of the class token a Oc(t)=(PrkCck)'
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Since Adte)=0(ty1) and Ac(t)=0dt:1), 1 is enabled (Definition 5.7.).

Since t is endbled, the new marking in Ay(t.)=1 and has a colour of (pr1,Gc1) which is
inherited from (pro,Ceo). Where E(pr1,tc) - E(F )=E(te,pro) - E(f ) (Definition 5.8.).

Since E(O(tr1),tr1) - E(F )=E(Oc(to).tro) - E(f ), therefore trg is enabled.

La M I(I:k :d( M le ,trO),

i1 if pud Ofto)
%0 otherwise

And the colour of the dass token a Oc(to)=(Prk,Cck)"

E(tro, Oc(t0))=BE(t;, Oc(t;)), therefore (prk,Cek) =D(Pri,Cek)”

Caxe(IV): SAf Contradictory chan of inference between the parent and child
object classes.

Propostion 7.5b. For a given making M° tha minimdly engbles transtion
sequence a, iff the HES has incongget rules caudng sdf-contradictory chain of
inference between the parent and child object dasses, then $j, $k such tha the
sequence has the following properties:

@) MT [M°>={M° ML M2,.. .M, .M},
(i) M=d(M°,a) for j>0,

(i) TCat A&

)M [O]=0,M9 [O]>0, M} [O]>1.
(V) $(Pri,Cek)T M %k, $(pric,Cei)T Mgk
(V1) (PricsCok) "= Pric,Cek)”
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In SCCPN representation, there should exist a=(tiytr2,....trg-1),te b trm) fOrming a
connected path such that

és(tr(|+1))i Odty) for 1=1,2,.....m1,
Otr1)l Oltrm).
E(éc(tr 1) ,trl) =®E(trm ) Oc(trm))

Choose M° with a dass token dement (pro,co)' and a state token (pro,Go)' Sit.
a=(t1,tr2,....trg-1). e, trr,...tm) isminimally enabled,ie, " 1=1,2,...m-1,

then Mg=1 if p] Ogtr1), O otherwise.
And Mg=1 if pad Oc(tr1), O otherwise.

o 11 if pd Oft),where M (p«) =1
M o =i .
10 otherwise

i.e M9 [Ogt)]=1if psd Odtr1)
Snce Ogta)i Odtm), and M™=d(M°a;). Therefore the execution of transtion
sequence, a, givesM™ st. " 1=1,2,...m-1.

12 if pd Ofts)
MT=i1  if pT {O(t), O(t)}
% 0 otherwise

And the colour of the dass token a Og(tm)=(Prk,Cck)"

Since EQc(tr1),tr1) =PE(tm, Oc(tim))
therefore (Pri,Cex)'=B(Pr,Cek)"
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Thus for pud Otr), M, [0]=0, MO[B]>0, ML[O]>1, $(pri,Cox)T MO,

$(prk,Co)"T Mok and  (prk,Cek)'=A(pri,Cex)”, implying inconsigtent rules causing sdif-
contradictory chain of inference between the parent and child object classes.

7.3.2. Deadend

The problems of deadend is not caused by any conflict in the rule st atached to the
object hierarchy, but by the inaction of some events (or conditions). In other words,

it only causes concerns if the execution of the deadend rule fails to achieve any god
date which bdongs to a collection of terminating goads under a specific doman of
inference.  Consequently, in any SCCPN  smulation of HES inference that
determines its conggtency, we need to achieve a finite termination upon any given
dae yet stidy thegod dates.

Let the collection of god dates be W, we define that, for a deadend rule, |, $pu,
such tha pud Odl), pud Oc(l), and pud W and @t such tha pud O4t) and
prki Oc(ti).

Propostion 7.6. Iff the rule st has incondstent rules thet involve deadend applied
to the object hierarchy, then $ a marking M such that My=0 for " pud W, and " s;

where M'=d(M,s;), M ¢ =0.

We consider anontrivia casewhere M2 [0], i.e there exists some pgl Wthat M2 0.
In SCCPN representation, there should exist o with some py such thet

psl Od(to) and psl W

Choose M st.



11 if psT Ofto) and psT W
=

%0 otherwise
Therefore, " p«d W, Mg=0.

Since @Bt such that pyl OLt), @$s; st. M'=d(M,s)), thus s;=4& or M'=M, i.e
M ¢ =0 for " p«I W, inplying inconsstency with tro being the deadend rule in the
object hierarchy.

7.3.3. Unnecessary |F condition

Propostion 7.7. For a given marking Mo, tha minimaly ensbles G={s;,s;} for a
nontrivid  trangtion sequence s;, sj, Iff the HES hes incongstent rules causng
unnecessary |F conditions between the parent and child object dasses, then $k, $Y
(agtep Y), such that these sequences have the following properties:

() siCsi=A&

(i) TCsi=A; T.Csi* A&

(i) M'=d(Mo,si), M"=d(Mo,sj);
(iV) Ms=0, M >0, M ¢ >0;

(V) Mck=0, M >0, M ¢, >0;

(Vi) $(prk,Cek)T M, $(pre,Cex)'T M

Vi)Y, & E(p.t) <b>E(MEM")
t, b)Y

Let E(F) be the ac expresson function of the predicate 1S-A member of Parent

Classad
Let E(f ) bethe arc expression function of the predicate IS A member of Child Class
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In SCCPN representation, there should existstyo, ty and tc such thet

A c(tc)i Oc(tro), (A c(te) E C")(:(tro)):(’f)c(try) )
Adte)l Odtro), (A {to)EO(t0))=Oxltry),

Choose My with a dass token dement (pro,Cco) and a state token (po,Go) St. to iS
minimaly enabled,

then Mg=1 if ps«l Og(tro), O otherwise.
And M1 if pad Oc(tro), O otherwise:

Since A(te)l O(tro) and Ag(t)i Otro), 1 isenabled (Definition 5.7.).

Since t, is endbled, the new marking in Ay(t))=1 and has a colour of (pr1,G1) which is
inherited from (ro,Cco).

As from Ddfinition 510, $M', $M" st. M'=d(Mo,si), M"=d(Mo,s;) and si=(tr0),
si=(t).

Therefore

c 11 if pud {Ofto),Oto)}
Mk =] )
10 otherwise

' ‘l,l |f pckT Oc(tro)
M k=] :
10  otherwise

And the colour of the class token a Og(tr0)=(Prk,Cck)’

< 11 if ped {A)A(L)}

= .
K710 otherwise
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» 1 it pad A(t)

M =
k710  otherwise

And the colour of the dass token at A ¢(t)=(Prk,Cck)"

Snce (Ac(tc)E Oc(tro)):C)c(try) and (A s(tc)E Os(tro))zés(try) therefore try is enabled,

thus$Y st. § E(p,t) <b>E(MEM").
oy
Thus, for pud (Adt)E O(tro)), M«=0, M >0, M ¢, >0, and for pud (Ac(t)E Oc(tio)),

Ma=0, Mg>0, My >0, and $Y st § E(pt)<b>E(MEM"), implying
(t,bY Y

incondstent rules causng unnecessary IF conditions between the parent and child
object classeswith s=(t0) and sj=(tc).
7.4. Congistency: Conver se Case Proof

7.4.1. Contradiction

Gven Mo which minimely ensbles a trangtion sequence s;, and $k, $s; st.
siCsj=& TLCsi=E TCsit £ M'=d(Mo,si), M"=d(Mq,sj), with My=0, Mg, >0,

Mg>0, Ma=0, M4 >0, M4 >0, and $(prce)T Mgk, $(PrieCo)T Mo St.

(Pri,Cex)'=(prc,Cek)", if si and s have the following cases
Conddering thet s; and s; are nontrivid trandtion sequences, i.e. si* A, and si* A

(A). Lets;jcomposed of asngletrangtiontyo



Snce to is minmdly enbled in Mo, P $(po,cco)l Mo, $(Pro,Co)l Mo St

é_ E(pro,tro) <b>E£ Mo (Definition 5.7.) where <b> is <((0,Cc0), (Pro,.Cs0))>-

70  otherwise

_11 if pcki Oc(tro)
10  otherwise

and M'=d(Mo,tr0),

i,l If p§<T {Os(tvo),és(tro)}
10  otherwise

' i 1 If pck’l\ Oc(tro)
M k=i -
10  otherwise

therefore b $(pri,Ce) T M o
Since there exists another sequence, s, the fallowing cases can happen
Case(A.l): sjiscomposed of transtions (tot1).

As sj is enabled by M, therefore, As(te)= Oy(tro), Ac(te)=Cc(tro), Adtc)=Ox(tr1) and
Ac(tc): C~)c(trl)-

Let M"=d(Mo,sj), and since $k, st. Mg=0, Mg >0, Mg >0, Mg=0, M >0,

M ¢ >0, therefore, O(tr)) COL(tr)t £ and Ou(tro) CO(tr1)t £



And $pg<, st pskT Os(tro) and pskT Os(trl), and $pck, st. pckT Oc(tro) and pcki os(trl)

CL i pd {O),0))
kT10  otherwise

" _‘|,1 if pcki Oc(trl)
710 otherwise

therefore P $(pri,cek)"T M;k

Since (prk,Cek) =@(prk,Cek)", therefore
E(t0,Oc(t0))=BE(t1, O{tr1)).

Since M'=d(Mo,si), M"=d(Mo,s;), and E(tro,Odtro))=BE(t1,0Oc(tr1)). This indicates a
pair of incondsent sequences si=(to) and Sj=(tc,t1), possbly having inconsigent
rules causing contradiction between the parent and child object classes.

Case(A.ll): s iscomposed of transitions (tetr1).

As sj is enabled ly M, therefore, Ag(te)l Od(tro), Ac(to)l Oc(tro), At)l Oltr1) and
Ac(tc) i éc(trl)-

Let M"=d(Mo,sj), and since $k, st. M&=0, M4 >0, Mg >0, Mx=0, M >0,

M ¢ >0, therefore, O(tr)) CO«(tr)t £ and Ou(tro) CO(tr1)t £

And $psk, st pskT Os(tro) and pskT Os(trl), and $pck, st. pcki Oc(tro) and pcki Os(trl)



i,l if p§<T {Os(trl),és(tvl)}
10  otherwise

" _‘l[l If pck,[ Oc(trl)

M=
kT10  otherwise

therefore b $(Pri,Ce)'T M o

Since (Pr, Cer) =B(Prk,Cex)", therefore
E(to,Oc(tr0))=E(t1,0(tr1)).

Since M'=d(Mo,si), M"=d(Mo,s;), and E(tro,Odtr0))=BE(tr1,Oc(tr1)). This indicates a
par of inconddent sequences si=(to) and s;=(tc,t1), possbly having incondstent
rules causing contradiction between the parent and child object classes.

(B).  Lets;composed of transtions (ti1,tro.. . .ty)

Snces;isenabled by My, therefore

Osftrm) ) =Oftr(m+1) for m=1,2,.....j-1,

Oc(tr(m) ) =Oc(tm+1) for m=12,....-1,

Ac(t)=Ocltr1), Adte)=O(tra).

Let M*=d(Mo,tr(me+1)),

i,l if Fl:kT {Os(tr(m) ), és(tr(m + 1))}
10  otherwise

il |f pckT C")c(tr(m+l))
10  otherwise



therefore B $(pri,Ce) 1 M?:-k

Smilaly for any tmwuinsj, whereu=1,2,.....n,

‘l'l if pski {C)s(ﬁ(m)),és('[r(wl)) ...... Os( tr(m+u)}

MG =i :
10 otherwise

11 if pud Oftin-)
- %O otherwise

therefore b $(pri,Cek)' T M 5
Let M'=M" and (prk,Cck)"=(prk,Cck)’

Case(B.l): sjiscomposad of transtions (totro).

As sj is endbled by M, therefore, Adte)= Ot1), Ac(te)=Oc(t1), Adte)=Outo) and
Ac(tc): oc(tro)-

Let M"=d(Mo,s;), and since $k, st. Mg=0, M4 >0, M >0, Mx=0, M >0,

M >0, therefore, Og(t0)C Ot £ and O(ti0) CO(t;): £
Am $p§(, S.t pg(T Os(tro) a’ld pg(T Os(trj), md $pck, S.t kaT OC(tI’O) md kaT Oc(trj)

i1 if pud {Ofto),O(t0)}
10  otherwise

‘l,l |f pck,l\ Oc(tro)
10  otherwise
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therefore b $(Pri,Cex)'T M o

Since (prk,Cek) =B(Pr,Cen)”, therefore
E(tj, Oc(t;)) =2E(tr0, Oc(tr0))-

Snce M'=d(Mo,si), M"=d(Mo,s;), and E(tj,Odtr}))=BE(t0,Otr0)). This indicates a

par of inconsgent sequences Si=(k1t2....t5) and s;=(tcto), possbly having
inconggtent rules causing contradiction between the parent and child object classes.

Case(B.Il): sjiscomposed of trangtions (1ctro).
InCase (B.II) s; isenabled by M; in stead of M° in Case (B.1).

Therefore, Given M° which minimally enables a transition sequence s; and $k, $s;
st. siCsj=& T.Cs=& T.Csit/&E M=dM’s), M'=d(Ms)), with MY =1,
ML =0, Mg>0, M%=1, ML =0, Mq>0, and $(p,Ca)’l M%, $(PrCa)T My
st. (Prio,Cek)*=D(Prk,Ce)", and Stk St E(trk, Oc(tik))=E(tro, Oc(tro)), if i and s have
the following properties:

Consdering thet s and s; are nontrivid trangtion sequences, i.e. si* A, and si* /£

As s; is enebled by M;, therefore, Agte)= Odti), Adt)=Oclti), Adte)=Odto) and
Ac(tc): C)c(tro)-

Let M"=d(M'sj), and since $k, st. M%=1, ML =0, M4 >0, M% =1, M/, =0,

M ¢ >0, therefore, Og(t)) COStra)t £ and Ou(to) CO(t 1)t £

And $ps, sit. pxd Os(tro) and psd Og(tr1), and $pek, sit. pekd Oc(tio) and ped Oc(tra).



o 11 if T {Ou(to),Ofto)}

= .
Sk“20  otherwise

c 1 if pad Oto)
%710 otherwise

therefore P $(pri,ci)'T Mg
S'nce(prk,cck)O:Q(p(k,cck)", therefore $t, St. E(trk,Oc(trk))ZQE(tro,OC(tro)).
Since M=d(M°,si), M"=d(M.,s)), and E(trk, Octrk))=2E(t0,Oc(tr0)). This indicates a

par of inconsgent sequences si=(kit2....ty) and s;=(ist0), possbly having
incongstent rules causing contradiction between the parent and child object classes.

7.4.2. Deadend

Given a marking M st. Mg=0 for " psd W, and " s| where M'=(M,s)), M;k =0, if s
has the following cases

Asaming s isthe longest sequence that can befired,

Casz(l): s isan empty sequence

Snce si=A&, @$ ay transtion t for some py being marked by M, st. gl O®).
Therefore, pg belongs to a deadend. This indicates thet the rule st is inconsstent

having problems of deadend.

Ca=e (1) s| iscomposed of asngle trangtion to.



Let M'=d(Mto), since

1 ifpsT Ofto)and psT W
0 otherwise

Therefore, My, =0 for " pad W.

As s is the longest sequence that can be fired and @$ any trangtion t after ¢ st.
psl  Ot). Therefore, 1=/ and py belongs to a deadend. This indicates that the rule
St isincongstent having problems of deadend.

Case (Il1): s iscomposad of atrangtions (t k... .tm).

Let M'=d(M,s)), Snce

if ps7 O(s)and psT W

M. .
otherwise

_11
s |

) TO
Therefore, M, =0 for " pad W.

As s, is the longest sequence that can be fired and @$ any tandtion § after s; st.
psl  Odti). Therefore, t=AE and py belongs to a deadend. In fact, M is on a path
through s to a deadend. This indicates that the rule st is incondstent having
problem of deadend.

7.4.3. Unnecessary |F condition

Given My which minimaly engbles a transaction sequence s, and $s;, $k, $Y (astep
Y) st. siCSA, TCsi=& TCsit A& M'=d(Mo,si), M"=d(Mo,S), M&=0, M g >0,
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Mg>0, Ma=0, My>0, Mg>0, $(prk,ck)T M, $(pricek)T M", $Y  st.
Q E(p.t) <b>E (M'EM"),if siand s; has the following properties
(t,by Y

Conddering thet s; and s; are nontrivid trangtion sequences, i.e. si* A, and s;* /&

Let s; composed of a dngle trangtion typ, Since to is mnmdly endbled in Mo, P
$(pro,Cco)l Mo, $(pro.Co)l Mo St. § E(pro,tro) <b>E Mo (Definiion 5.7) where

<b> is <((Pr0,Cc0) (Pro,Cs0))>.

and
il |f S<T Os trO
Mo | p _( )
70  otherwise
‘Il If ki Oc tvO
Mo | Pl Ofte)
10 otherwise
and M'=d(Motr0),

v iL I ped {O(t0), Ot )
*710  otherwise

M. _‘l[l If pckT Oc(tro)

=i .
“ 30 otherwise

therefore b $(pri,ck)T M,

Since there exigts another sequence, s, the fallowing case can happen:
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Let s; iscomposed of trangtion tc.
Ass; isenabled by Mo, therefore, Ad(t)i  Od(tro), Ac(tdi Oc(tro).

Let M"=d(Mo,S)),

11 if pud {O(1), O}
_1 0 otherwise

\l’l If pckT Oc(tc)
10 otherwise

therefore b $(prk,C(;k)IIT MI(‘:k

Snce $Y st. ] E(p,t) <b>E(MEM"), therdfore (A (t)E Oltio))=Oc(ty) and
t, bl Y

(Adto) EO(t0))=Oxltry).

Snce M'=d(Mo,si), M"=d(Mo,s;) and $Y sit. é E(p,t) <b>E(M'EM"). This
t,biy

indicates a par of inconddent sequences Si=to, and S;=t;, possbly having

inconddent rules causng unnecessary IF conditions between the parent and child

object classes.

7.5. Completeness. Forward Case Proof

7.5.1.Unreachability

The problems of completeness aout a rule st containing incomplete rules applied
to the object hierarchy might involve unreechability in terms of mutudly exdusve
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casses indantiaion by some object indance. Tegting for the completeness generdly
requires exhaudtive search of the possble pathsin the SCCPNs.

For the following andlyss, we assume the collection of the god dtates be W, and any
god gate will betreated as a deadend in SCCPN.

Let the god statesthat arein question be GI W

Proposition 7.8. Iff the rue s& has incomplete rules that involve unreachability
applied to the object hierarchy, then " marking M, such that Mg=0 for pil GI W,

and" sjwhereM'=d(M,s]), M g =0.

Ca=z (I): Mutudly exdudve dasses (a rule with two or more IS-A condition
Satementsin its antecedent part).

Let E(F,) be the ac expresson function of the predicate ISA member of Object
ClassA ad
Let E(Fn) be the ac expresson function of the predicate ISA member of Object

ClassB.

In SCCPN representation, there should exists G={ tro,tr1} | Wsuch thet

Odt0)COLtr1) =/, Oltro)=Ox(tr1)=040),
CN)c('[ro)gcm)c(trl) =/ Oc(trO) :C)c(trl) :C)C(G) )

and

(EF ) E(F o)l E(Oc(tro) tro), (E(F o) E(F )l E(Oc(tra) k).
For t;o to beminimaly enabled, $(prk,Cex) St. the arc expression
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E(@c(tro),tr0)<(prk,Cck)>£M(prk) (Ddlnltlon 57)
Since the ISA predicate in E(O¢(t0),t0) cannot smultaneoudy bind with two vaues

(i,e. ISA member of Object Class A and ISA member of Object Class B),
therefore,

" sj whereM'=d(M,s]), M g, =0 for psd O(to).

Smilaty,

For t;1 to beminimaly encbled, $(prk,Cck) St. the arc expression

E(Oc(tr1) tr1)<(Pri,Cok) >EM (pric) (Definition 5.7)

Since the ISA predicate in E(O¢(tr1),t1) cannot smultaneoudy bind with two vaues

(i,e. ISA member of Object Class A and ISA member of Object Class B),
therefore,

" sj where M'=d(M,s ), M =0 for psd O(tr).

Thus for psd O«to), M«=0 for pid G W, and " sj where M'=d(M,s]), Mg, =0

implying incomplete rules goplied to the object hierarchy involving unreechability in
terms of mutudly exdusive dasses ingantiation by some object indance.

Cae(Il):  Mutudly exdusve dasseschans

Let E(F,) be the ac expresson function of the predicate ISA member of Object
ClassA and

Let E(F,) be the ac expresson function of the predicate ISA member of Object
ClassB.
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In SCCPN representetion, there should exists si=(try,tro,....t;) and s; =(tc,to) such
thet

ALCOLt) £ Adt)=O(to),

A (t)C Oc(tr A Ac(tc) :Oc(tro) )

Os(trm) )=O(tr(m+1)) for m=1,2,.....j-1,

Oc(tim) )=Oc(tr(m+1)) for m=1,2,....j-1,

Os(tro) :os(trj) . Oc(tro)zoc(trj) .

and

(EF ).E(F o)l E(Ocltro) tro), (E(F 2).E(F p))I E(Oclti) ty).

For tro to beminimally enabled, $(prk,Cck) St. the arc expression

E(O(tr0) tro)<(Prk,Cex)>EM (pric) (Definition 5.7)

Since the ISA predicate in E(O¢(tr0),t0) cannot smultaneoudy bind with two values

(e ISA membe of Obect Class A and ISA member of Object Class B),
therefore,

" s; where M'=d(M,s ), Mg, =0 for psd O(to).
Smilay,
For t; to beminimaly enabled, $(pr,Cck) St. the arc expresson

E(Oc(t) t)<(Prk.Cck)>EM(pyi) (Definition 5.7)
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Since the IS A predicate in E(éc(trj),trj) cannot Imultaneoudy bind with two vaues
(i,e. ISA member of Object Class A and ISA member of Object Class B),
therefore,

" s; where M'=d(M,s), M g =0 for pad O(t;).

Thus for pad Oto), M«=0 for pnd G W, and "'s; where M'=d(M,sj), M ¢ =0
implying incomplete chan of rules goplied to the object hieachy invalving
unreechability in tems of mutudly exdudve dasses indantiation by some object
ingtance.

7.6. Completeness. Conver se Case Proof

7.6.1.Unreachability

If " marking M, Mg=0 for p«T G W, and " s| where M'=d(M,s)), M ¢, =0, then the

rule set isincomplete.

Choose M that assarts the input states such that My=0 for any pd G W. Let any
sequence, s =(ty, to, ts ... tm) Where

Osftii)i Odtr(-1), fori=2, 3, ....m,

andlet M'=d(M,s ).

Since M, =0 for " s), therefore, @$s) st. pyi GI W. Thus px is not reacheble from
M.
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This is vdid for any making M that assats any input places Hence, G is not
reechable from any input date or any sequence of transactions This indicates that
the rule st is incomplete, possbly having problem of unreachability in the object
classes.

7.7. lllugration of the Formal Methodology usng the Personnd Sdection
Expert System

The Personnd Sdection Expert System described in Chapter 6 will be used here as
an illugraion of the formad methodology developed. The Sdection Sysem is
represented by a State Controlled Coloured Petri Net shown in Figure 6.2. The rules
ae labded R1 to R12. The inheritance relations are represented by T1 to T3. Sl to
S7 represent the predicates of these rules.

7.7.1. Subsumption

Ox(to)=As(t)
ﬂ:ﬁrﬂ}—ﬁc [ 1 ) t

1 ifpd Ot
:,{’|r-:ﬁ;|1;;‘,|j\ ck _% O Otha’VW$

Wi Oc(tr0)=0c,(trl)
Os(tro)zos(trl)

Stednit

Bifito. e
4

Iignd

E0 0}

\|,1 |f pcki Oc(trl)

! oK :} 0 otherwise
Adft)=0u(tr) i e
As(t C):Os(tr]) Snce E(t rO'Oc(trO))_E(trl’Oc(trl))’
thaéore (p rk,Cck)I:(prk,Cck)”
» Parent token A ’|\
o Child token
» State token

Figure 7.1. [llugtration of Subsumption
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To illudrate the application of our formad methodology, the net in Fgure 7.1 ae
representing the followings

E(Oc(to) tr0) = IF X is ajunior office saff AND X's quaity of service is Good AND
X's sEniority isHigh.

E(F) =X isajunior office gaff.

E(Oc(t:1) tr1) = IF X isadek AND X's qudlity of service is Good AND X's seniority
isHigh.

E(f) =X isadek.

tro Is Rule 1 which gates that IF X is a junior office gaff AND X's qudity of service
is Good AND X's seniority is High THEN X's promation is Yes t1 is Rule 2 which
daes tha IF X is a dek AND X's qudity of sarvice is Good AND X's seniority is

High THEN X's promationisYes.

(pro,Cco) Is a junior office daff token in Place Class A and with cdour (data vaue)
"qudity of sarviceis Good' is TRUE and "seniority isHigh'" isaso TRUE.

(pr1,cc1) is a derk token in Place Class A1 and with colour (data value) "qudlity of
sviceis Good" is TRUE and "sniority isHigh'" isadso TRUE.

s =finngof to, sj=firing of t.,t1.

(PrksCek)' = (Prk,Cek)" because the dot "promation” is this two tokens reveds that they
havethe samevdue i.e "YES'.
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Thus, for pul Og(to), M«=0, M, >0, M, >0, and for pud Oc(tro), Mck=0, M >0,

M ;k >0, and (Prk,Cek)'=(Prk,Cek)", implying incorrectnesswith si=(to), sj=(tc,t1).

7.7.2. Cydlicity

At Gl

AL UL 0 11 if pI Oftr)
M =1 .
4_‘ _ B 70 otherwise
“« = : "
\ / M?k_:,l if p<l O(tr)
_Y_ 10 otherwise
— t - L
/ i2 it pl O(t)
/ 1 1 ) ~ L
pa Mx=i1 if pl O(t)
®' 7% Statetoken {0 otherwise
T B ® Parent token
ATk _K(Ter ) 0 . N ) ~ L
RO o Child token 1 11 if pel Ov)

| 710 otherwise
Thusforpskl Oxt™), M « [O9>0, M « [OF>1,

implying incorrectness, withi=1, j=1,and  a=(tr1)

FHgure 7.2. lllugraion of Cydicity

In Figure 7.2, t;1 is Rule 12 which dates that IF X is a derk THEN X is a junior

office saff. This is a sdf-reference rule. The Marking MY, is 2 because there are two
date tokens deposited in the input place of tc after firing of Rule12.i.e

\|2 If py’l\ és(trl)
ML={1 if p. Oft)

} 0 otherwise

Thus for p« 1 Odt), ML [0>0, M [OJ>1, implying incorrectness, with i=1,
j=1, and a =(t1).
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7.7.3. Contradiction

Odto) =A(t)
Ou(rab=Mity)

e M 1 g {Of.),Ot.)}
IE - « 710 otherwise
E(Odt o) - E(F )=">N l
E(Odte) ) - EGf ) VoM 41 ifp.f Oft)
. Odt)=Odtn) v ck ‘}0 otherwise
It Quate=0nt 1 7
/ Ll i ] {O(t),Oft)}
M =t
o // % %0 otherwise
’I E(truOc(tro))= il if (o) Oft.)
Adt)=Qt, a =t ,
m(fw)—:cff(n,l.) @E2.0() k10 otherwise
Snce E(t,O(t )=cE(t, 0 (t.)), e Statetoken
(trO c( rO)) Q (t’l c(t’l)) o Parent token
therefore (R,,Cei) = ProCeil) s Child token

Fgure 7.3. lllugtration of Contradiction

tro is Rule 5 which dates thet IF X is a junior office gaff AND X's year of service is
greater then Five THEN X's seniority is High. t1 is Rule 4 which gates that IF X isa
clerk AND X'syear of sarviceis gregter than Five THEN X's seniority is Not High.

E(to,Oc(t0)) is Rule 5s attion part which dates that X's seniority is "HIGH" while
E(t1,Oc(t1)) is Rule 4's action part which states that X's seniority is"NOT HIGH".

Thus, for pud Odto), M«=0, M, >0, M, >0, and for pud Oc(to), Mek=0, M, >0,

M >0, and (pri,Cek)'=B(prk,Ce)”, implying inconsistency with si=(tro), Sj=(tc,tr1) in
the object classes.
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7.7.4. Unnecessary |F Condition

i1 if p {O(to),0(to)}

M§k=i .
10 otherwise
Al Ofto) L
A(L)] Qlto) ifp.] Q)
otherwise
T if pd {A(t),A(L)}
otherwise
(Alt)EOLt)=Qty) ifpd A(t)
CREOL L D=0 otherwise

+ Statetoken Since (Ac(tc)EOc(trO))ZOC(tfy) and (AS(E)E Oitro))zo;:(try)

¢ Parent token o g

o Child token thereforetry is enabled, thugY st. @ E(p.t) <b>E£ (M'EM")
(tojy

Figure 7.4. llludration of Unnecessary |F condition

tro IS Rule 6 which dates that IF X is a dek AND X's knowledge of work is Not
Good AND X's English is Not Good THEN X needs to atain traning course. ty is
Rule 7 which dates that IF X is a junior office gaff AND X needs b atan traning
course THEN X's experienceis Low.

Since (Ac(tc)E (")c(tro))z(hjc(try) ad (A s(tc)E Gs(ﬁ’o))zos(try) therefore try is enabled,

thus$Y st. Q E(p,t) <b>E(MEM").
(t,b)l Y

Thus, for pud (Adt)E O(tro)), Ms«=0, M >0, M ¢, >0, and for pud (Ac(t)E Ocltio)),

Ma=0, Mg>0, My >0, and $Y st § E(pt)<b>E(MEM"), implying
(t,b Y

incondgtent rules causng unnecessary IF conditions between the parent and child

object dlasseswith s=(t0) and sj=(tc).
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7.7.5. Unreachability

AL L = L0 1) L)

Oto) 0Lt 7 “r
el o) kA =3 -

N\
\,
\

; where M'=§(M i), M., =0 for psie Ot
L, atemam-ag |\ v 3(Maj), Mg Pske Ostrg)
=T ) Cf

| =itetilery /" siwhereM'=g(Msj), My =0for psq Og(tr)

L /
O(to) cOdt) ¢ -~
l':rlmafg-.l’hum—f‘. l// ; gaarteer&?[lc()?m
1T ). Céumd b= T 1 - o Child token

Hgure 7.5. Illugraion of Unreachability

Rule 8 in the Personnd Sdection Expert System could be represented ether by to or
tr1. E(F2) represents IF X is a derk and E(F p) represents IF X is ajunior office &ff,
therefore (E(F 2).E(F )l E(Oc(tio),tro), (E(F 2).E(F )l E(Oc(tr1),t). In either case, in
oder to fire Rule 8 both conditions should be sidied (e
E(Oc(tr0) tro)<(Pri,Cck)>EM(pri)). Since the IS-A predicate in E(Oc(tio),to) camnot
dmultaneocudy bind with two vdues (i.e IS-A cek AND ISA junior office g&ff),
therefore,

" s; where M'=d(M,s ), M g, =0 for psd O(to).
Smilay,
For t1 to beminimally enabled, $(prk,Cex) St. the arc expression

E(C)c(tr 1),tr1)<(Prk,Cck)>EM (Prk)
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Since the IS-A predicate in E(O(tr1),t1) canot Smultaneoudy bind with two vaues
(i.e. 1S-A clerk AND IS A junior office g&ff), therefore,

" s; where M'=d(M,s ), M g =0 for pad O(ti1).

Thus for ped Odto), M«=0 for pud Gi W, and " s; where M'=d(M,s]), Mg, =0
implying incomplete rules goplied to the object hierarchy involving unreachability in
terms of mutudly excdusve dassesingantiation by some object ingance.

7.8. SUmmary

A formd approach for the verification of Hybrid Expat Sysems is given.
Propogdtions are derived for checking the sequence of rule firings and properties
inheritance in the object hierarchy. Basad on the propeties of reachability and
colour tokens in the SCCPN, anomdies as defined in Chepter 5 can be formdly
located and detected in the modd of the hybrid knowledge base. This is done
exhaudivdy by minimdly inititing aty sequence of trandtions and dosdy
examining the reachability makings a each trandtion. The teding of any
occurrence of dternative markings, multiple coloured tokens, deadlocks and the like
leed to the sysem being verified in the end. Ladly, The Personnd Sdection Expert
Sysem described in Chapter 6 is used as an illudration of the forma methodology
developed.
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CHAPTER 8. COMPLEXITY ANALYS SOF SCCPN
METHODOLOGY

8.1. Introduction

Moddling and veifying an Expert Sygem, in paticular, its knowledge base is a
complex process. The extent of that complexity has some readily identifidble cogs
For ingance, in a more complex system, we can aticipae a much longer time for
testing the knowledge base, hence, a rdatively high maintenance and management
cod for the sysem. In addition, it is likdy that the qudity of the system is a function
of this complexity. Such a problem is complicated further due to the weskness in
human performance on complex inference tasks. As a result of these cost and qudlity
Issues, it is important thet the complexity of any methodology developed which
purports for moddling and verifying the behaviour of a sysem can be measured 0
that determinants of that complexity can be monitored and managed through further
invedigetions or 0. Complexity is desribed by (Bundy, A. 1997) a "the
measurement of some agpect of the complexity of the current Problem State in a
search problem. For indance, the depth of a god is the length of the path from the
current god to the origin of the Search Space. Complexity measures are sometimes
associated with the labes of nodes in a search space, especidly when thee are
logicd expressons describing the current god, eg. the depth of function nesting of
an expresson is the maximum amount of nesting in the functions in it. The gze of
an expression is the number of symboals in it. These symbols can dso be weighted
and the weights totdled". According to (Someren, M., 1997), many problems can be
represented as an initid date, a god date and a set of operators that define
operations to go to new dates from a given date. The Sates that can be reached from
the initid gate by goplying the rules in al possble ways define the dae gpace The
problem is then to reach the god date from theinitid Sate.
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The citeria of interest for modd evdudion indude adequacy of representation,
ability of the representation scheme to recognize problems correctly, the ability to
formulate an dgorithm to detect the errors, and the efficiency of the dgorithms.

8.2. Measuring Complexity

There is subgantid reason to suggest that the underlying dructure of the knowledge
base is a mgor component of complexity (OLeary, D. E., 1991). In fact, the st of
components in an Expet Sysem (i.e user inteface, database interface, inference
engine and knowledge base) dlows for the same st of interfaces and inferences to
be usd in many different gtuations Thus, complexity of the methodology for
moddling Expet Sysems comes from condructing and processng the knowledge
base. One of the primary vehides from which the dructurd nature of a component
of knowledge can be assessed is network theory, dternatively referred to as graph
theory. The State Controlled Coloured Petri Nets (SCCPNs) modd has adapted well
founded mathematicd net theory with a number of extensons Conseguently it can
provide a measure of the complexity of the process that involves a trandformation of
aHybrid Expert System into a SCCPN network.

The dructurd complexity of a knowledge base in a HES refers to the extent to
which interaction between production rules within the object-hierarchy makes the
process of representing the knowledge complex. This depends on a number of
factors that could be determined as follows:

8.2.1. The number of Object-Classesin the Frame Hierarchy

The number of object dasses and ther hierarchicd rdaionships characterizes the
gze of the Frame hierarchy. Quite a few object dasses with a large number of rules
atached to them will generae a veification task of comparable complexity to
another employing a large number of object dasses with smdler number of rules. In
addition, dthough it is undesrable to introduce ambiguity to the knowledge base as
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a reallt of any exiging indeterminate rules, an intention to patition these rules in
order to determine ther individud possble effects may honor such practice. This
however, will inevitably incresse the complexity of the modd transformation.

8.2.2. The Sze of the Rule Set and their Connectivity

Connectivity among rules atempts to evauate the rdatedness which conditutes the
rule chans and search paths This connectivity is in some manner reflected by the
abllity to crege patitioned substs of the rules which ae rdaivey but not
completely digoint. The SCCPN is subjected to gregter effort of verification in the
cae of higher degrees of interconnection in the rule set atached to one particular
object classfamily (i.e. Father, Son and grandson).

The number of rules increases, the number of possble interactions between rules
increases exponentidly (Chen, Z. & Suen, CY., 1994), the complexity of the
potentid meatches for each pettern in a rule increases and the number of possble
combinations of factors required for testing the patterns increases exponentialy.

8.2.3. The Depth of Reasoning Structure

The depth of the reasoning dructue is characterized by the length of inference
chans in the HES. This determines the scope of the verification task. Longer chans
introduce more trangtions, increase the computation effort for reechability in the
representation, and makes the checking of SCCPN network a more complex task.

8.2.4. The nature of Semantic Information
The semantic information utilized by the veification procedures reaes to the
number of mutudly exdusive sats of input facts atached to individud object token

that goven the firing of the trandtion. Lager sets of such may impar the
performance of the dgorithms On the other hand, semantic information required to
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be pasd over for any trandtion firing and operation may incur overheeds for the
veificaion process. The andyss could be further complicated when commonsense
reesoning induding determinigtic, probabiligic and dochedic  edimates  of
individud gtuations ae teken into condderaion. An extendve andyss that covers
al of these gtuations, however, & beyond the scope of this research. Consequently,
dtention is limited to cases which are deterministic and gpplied to wdl defined sets
of input object tokens.

8.3. Complexity Analysis

The complexity of veifying the anomdies in knowledge base, in the context of this
theds, is defined to include the effort to trandform the rules and object hierarchy into
trandtions, to derive the reachability tree, to check the markings and the token
colours for error examination.

8.3.1. Trandformation of Rulesand Object hierarchy to SCCPN

Let the Rule-based pat of the HES have k rules, each with u conditions and v
actions. It is required to create predicate trangtions to maich rules. There can be a
maximum of k(ut+v) predicate places representing 2k(u+v) possble colour tokens
(depicted by the presence of the object token and the state token), and k+c predicate
trandtions representing rules where ¢ is the extra number of trandtions crested as a
result of possble indeterminate rules in the HES. It is noted that ¢ = 0, if there exids
none of this type of rule explictly in the rule set. However, rules of this nature may
exig impliatly in the knowledge bese presating inte-related properties of
redundancy and subsumption.

Let the Frame-based pat of the HES have m object classes. There can be a
maximum of m object dass places and 2m possble colour tokens (depicted by the
presence of the object token and the state token), and (M 1) inheritance trangtions.
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The trangtion sequence, s, will be represented by a nvector where n is the number
of trangtions (predicate as well as inheritance) in the SCCPN. n is derived through
the transformation by

n=(k+c) + (m1)

Let 2p dencte the number of token facts with 2p £ 2k(u+v) + 2m. The totd number
of gorage places, S, for the computation, therefore, will be

S=2p+n

Each dorage place will have a colour type, which was defined by the object dass
type. (i.e. each object dass type will have different dot numbers, dot Sze, etc and
therefore require a different data type for storage).

More gorage places will be needed if any additiond trangtions and operations are
included for the SCCPN smulaion.

8.3.2. Derivation of Occurrence Graph

The basic idea behind Occurrence Grgphs is to condruct a graph which has a node
for each reechable marking and an ac for each occurring binding dement.
Obvioudy, such a grgoh may become very large, even for smadl SCCPNs. They may
grow exponentidly with regpect to the number of independent processess (i.e if a
sygem has n independent processes each of which can be in m daes the full
Occurrence Graphs (state space) have Ml nodes (states)). However, recent research
(Li, X. e d. 1993; Christensen, S. & Petrucci, L., 1995; Kemper, P. 1996;
Kondratyev, A. et at, 1996) has been taken to dlow for a patid examination of a
subportion of the reachability graph, therefore reduce the efforts in deriving possble
solutions. The main idea of the above methods is to apply the concept of dudering /
patition to the andyss of the Occurrence Grgphs. Large sysgems (such as HES)
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may condst of a set of modules. Loca Properties of each module can be checked
separady, before checking the vdidity of the entire sysem, hence reducing the
complexity of the date space of the entire sysem. (eg. A SCCPN may be divided
fomdly into a s&t of sub-nets, each sub-net is cdled a module, and peforms
independent analyss). Other techniques (Jensen, K., 1995) for limiting the Sze of
the Occurrence Graphs include (1) Occurrence Grgphs with Equivadence Classes, (2)
Occurrence  Graphs with Symmeries; (3) Pace Invariants and (4) Trangtion
Invariants

However, the devdopment of the patition dgorithms theories of sub-net andyss
and reduction methodologies for Occurrence Graphs are beyond the scope of this
ressarch, therefore, we concentrate our andyss by adequady initigtion of the
seguence of trangtions and dosdy examining the reachability markings in the full
Occurrence Graphs.

We propose the following dgorithm for generating the (Occurrence Graph)
reechability set of a SCCPN asfollows:

Reachability Set = { Mo}, where Mpistheinitid marking
Reachability Graph ={}
UnfiredMarkingList = [Mg]
repest
sdect some marking M in the UnfiredMiarkingList
for each trandtiont whichisenabled a M
do begin
generate marking M’ which results from
firngt aaM
if M" isnot an dement of ReachabilitySet
then
begin
add M' to ReechabilitySet
append M' to UnfiredMarkingL it
end
add arc (M, T,M") to ReachabilityGraph
end
until UnfiredMarkingLigt is empty
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In mogt automaied SCCPN gmulaions the firs dement of the UnfiredMarkingList
isaways sdlected, and S0 the reachakiility graph is produced in breadth-first order.

In verifying the HES agand the problems of correctness condgency, and
completeness, we use an attomated computer ad for the generdtion of the
reechability set. The SCCPN is initidized by placing tokens in the place and sgting
the vaues of data vaiables. The operation of the net can be invedigated by the
program ether in a gep by sep manner or in an automatic mode. The badc idea is

asfollows

Let Matrix D represent a node with Marking My for the (predicate + inheritance)
states and control dtates, respectively. The matrix is m rows (one for each token
place) and by n columns (one for each trangtion). E.g. Given the following SCCPN
(cf.Figure5.1)

Parent Class Rule 1

)

== | Nheritance State C

f Rule 2

Child Class

e Statetoken
e Parent token
¢ Child token

Figure 8.1. SCCPN for the generation of D

<

The Matrix D of the SCCPN in Figure 8.1 is
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Tokens

From other node(s) | Parent Class (1* State token) To other node(s)
— | ChildClass (1* Satetoken) —»
State C (1* Parent token)

(1* Child toker)

D represents a node of marking, and the content of this marking is described by the
text inscription of the node D can be linked to other nodes and each link will
represent the occurrence of a binding dement, and the content of this binding
element is described by the text attached to the corresponding arc. Detection of any
form of eror in the SCCPN will reguire the generaion of a reachability tree for
dose examindion. All makings tha are reechable from a given making will need
to be stored for examination.

8.3.3. Heurigtic Search Method of Occurrence Graph for Particular Marking

The checking of the irregularities and anomdies in HES requires exhaudivey or
heuridicdly an adequae initigtion of the sequence of trandtions and dosdy
examining the reachability markings. The problems can be located through the trace
of the sequence of trangtions which may provide dternaive or multiple marking
effects. Therefore, some guided search drategy is necessty for reducing the
computationd complexity. It is essentid thet if we are to invedigate whether a given
making is reechable from an initid marking, we have to condruct the reachability
tree, but the complete condruction and exhaudive seerch are not efficent methods
in generd. Knowledge of the gtructure of the SCCPN can be used to limit the seerch
of the reachability tree and heurigtics can be used to reduce the search space. We
purposed the follow heurigic based on the concept of dudering (Mehrotra, M.,
1991).
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Put the Start Node [Mo] inaligt cdled HIS

If HISisempty, exit with failure ELSE continue

Sdect theleftmogt marking M inHIS

For each trangtion t which is engbled & M, cdculate the digance metric of
al the enabled trandtions usng the formula

Ca SR A

Total no.of literalsinruleri and antecedentof r;
Na.of overlapping literalsinruleri and antecedentof r;

where D(r;,1;) isthe distance metric

5. generae a priority lig of trandtions with increesng disance (i.e the top
trangtionswill have the highest score)

6. generae making M" which reaults from firing the trandtions which have the
minima disancein the digance metric

7. dosdy examine the reachebility makings in M’ for detecion of anomdlies
using the Propositions 7.1 to 7.8.

8. If M'isnot an dement in HIS then add M' to HIS, add arc (M t,M") to HIS

9. Goto Step 4

10. Until no trangtion isencbled in M

D(ri,rj) =

Usng the digance mdrix as the evduation function, the search dgorithm for a
paticuar marking changed from breadth-fird search to heurigic search. Rules with
higher scores are having larger changes of anomdies and therefore should be
checked fird. Using the above dgorithm should reduce the time to seerch through
the occurrence grgph for location of erors and anomdies, neverthdess an
exhaudively search shdl 4ill have to be done in order to guarantee an aror free
knowledge base.

8.4. Comparative Performance of the Breadth-first search and Heuristic search

algorithmsfor Occurrence Graphs Analyss

We will use the Personnel Sdlection Expet System described in Chapter 6 as an
illustration of the comparative performance of the breedth-fird and heuristic search
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agorithms for Occurrence Graphs Andysis. In breadth-first seerch drategy, the root
node is expanded fird, then dl the nodes generated by the root node are expanded
next, and then their successors. Breadth-first search is a sysematic drategy, the time
and memory it takes to complete a search depends on the branching factor of these
daes. For example, if the root of the search tree generates n nodes a the fird levd,
esch of which generates n more nodes, for a tota of 1§ a the second level. Each of
these generates N more nodes a the third level, yidding i nodes a the third leve,
and 0 on. In Occurrence Graphs, since the branching factor is not congtant, and it
ds dlows for many-to-many reaionship among the reachable nodes, therefore, we
have to rdy on computer tool such as DESIGN/CPN to generate the Occurrence
Grgphs for searching of a paticular marking. Usng the heurigic search dgorithm
proposad in section 8.3, we based on the distance metric to guide the generation of
next reechable marking. Since we have tweve rules in this Personnd Sdection
Expert System, the distance metric D(ri, 1;) isasfallows

Il RI| RR| RSB M| RR|RE|R/|R3| R |RIO R | R12

RL | - 721 82| 6/0]6/1|70[6/1]6/1|60 51 50]|51
R2 | 72 | - 83|6/0|6/1]|71|6/0|6/1|6/0]|50 51|51
R3 | 82 | 82 70 | 7/1 | 81| 7/0| 71| 70|60 61|61

R4 | 6/0 | 6/0 | 7/1 51| 6/1| 50|51 5040 41|41

R5 | 6/0]|6/0]| 70| 51 6/0 | 51| 51| 50 | 41 4/0 | 41

R6 | 7/0 | 7/1 | 8/1 | 6/1 | 6/0 6/0 | 6/1 | 6/0 | 50 51|51

R7r | 61|60]|70[50|51|61]| - 51| 51|41 407 41

R8 | 6/1|6/1| 71| 51|51|6/1]|51 50 | 41 4/1 | 4/2

RO|6/0|6/0]| 70| 50|50 6/1]|51] 50 4/0 4/0 | 4/0

RIO| 51 [ 50 [ 6/0 | 40 | 41 | 50 | 4/1 | 4/1 | 4/0 30 | 31

RI1| 50 | 50 | 6/0 | 40 | 40 | 50 | 4/0 | 40| 40 | 3/1 - 3/0

RI2| 50| 51| 6/1 4140|651 40| 41| 40|30 31| -

Table 8.1. The Digance Matrix of Rule 1 to Rule 12
The above Table 8.1. can be dmplified to Table 82. by taking out dl the vaue
which is divided by zero (i.e no rdaionship identified). Note that when caculaing
the Digance Matrix, we do not include the inheritance trangtions it is because this
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inheritance trandtions will dways have a higher priority (compare with rules) for
firing. (i.e. for the identification of possble anomdies among object dasss)

TRI | RZ | RB|RA [R5 | R6 | R/ | R8 | RO [RI0 RIL | RI2
j
RI| - 35| 4 | - | 6| - | 66 - 5
R |35 - |27 - [ 6 | 7] -6 -]- 55
RB| 4 (27| - | - | 78 -7 -1- 66
RE| - |- 7 - 156 -5 -1- 424
RE| - |- -15]-]-]15]|5] -4 -2
Re| - | 7| 86 --1]-16]-1- 55
R 6 -1 -1-15]6]-5]|54 -2
RE| 6 | 6| 7|5 5|65 - I 4| 2
R - - -1-1-165]-1-1- ~-1-
RO 5| - | -1|- 4 - 144 -]- ~-13
RIL| - | - | - | - -1 -1-1-7- -
R2| - | 5| 6| 4 | - T4 | - 3

Table 8.2. The Find Digance Matrix of Rule 1 to Rule 12

Therefore, when we refer to the Occurrence Grgphs described in Chapter 6, the
effort for searching anomdies are

8.4.1. Subsumption Case | (c.f. Figure 6.3b)

For breadth-firs search, the number of nodes generaled ae sx, and the effort
required for searching the problem node is equd to the tota number of comparisons
and subdtitutions times the number of Seps for each comparison and subdtitution.
(i.e. 15630 = 4,410 (c.f. Chapter 6.3.4.1.1))

For heurigtic search, the search sequenceis asfollows:

Giving an intid making of Mo (i.e a junior office daff token depodted in input

place Class A, ad this token's dot "qudity of service is Good" is TRUE and this
token's dot "seniority is High" is dso TRUE.) There are two enabled transactions

184




which ae R1 and T1, given that inheritance trangtion dways has a higher priority
then rules, therefore, T1 is fired which generate marking M1. There are two enabled
trangtions in M1 which ae R1 and R2, the digance between this two rules ae
D(RLR2) = 35 and D(R2R1) = 35. Since ther distances are the same, we can
abitrary teke R1 to fire which generates marking M4. In M4, there is only one
trandtion being enabled which is R2, dfter firing this trangtion, we have the marking
M5. Since M5 is our god, therefore, the totd number of computation required is
3*630 = 1,890 which has a 57.15% reduction of efforts compared with the breadth
firgt search.

8.4.2. Subsumption Case 1 (c.f. Figure 6.4b)

For breadth-firsd search, the number of nodes generaled ae sx, and the effort
required for searching the problem node is equd to the totad number of comparisons
and subditutions times the number of steps for each comparison and subtitution.
(i.e. 9630 = 5,670 (c.f. Chapter 6.3.4.1.2.))

For heurigtic search, the seerch sequenceis asfollows:

Giving an intid making of Mo (i.e a junior office daff token depodted in input
place Class A, and this token's dot "qudity of service is Good' is TRUE, dot
"seniority is High" is TRUE and dot "locd dtizen® is dso TRUE) There ae two
endbled transactions which are R1 and T1, given that inheritance trangtion aways
has a higher priority then rules therefore, T1 is fired which generae marking M1
There are three enabled trangtions in M1 which ae R1, R2 and R3, the digance
between this three rules ae D(R1L,R2) = 35, D(R1L,R3) = 4, D(R2R1) = 35,
D(R2R3) = 27, D(R3R1) = 4 and D(R3R2) =2.7. Since the minima digance is
between R3 and R2, therefore, we may chose either R3 or R2 to be fired, and this
generates the marking M3. In M3, there is only one trandtion being enabled which is
R1, after firing this trandtion, we have the marking M5. Snce M5 is our god,
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therefore, the total number of computation required is 3*630 = 1,890 which has a
67% reduction of efforts compared with the breedth-first seerch.

84.3. Cydicity (c.f. Figure 6.5b)

For breadth-fird search, the number of nodes generaied are fifteen, and the effort
required for searching the problem node is equd to the total number of comparisons
and subditutions times the number of deps for each comparison and subdtitution.
(i.e. 29*630 = 18,270 (c.f. Chapter 6.3.4.1.2))

For heurigtic search, the search sequenceis asfollows:

Giving an intid making of Mo (i.e a junior office gaff token depodted in input
place Class A). There are two enabled transactions which are RO and T1, given that
inheritance trangtion dways has a higher priority then rules therefore, T1 is fired
which generate marking M1. There are two enabled trangtions in M1 which are R12
and R10, the digance between this two rules are D(R10,R12) = Nil and D(R12,R10)
= 3. Therefore, we will fire R12 which generates marking M3. Since M3 is our god,
therefore, the totd number of computation required is 2630 = 1,260 which has a
93% reduction of efforts compared with the breedth-first seerch.

8.4.4. Contradiction (c.f. Figure 6.6b)

For breadth-firg search, the number of nodes generated are sx, and the effort
required for searching the problem node is equd to the tota number of comparisons
and subditutions times the number of seps for each comparison and substitution.

(i.e. 7630 = 4,410 (c.f. Chapter 6.3.4.2.1.))

For heurigtic search, the search sequenceis asfollows:

186



Giving an intid making of Mo (i.e a junior office aff token depodted in input
place Class A, this token's dot "Year of ®vice greaer than Five years' is TRUE).
There are two enabled transactions which are R5 and T1, given that inheritance
trandtion aways has a higher priority then rules therefore, T1 is fired which
generate marking M1. There are two enabled trangtions in M1 which are R4 and R5,
the distance between this two rules are D(R4,R5) = 5 and D(R5,R4) = 5. Since their
digances are the same, we can arbitrary take R4 to fire which generates marking
M3. In M3, there is only one trangtion being enabled which is R5, dter firing this
trangtion, we have the making M5. Snce M5 is our god, therefore the totd
number of computation required is 3*630 = 1,890 which has a 57.15% reduction of
efforts compared with the breadth-first seerch.

8.4.5. Unnecessary |F Condition (c.f. Figure 6.7b)

For breadth-fird search, the number of nodes generated are three, and the effort
required for searching the problem node is equd to the total number of comparisons
and subditutions times the number of seps for each comparison and subdtitution.
(i.e. 2630 = 1,260 (c.f. Chapter 6.3.4.2.2.))

For heurigtic search, the seerch sequenceis asfallows:

Giving an intid making of Mo (i.e a junior office gaff token depodted in input
place Class A, this token's dot "knowledge of work is Not Good" is TRUE and dot
"English is Not Good" is dso TRUE). There is only one trandtion being endbled
which is T1, ater T1 is fired that will generate marking M1. There is only one
endbled trandtion in M1 which is R6, therefore, there is no need to compare the
digance with other rules After firing R6, it will which generate marking M2. Since
M2 is our god, therefore, the totd number of computation required is 2¥630 =
1,260. In this case, the effort required is the same compared with the lreadth-firg
search.
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8.4.6. Unreachahility Case| (c.f. Figure 6.8b)

For breadth-fira search, the number of nodes generated are two, and the effort
required for searching the problem node is equd to the total number of comparisons
and subditutions times the number of deps for each comparison and subditution.
(i.e. 1*630 = 630 (c.f. Chapter 6.3.4.3.1.))

For heurigtic search, the seerch sequenceis asfollows:

Giving an intid making of Mo (i.e a junior office gaff token depodted in input
place Class A). There is only one trangtion being endbled which is T1, dter T1 is
fired tha will genarate marking M1. Snce M1 is our god, therefore the totd
number of computation required is 1¥*630 = 630. In this case, the effort required is
the same compared with the breadth-first search.

84.7. Unreachability Case | (c.f. Figure 6.9b)

For breadth-fird search, the number of nodes generaied ae five, and the effort
required for searching the problem node is equd to the total number of comparisons
and subditutions times the number of steps for each comparison and subditution.
(i.e. 6630 = 3,780 (c.f. Chapter 6.3.4.3.1.))

For heurigtic search, the search sequenceis asfollows:

Giving an intid making of Mo (i.e a junior office Saff token deposted in input
place Class A). There is only two trangtions being enabled which are T1 and T2,
gnce they are both inheritance trangtions we may abitrary take T1 for firing and
this generates marking M1. There are two trangtion being endbled in M1, which are
R6 and T2, giving inheritance trandtion has a higher priority than rules, we chose T2
to be fired, and this will generate marking M4. There is only one trangtion enabled
in M4 which is R6, and dter firing R6, this will generate marking M3. Since M3 is

188



our god, therefore, the tota number of computation required is 3*630 = 1,890. In
this case, the effort saved is 50% compared with the breedth-first search.

Based on the above cdculations we can condude that the average number of
computation steps saved when usng the heurisic seerch dgorithm is (57.15% +
67% + 93% + 57.15% + 0% + 0% + 50%) / 7 = 46.33% as compared with the
breadth-first search.

85 Summary

The andyss would not be complete without some form of performance andyss of
the SCCPN modd. It should be highlighted thet the complexity issue of the SCCPN
depends on a number of issues. These include the number of Object-Classes in the
Frane Hierarchy; the d9ze of the Rule St and ther Connectivity; the Depth of
Reasoning Structure and the nature of Semantic Information; Trandformation  of
Rules and Object hierarchy to SCCPN and Derivetion of Occurrence Gragph. Among
these issues, the date space complexity of generation of the full Occurrence Grgph is
the mogt important pat because a smdl SCCPN may generde a very lage
Occurrence Grgph with exponential growth of nodes and arcs Fortunately, recent
reseerch has been taken to dlow for a patid examination of a subportion of the
reechability graph, therefore reduce the efforts in deriving possble solutions. In the
context of searching a paticula marking in the SCCPN, we have deveoped a
heuridic search dgorithm which based on the concepts of rule dudering. The
dgorithm will shorten the time to search through an Occurrence Grgph for location
of erors and anomdies. Ladly, we used the Personnd Sdection Expert Sysem
destribed in Chepter 6 as an illudration of the comparative performance of the
breadth-fira and heurigtic search dgorithms for Occurrence Graphs Andyss

189



CHAPTER 9. POTENTIAL FOR EXTENSION AND
CONCLUSION

9.1. Introduction

This is the final chapter of the thess. We would like to spend some effort here to
provide an assessment of the proposed State Controlled Coloured Petri Nets
(SCCPNs) model and the methodology for supporting the description and
veification of Hybrid Expet Sysems. A discusson on the limitations of the
goproach and an invedtigation into potentiad opportunities for future research are
given.

9.2. An Assessment of SCCPN M ethodology

This research set out to provide a dynamic and a date by State andyss of a
Hybrid Expet Sysem in order to verify its correctness, consstency and
completeness in a defined domain space. It recognized the importance and a need
to search for a means of representing knowledge and its gructure syntacticaly
and semanticdly that could support and automate the processes involved in
verification. With the development of the SCCPN modd we have been able to
dmulate the effects of possble chaned inference in an object hierarchy
integrated with production rules, and consderably expand the scope of

veification.

Severa congraints were introduced to smplify the verification process. Fird, the
veificaion of RuleFrame-based Expert Systems concentrates on the problems
introduced by the inheritance mechanism within the object hierarchy. As a result
of this inheritance, various forms of errors and anomdies exist which caled for
attention. The SCCPN methodology a present is designed for tackling this set of
problems. Attention was not put on other hybrid aspects dthough SCCPN has the
potential to describe more complicated sructures, such as those mentioned in
Chapter 3, e.g. rules with demons and rules with methods.
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Secondly, a specia feature of introducing State tokens to represent the states of a
predicate is not only to increase the expressve power of the modd, but aso to
dlow the use of its colours as a necessary basis for verifying the knowledge base.
This characteristic together with the colours of the object tokens are used to trap
more subtle versons of anomdies, particulaly contradiction and deadend.
SCCPN that supports the independent use of input and output constraints and
operations permit efficient detection of a wider set of problems ad it is ussful in
locating possible errors in the knowledge base.

In order to dlow for greater goplicability to a variety of hybridizing mechanism,
(how different types of rules are atached to the object hierarchy), a st of
schemes was provided in Chapter 5, so that dl production rules had to be
transformed into the gppropriate specific SCCPN format. Rules that involved
digunction of conditions or actions needed to be decomposed into a number of
dternative rules. This condrant requires that some effort be expanded in
converting a rule st to the sandard form before any verification should be
attempted.

Additionl mgor features gpecific to this ressarch ae the capability of
performing constant maintenance of the predicate states as well as the sot vaues
of the object class ingtances. The former is achieved by the introduction of a sdf-
loop atached to an individud input place Its dgnificance includes an
opportunity to update the date of the predicate. The latter is done by evauating
the corresponding arc expresson functions, which provide the basis for dynamic
verificaion of the knowledge base.

It has been shown to be possble that al anomdies extensively outline in Chapter
7 were detectable usng the SCCPN methodology. This might require exhaudtive
testing of the knowledge and involve a certain degree of complexity. As such, we
recognize the importance of deveoping a formd mode in that it dlows
delineation between semarntics, the property being proved, and the actud proof
itsdf. A number of propostions were therefore derived from the principle of
reachability markings, which provide a formd bass to give some guarantee of
the vaidity of the verification process.
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9.3. Limitation of the Resear ch

This research has a number of limitations. The most serious one relates to the
completeness of the knowledge representation. Besdes smple production rules
and frames dructures, there are other kinds of knowledge which need explicit
scheme for their description and representation. E.g. Common Sense, Knowledge
about how to learn from experience, Uncertainty reasoning, Non-monotonic
reesoning, etc. These kinds of knowledge ae high level knowledge whose
representation are not yet precisely defined and formalized. Should they be better
represented by some means other than the production rule and smple frame
gructures? If these were the case, it would be conceptualy different and beyond
the present format of SCCPN that could handle otherwise.

Furthermore, the taxonomy of anomalies so defined might not be appropriate to
cover dl forms of verification problem that could arise in the knowledge base
should the knowledge be represented using different paradigms. Extra st of
principles and criteria would have to be defined to identify any possble
anomdies in other schemes such as  Abduction; Case-Based Reasoning;
Circumscription;  Default  Logic; Fuzzy Logic; Non-monotonic  Reasoning;
Tempora Systems and the like.

Another mgor limitation of usng SCCPN is the dae space complexity of the
Occurrence Graphs. Obvioudy, such a graph may become very large, even for
snadl SCCPNs. They may grow exponentidly with respect to the number of
independent processes. Although recent research (Li, X. et a., 1993; Christensen,
S. & Perucci, L., 1995; Kemper, P. 1996; Kondratyev, A. et a, 1996) has been
taken to dlow for a patid examination of a subportion of the reachability graph,
therefore reduce the efforts in deriving possble solutions, the development of the
patition agorithms, theories of sub-net analyss and reduction methodologies for

Occurrence Graphs are beyond the scope of this research.

9.4. Future Research
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For Expert Systems technology to gain wider acceptance, the ability to integrate
it with other forms of information technology and development methods, is
necessary. Every limitation of an Expet System presents opportunities for
further research. Hence we would like to highlight some of the potentid of the
present SCCPN modd a a conceptud leve, that is worthy for future

development and research.

9.4.1. Extenson of Methodology for Moddling Hybrid Expet Sysems with
Uncertainty

Imprecison plays an important role in many Expet Sysem agpplications. It is
involved in a variety of agpplicaions that are very important and potentidly life
saving. Mogt of the more difficult problems for which experts are avalable have
a high amount of imprecison associated with them. In knowledge abstraction,
uncertainty might be present because of noise in observation and incompleteness
of knowledge. Thus so-caled approximate, inexact, plausble reasoning methods
ae drongly needed in knowledge enginering. The ability to represent and
reason about information with uncertainty is dependent upon the form and detall
of the condructs of this information. A number of numerica approaches had
been proposad in the literature (Baldwin, J. F., 1985; Buckley, J. J. et d., 1986;
Grzymda-Busse, 1991; Durkin, J.,, 1994). These approaches are based on various
kinds of theoretica cdculi such as Bayesan inference, Dempster-Shafer's Belief
theory or Zadeh's Fuzzy Set Theory. The congruction of Expert Sysem and
other intdligent computer systems require a <sophisticated mechanism  for
representing and reasoning with uncertain information. The verification of these
Expat Sysgems with Uncertainty involves invedigation of suitable messures for
consgency, correctness and completeness of "uncertain” propostions. Ordinary
and high level Petri Nets have been proposed (Chen, S. M., et d. 1990; Looney,
C. G, 1994; Scarpelli, H. & Gomide, F., 1994b; Yeung, D. S. & Tsang, E. C. C,,
1994; Can, T., & Sanderson, A. C., 1995) as knowledge representation
formalisms where structurd and behavioural properties of the net can be usad to
prove properties of the system being moddled or to verify the knowledge base
integrity. These approaches consst of usng the structural properties of the high
level Petri Nets mode representing a Fuzzy knowledge base to verify the
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necessary conditions for the existence of potentid conflicts. However, dl these
techniques only work with Rule-based Expert Systems (i.e. Rules with certainty
factors, Fuzzy Rules, Rules with probabilities atachments). Research into how a
hybrid approach of knowledge representation will affect these "uncertan'
representations of information is necessary for future enhancement of Expert
Sysem technology. This requires an extenson of the current definitions of

SCCPNs to cover these "uncertain” cases.

9.4.2. Extenson of Methodology for Moddling Hybrid Expert Systems with
Temporal Properties

In recent years, the increasing need for reasoning about time in various areas of
atificd inteligence applications (Allen, J. F., 1983; Berthomieu, B. & Diaz, M.,
1991; Yao, Y., 1994) requires models that can handle both quditative and
quantitative tempord information. These tempord quditative reaions indicated
how two propostions related to each other in a specific time interva. (eg. Tom
goes to schoal either by Train (Propostion 1 (P1)) OR by Bus (P2). Once he
arrives at the school, he either has breskfast (P3) AND read newspaper (P4) OR
goes to the classoom (P5) OR plays tennis with Peter (P6)..etc). Given such
tempord information, we want to verify the sysem's consstency, (eg. Does the
proposition P holds at certain time t? Is it possble that both tempora propostion
P and Q hold a certain timet?)

Representing these concurrent, tempora relationships in Hybrid Expert Systems
will definitely be another area of future research.

9.4.3. Extendon of Methodology for Moddling Hybrid Expert Systems with
Case-Based Systems

Access to a lage menta library of past cases is what it digtinguishes mogt
experts from non-experts, particularly in subjects where there are no fundamenta
models. Expertise in those subjects is agpplied, and evolves, by generdization
from cases or by discovery of regularities and links between cases. Any

computing scheme that accommodates cases should therefore make it as easy as

14



possble to create, maintan and apply cases. Obvioudy, the vdidation and
verificaion of these Case-based Systems are never less important that the
traditiond rule based Expet Sysems. In Case-Based Expert Systems, Cases
typicaly are represented usng Frames, this indicates that verification approaches
for Case-based dructures could exploit the frame dtructure. In addition, these
sysems add solved cases to their case library, and previous solutions become
pat of ther experience. This is a critica difference from Rule-based system
where the knowledge is in the forms of production rules and are usudly datic.
Errors and anomdies in a Case-Based Expert Sysem (O'Leary, D. E. 1993) may
include (1) Misgpdling or usng different names for the same Case object
(attributes); (2) Duplicate Cases, (3) Missing Cases dtributes, (4) Cydlic
inheritance of Cases; (5) Conflictsin casesand (6) Problems in matching Cases.

Application of our SCCPN methodology to cope with Hybrid Expert Systems
that involves case-based reasoning seems another interesting research topic for

the future work.

9.44. Extendon of Methodology for Moddling Hybrid Expet Sysems with
Conventiona Software Systems

Many red world applications are nether purdy conventiond nor purey
knowledge based. A beneficid consequence of extending our SCCPN mode to
cover conventiona software systems verification is that it will be able to tackle
problems from some lage-scae hybrid sysems (Preece, A. D. 1995)
(Conventional and Expert Sysems integration). These may include (1) the
problems of hybridizing the procedurd and declarative problem solving
paradigm. (2) the integration of object-oriented programming method with rules.
(3) other forms of hybridization namely: Blackboard reasoning, default-based

approaches, non-monotonic reasoning, and the like.

9.5. Summary

An assessment of the proposed SCCPN methodology is given, it is followed by a
discusson on the limitations of the gpproach. Ladly, the potentid for future
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rescarch are suggested, these include (1) Extenson of Methodology for
Moddling Hybrid Expet Sysems with Uncertainty; (2) Extenson of
Methodology for Modeling Hybrid Expet Systems with Tempord Properties,
(3) Extenson of Methodology for Moddling Hybrid Expert Sysems with Case-
Based Systems, and (4) Extensdon of Methodology for Modelling Hybrid Expert
Systems with Conventiond Software Systems.

196



REFERENCE

Abbott, R. J., 1987

Agawd, R. &
Tanniru, M., 1992

Aikins, J. S, 1993

Ali, S. S, 1993

Allen, J. F., 1983

Antoniou, G. &

Sperschneider, V.,

1995

Ayd, M. & Vignoll«t,

L., 1994

Baasg, S., 1988

Baldwin, J. F., 1985

Barthes, J. P. A., 1994

Abbott, R. J, Knowledge Abstraction. Protocol
Analysis, published by MIT Press, Cambridge, MA,
1987.

Agawd, R. and Tanniru, M., "A Petri Net Based
Approach for Verifying the integrity of Production
sysgems” International Journal of Man-Machine
Sudies, Vol. 36, pp. 447-468, 1992.

Aikins, J S, "Prototypicd Knowledge for Expert
Sysdems. a retrospective andyss'. In Bobrow D.G.
(Ed.) Artificial Intelligence. Vol. 59, pp. 207-211,
Elsevier, Amgterdam, 1993.

Ali, S S, "Node Subsumption in a Propostiond
Semantic  Network with  Structured  Variables” in
Proceedings of the 6" Australia Joint Conference on Al,
pp. 255-260, 1993.

Allen, J F., "Mantaning Knowledge &bout tempora
intervas” Communications of ACM, Val. 26, No. 11,
pp. 832-843, 1983.

Antoniou, G. and Sperschneider, V., "On the
Veification of Modular Logicd Knowledge Bases™
Expert Systems with Applications, Vol. 8, No. 3, pp.
351-357, 1995.

Ayd, Mac and Vignollet, Laurence, "SYCOJET and
SACCO, Two tools for Verifying Expet Sysems”
International Journal of Intelligent Systems, Vol. 9, pp.
357-382, 1994.

Baase, S., Computer Algorithms published by Addisor+
Wesley Company, 2" Edition, 1988.

Bddwin, J F, "Fuzzy Sets and Expet Sysems’
Information Science, Val. 36, pp. 123-156.

Bathes, J P. A., "Deveoping integrated object
environments for  building large knowledge-based

R-1



Beauvieux, A., 1990

Becker, L. et d., 1994

Berthomieu, B. &
Diaz, M., 1991

Billington, J. &
Reisg, W., 1996
Bogus, P., 1991

Bose, R., 1994

Brachman, R. J. &
Levesque, H. J. (Eds),
1985

Brown, D. E. &
Pomykalski, J., 1991

sysems” Int. J. Human Computer Studies, Vol. 41, pp.
33-58, 1994.

Beawvieux, A., "A Generd Condgency Checking and
Resoring Engine for Knowledge Basss'. In
Proceedings of the 9th European Conference on
Artificial Intelligence, Stockholm, Sweden, 1990.

Becker, L., Duckworth, J and Laznovsky, A.
"Automated Test Generation and Evaudtion for Red-
Time Expet Sysgems" International Journal of
Intelligent Systems Vol. 9, pp. 659-682, 1994.
Berthomieu, B. and Diaz, M. "Moddling and
veification of time dependent sysems usng time Petri
Nets" IEEE Transactions on Software Engineering,
Vol. 17, No. 3, pp. 259-273, 1991.

Billington, J. and Reidg, W., Application and Theory of
Petri Nets 1996, published by Springer-Verlag, 1996.
Bogus, P., "Some problems of Frame-based Systems
Inconsgtency,” in Proceedings of IFIP WG5.4/IFAC
Workshop on Dependability of Al Systems (Daisy-91),
pp. 135-140, 1991.

Bose, R.,, "Strategy for integrating object-oriented and
logic programming,” Knowledge-Based Systems, Val. 7,
No. 2, pp. 66-74, 1994.

Brachman, R. J. and Levesque, H. J. (Eds), Readings in
Knowledge Representation, published by M. Kaufmann
Publishers, 1985.

Brown, D. E. and Pomykaski, J, "Rdiability estimation
during prototyping of knowledge-based systems”
Inditwte for Padld  Computation, School  of
Engineering and Applied Sdence, Universty  of
Virginia Charlottesville, VA, Januay 11, pp. 1-23,
1991.

R-2



Broy, M., 1991

Buchanan, B. &
Feigenbaum, E., 1978

Buckley, J. J. et d.,
1986

Bundy, A., 1997

Canamero, D. et dl.,
1995

Cao, T., & Sanderson,

A. C,, 1995

Cardenosa, J., 1995

Catsing, J., 1991

Chang,C.L.etd.,
1990

Broy, Manfred, "Methodological Objectives for Forma
Description Techniques” In J. Quemada, & Vazquez,
M.E., (Eds), Formal Description Techniques Ill, pp. 1-
16, 1991.

Buchanan, B. and Feigenbaum, E., "DENDRAL and
Metae DENDRAL:  Their
Artificial Intelligence, Vol. 11, 1978.

Buckley, J. J, Sler, W. and Tucker, D., "A Fuzzy
Expert System,” Fuzzy Sets and Systems, Vol. 20, pp. 1-
16, 1986.

Bundy, Alan, Artificial Intelligence Techniques, ed. by
Bundy, A., 4" Edition, Springer Verlag, p. 43, 1997.
Canamero, D., Geldof, S. and Mcintyre, A., "Coupling
Modeling and Vdidation in COMMET," Expert Systems
with Applications, Val. 8, No. 3, pp. 359-369, 1995.

Cao, T. and Sanderson, A. C., "Task Sequence Planning
Usng Fuzzy Petri Nets" |EEE Transactions on Systems,
Man, and Cybernetics, Vol. 25, No. 5, pp. 755-768,
1995.

Cardenosa, J, "VALID: An Environment for Vdidation
of KBS," Expert Systems with Applications, Vol. 8, No.
3, pp. 323-331, 1995.

Cadtaing, J, "A New Formdization of Subsumption in
Frame-Based Representation Systems,” in Proceedings
Knowledge

Applications  Dimengon,”

of International  Conference  on
Representation — (KR'91), pp. 78-88, 1991.
Chang, C. L., Combs, J. B. and Stachowitz, R. A., "A
Report on the Expet Sysems Vdidaion Associae
(EVA)". Experts Systems with Applications, Vol. 1, No.

3, pp. 219-230, 1990.

R-3



Charles, E., 1991

Chen, A.P.etd.,
1992

Chen,S. M, et dl.
1990

Chen, Z. & Suen, C.
Y., 1994

Chouraqui, E. &
Dugerdil, P., 1988

Chrigensen, S. &
Petrucci, L., 1995

Coenen, F. & Bench-
Capon, T., 1993.
Coenen, F., 1995

Charles, E.,, "Checking Knowledge Bases for
Inconagencies and other Anomdies’. In  Workshop
Notes from the Ninth National Conference in Artificial
AAAI-91, Knowledge-Based Systems
Veification, Vdidaion and Teding, 17 July, Anahem
CA, 1991.

Chen, A. P, Hsu, Sheng-Hsurng and Tan, G. L. H,,
"Uang Fuzzy Peti Net in Rule-Based Knowledge
Management,” in Proceeding of 4" International HK
Computer Society Database Workshop, pp.77-93, 1992.
Chen, S. M., Ke, J. S. and Chang, J. F., "Knowledge
Representation Nets'. |EEE
Transaction on Knowledge and Data Engineering, Vol.
2, No. 3, pp. 311-319, 1990.

Chen, Z. and Suen, C. Y., "Measuring the Complexity of
Rue-Based Expet Sysem,” Expert Systems with
Applications, Vol. 7, No. 4, pp. 467-481, 1994.
Chouragqui, E. and Dugerdil, P,

Intelligence,

Usng Fuzzy Peiri

"Conflict solving in a
frame-like multiple inheritance system,” in Proceedings
of the 8" European Conference on A.l., pp. 226-231,
1988.

Christensen, S. and Petrucci, L., "Modular State Space
Anaysis of Coloured Petri Nets'"
Michelis, ad Michd Diaz (Eds), Application and
Theory of Petri Nets 1995, pp. 201-217, 1995.

Coenen, F. and Bench-Capon, T. Maintenance of
Knowledge-based Systems Academic Press, 1993.
Coenen, F., "Advanced binay encoded matrix
representation for rule base verification,” Knowledge-
Based Systems Val. 8, No. 4, pp. 201-210, 1995.

In Giorgio De

R4



Cragen, B. J. &
Steudd, H. J,, 1987

Cragen,D. et d,
1993

Craw, S. & Seeman,
D., 1995

Craw, S., 1996

Cuda, T. V. & Dolan,

C. P, 1991

Culbert, C. 1994

deKleer, J,, 1986

DeMichdis, G. &
DizaM., 1995

Dori, D. & Tatcher,
E., 1994

Cragen, B. J and Steudd, H. J "A Decison Table
Based Processor for Checking Completeness and
Condgency in Rule-Based  Expet  Sysems'.
International Journal of Man-Machine Sudies, Val. 26,
pp. 633-648, 1987.

Craigen, D., Gerhart, S. and Ragton, T., "On the use of
formad methods in indudry - an authoritative assessment
of the efficacy, utility and applicability of formd
methods to sysems desgn and engineering by the
andyds of red indudrid cases” Report to the US
National Institute of Standards and Technology, March,
1993.

Craw, S. & Seeman, D., "Refinement in Response to
Vdidation,” Expert Systems with Applications, Val. 8,
No. 3, pp. 343-349, 1995.

Craw, Susan, "Refinement Complements Verification
and Vdidation," Int. J. Human-Computer Sudies, Val.
44, pp. 245-256, 1996.

Cuda, T. V. and Doan, C. P, "Automating the
Refinement of Knowledge-Based Systems'.
Proceedings ECAI-90, Stockholm, August 6-10, pp.
167-172, 1991.

Culbert Chris, "NASA MMU-FDIR Sygem," Lyndon
B. Johnson Space Centre. USA, 1994.

de Kleer, J "An AssumptionBased TMS'. Artificial
Intelligence 28, pp. 127-162, 1986.

De Michdis, G. and Diza M., (Eds), Application and
Theory of Petri Nets 1995, published by Springer-
Verlag, 1995.

Dori, D. and Tatcher, E., Sdective multiple inheritance.
|IEEE Software. Vol. 11. No. 3, pp. 77-85, 1994.

R-5



Duchesd, P. &

O'Keefe, R. M., 1995

Durkin, J., 1994

Bvertsz, R. & Motta,
E., 1991

Evertsz, R., 1991

Feigenbaum, E. A,
1982

Fikes, R. & Kehler,
T., 1985

French, S. W. &
Hamilton, D., 1994

Gamble, R. F. &
Baughman D. M.,
1996

Gamble, R. F. et d.,
1994

Duchess, P. and O'Keefe, R. M., "Understanding Expert
Sysems Success and Failure” Expert Systems with
Applications, Val. 9, No. 2, pp. 123-133, 1995.

Durkin, J, Expert Systems: Design and Development.
Published by Macmillan Publishing Company, 1994.

Evertsz, R. and Motta, E., "The Abdgract Interpretation
of Hybrid Rule/Frame-based Systems™ In Ardizzone, E.
Gaglio, S. & Sorbdlo F. (eds) Trends in artificial
intelligence : 2nd Congress of the Italian Association
for Artificial Intelligence, Al/IA, Pdermo, Italy, October
29-31, 1991, published by Springer-Verlag, 1991.

Evetsz, R. "The Automaed Andyss of Rule-based
Sysems Based on ther Procedurad Semantics'. In
Proceedings of the 12th International Joint Conference
on Artificial Intelligence. Sydney, Austraia, 1991.
Feigenbaum, Edward A, Knowledge Engineering in the
1980's, Dept of Computer Science, Stanford Universty,
Stanford CA, 1982.

Fikes R. and Kehler, T., "The role of Frame-Based
Representation in Reasoning,” Communications of the
ACM, Val. 28, No. 9, pp.904-920, September, 1985.
French, S. W. and Hamilton, D., "A Comprehensve
Framework for Knowledge-Base Veification and
Vadlidation". International
Systems Val. 9, pp. 809-837, 1994.

Gamble, R. F. and Baughman D. M., "A methodology to
incorporate forma methods in hybrid KBS verification”.
International Journal of Human Computer Sudies. Vol.
44, pp. 213-244, 1996.

Gamble, R. F., Roman G., Bdl W. E. and Cunningham
H. C., "Applying Formd Verification Methods to Rule-
Based Programs'. of Expert
Systems Vol. 7, No. 3, pp. 203-239, 1994.

Journal of Intelligent

International Journal

R-6



Gessman, J R. &
Schultz R. D., 1988

Ginsberg, A., 1988

Gold, D. I. & Plarnt,
R.T., 1994

Graham, J. A. et d.,
1993

Grzymda-Busse,

1991

Gupta, U. G., 1991

Gupta, U. G., 1993

Hors, P. & Russet, M.
C., 1995

Huen, H. S. M., 1993

Gessman, J R and Schultz R. D., "Veificaion and
Vdidation of Expert Systems™ Al Expert, Vol. 3, No. 2
Feb., pp. 26-33, 1988.

Ginsberg, A. "Knowledge-base reduction: A new
approach to checking knowledge bases for inconsstency
and redundancy,” In Proc. 7" National Conference on
Artificial Intelligence (AAAI-88), Vol. 2. pp. 585-589,
1988.

Gold, D. I. and Plant, R. T., "Towards the Forma
Specification of an OPS5 Production System
Architecture” International Journal of Intelligent
Systems, Vol. 9, pp. 739-768, 1994.

Graham, J. A., Drakeford, A. C. T. and Turner, C. D.,
"The veificaion, vdidaion and teding of object
oriented sysems," British Telecom Technology Journal,
Voal. 11, No. 3, pp. 79-88, 1993.

Grzymda-Busse, Managing Uncertainty in Expert
Systems, Kluwer Academic Publishers, 1991.

Gupta, U. G., Validating and Verifying Knowledge-
based Systems |EEE Computer Society Press. 1991
Gupta U.G, "Vdidation and Veificaion of
Knowledge-based Systems: A Survey'. Journal of
Applied Intelligence Vol. 3, pp. 343-363, 1993.

Hors, P. and Russet, M. C., "Consstency of Structured
Knowledge: A Forma Framework Based on Description
Logics" Expert Systems with Applications, Vol. 8, No.
3, pp. 371-380, 1995.

Huen, H. S. M., "A Prototype Decison Support System
for Assessng The Clams for Promotion of Clericd
Officers in the Hong Kong Civil Saviceg'. M.
Dissertation, Depatment of Computing, Hong Kong
Polytechnic University, 1993.

R-7



Jacob, R. J. K. &
Forscher, J. N., 1991

Jang, H. C., 1995

Jensen, K., 1995

Jensen, K., 1996

Jensen, K., 1997

Kanddin, N. A. &
O'Leary, D. E., 1995

Kang,B.H. etd.,
1996

Kemper, P., 1996

Kondratyev, A. et al.,
1996

Jacob, R. J K. and Forscher, J N. "A Software
enginering methodology for rule-base systems'. |EEE
Transactions on Knowledge and Data Engineering, Vol.
2. No. 2, pp. 173-189, 1991.

Jang, H. C., "A Deveopment Framework and
Veification  Methodologies for  Knowledge-Based
Systems” International  Journal on  Artificial

Intelligence Tools, Vol. 4, Nos. (1&2), pp. 219-256,
1995.

Jensen, K., Coloured Petri
Analysis Methods and Practical Use. Vol. 2. Springer-
Verlag, 1995.

Jensen, K., Coloured Petri
Analysis Methods and Practical Use. Vol. 1. 2" Ed.
Springer-Verlag, 1996.

Jensen, K., Coloured Petri
Analysis Methods and Practical Use. Vol. 3. Springer-
Verlag, 1997.

Kanddin, N. A. and OLeary, D. E., "Veification of
Object-Oriented Sysems.  Domain-Dependent  and
Domain Independent Approaches,” J. Systems Software,
Voal. 29, pp. 261-269, 1995.

Kang, B. H., Gamettaqy W. and Compton, P,
"Veification and Vdidaion with ripple down rules”
Int. J. Human Computer Studies, Vol. 44, pp. 257- 269,
1996.

Kemper, P., "Reachability Andyss Based on Structured
Representations,” In  Jonathan Billington and Wolfgang
Reisg (Eds), Application and Theory of Petri Nets
1996, pp. 269-288, 1996.

Kondratyev, A., Kishinevsky, M., Taubin, A. and Ten,
S., "A Structurd Approach for the Analysis of Petri Nets
by Reduced Unfoldings" In Jonathan Billington and

Nets:. Basic Concepts,

Nets: Basic Concepts,

Nets:. Basic Concepts,

R-8



Lata L. M. etd.,
1994

Lata L.M.etd.,
1995

Landauer, C., 1990

Laurent J. P. & Ayd,
M., 1989

Lee J K.etd., 1991

Lee, K.M. & Lee
Kwang, H., 1995

Lee, S. & O'Keefe, R.

M., 1993

Lee, S. & O'Keefe, R.

M., 1994

Wolfgang Reisg (Eds), Application and Theory of Petri
Nets 1996, pp. 346-365, 1996.

Laita, L. M., Couto, J., de Ledesma, L. and Margarit A.
F., "A Formad Modd for Knowledge-Based Systems
Verification,"
Systems, Vol. 9, pp. 769-786, 1994.

Lata, L. M., Ramirez, B., de Ledesma, L. and Riscos,
A, "A Fomd Modd for Veification of Dynamic
Consstency of KBSs" Computers and Mathematics
Applications, Val. 29, No. 5, pp. 81-96, 1995.

Landauer, C. "Correctness Principles for Rule-Based
Expert Systems'. Expert Systems with Applications, Vol.
1, No. 3, pp. 291-317, 1990.

Laurent J. P. and Ayd, M. "Off-line coherence checking
for knowledge based sysems” in 1JCAI-89 Workshop
Proceedings on Verification, Validation and Testing of
Knowledge-Based Systems Detroit, 1989.

Lee J K., Yeung, D. S, Mizoguchi R. and Narasmhalu
D. Operational Expert System Applications in the Far
East, Published by Pergamon Press, 1991.

International Journal of Intelligent

Lee, K. M. and Lee-Kwang, H., "Fuzzy Information
Processng for Expert Systems” International Journal
of Uncertainty,
Systems, Val. 3, No. 1, pp. 93-109, 1995.

Lee, S. and O'Keefe, R. M., "Subsumption Anomdies in
Hybrid Knowledge Bases'.
Expert Systems. Val. 6, No. 3, 299-320, 1993.

Lee, S. and OKeefe, R. M., "Developing a Strategy for
Expet Sydem Vaeification and Vdidaion," |IEEE
Transactions on System, Man and Cybernetics, Val. 24,
No. 4, pp. 643-655, 1994.

Fuzziness and Knowledge-Based

International Journal of

R-9



Li, X. etd., 1993

Liebowitz, J., 1991

Lin,C. etd., 1993

Liu, N. K. & Dillon,
T.S., 1995

Liu, N. K., 1991

Liu, N. K., 1993

Liu, N. K., 1996

Li, X., La, R. and Dillon, T. S. "A New Decomposition
Method to Relieve the State Space Explosion Problem’.
In Proceedings of the 5th International Conference on
Computing and Information, Sudbury, Ontario, Canada,
pp. 150-154, 1993.

Liebowitz, J. Operational Expert System Applications in
the United States, Published by Pergamon Press, 1991.
Lin, C., Chaudhury, A., Whington, A. B. and Marinescu,
D. C, "Logica Inference of Horn Clauses in Petri Net
Modeds" |IEEE Transactions on Knowledge and Data
Engineering, Vol. 5, No. 3, pp. 416-425, 1993.

Liu, N. K., and Dillon, T. S,, "Forma Description and
Veification of Production Systems” International
Journal of Intelligent Systems Vol. 10, pp. 399-442,
1995.

Liu, N. K., "Forma Desription and Veification of
Expat Sysems'. Ph.D. dissertation, Department of
Computer Science and Computer Engineering, School
of Mathematicd and Information Sciences, La Trobe
Universty, Bundoora, Victoria, Australia, 1991.

Liu, N. K., "Forma Description Technique for the
veification of fuzzy knowledge base redundancy and
subsumption”. In IEEE Proceedings of the 1st New
Zealand International Conference on Artificial Neural
Networks and Expert Systems, Dunedin, New Zedand,
November, pp. 142-145, 1993.

Liu, N. K., "Formd Veification of Some Potentid
Contradictions in Knowledge Base Using a High Levd
Net Approach,” Applied Intelligence 6, pp. 325-343,
1996.

R-10



Liu, N.K. & Dillon,
T.S, 1991

Loiseau, S. &
Rousset, M. C., 1993

Loiseau, S., 1994

Long, J. A. & Nedle,
.M., 1993

Looney, C. G., 1988

Looney, C. G., 1994

Lounis, H., 1995

Lucss, P. & Van Der
Gaag, L., 1991
Lunardhi, A.D. &
Passino, K. M., 1995

Liu, N. K. and Dillon, T. S. "An Approach Towards the
Veificaion of Expet Sysgems Usng Numericd Petri
Nets'. International Journal of Intelligent Systems Val.
6, pp. 255-276, 1991.

Loiseau, S. and Rousst, M. C., "Formd Verification of
Knowledge Bases Focused on Conggtency: Two
Experiments Based on ATMS Techniques,” Inter national
Journa of Expert Systems, Vol. 6, No. 3, pp. 273-298,
1993.

Loiseau, S, "A method for checking and restoring the
condgency of knowledge bases™ Int.
Computer Studies, Val. 40, pp. 425-442, 1994.

Long, J. A. and Nede, I. M., "Usng Paper Modéls in
Vdiddion, Veification & Teding"
Journal of Expert Systems Vol. 6, No. 3, pp. 383-400,
1993.

Looney, C. G. "Fuzzy Petri

J. Human

International

Nets for Rule-Based
Decisonmeking,” |EEE Transactions on Systems, Man
and Cybernetics, Vol. 18, No. 1, pp. 178-183, 1988.
Looney, C. G., "Fuzzy Peiri Nets and Applications”
Fuzzy Reasoning in Information, Decision and Control
Systems, Kluwer Academic, pp. 511-527, 1994.

Lounis, H., "Knowledge-Based Systems Veification: A
Machine Learning-Based Approach,” Expert Systems
with Applications, Val. 8, No. 3, pp. 381-389, 1995.
Lucas, Peter and Van Der Gaag, Linda, Principle of
Expert systems, published by Addison Wedey 1991.
Lunardhi, A. D. and Passno, K. M., "Veification of
Quditative Properties of Rule-Based Expert Systems”
Applied Artificial Intelligence, Vol. 9. Pp. 587-621,
1995.

R-11



Marsan, M. A., 1993

Matsumoto, K. et al.,
1991

Mehrotra, M. & Wild,
C., 1995

Mehrotra, M., 1991

Meseguer, P. &
Verdaguer, A., 1993

Meseguer, P., 1990

Meseguer, P., 1994

Mordl, L. J., 1988

Murata, T., 1991

Marsan, M. A., (Eds), Application and Theory of Petri
Nets 1993, published by Springer-Verlag, 1993.
Matsumoto, K., Takano, T. and Sakaguchi, T., "A
Dynamic Veification Method for Knowledge-Based
Sysems” In Proceedings IFIP WG 54/IFAC Workshop
on Dependability of Al Systems (DASY-91), Vienna,
Austria, 27-29, May, 1991.

Mehrotray, M. and Wild, C., "Andyzing Knowledge-
Bassd Sygems with  Multiviewpoint  Clustering
Andyds" J. Systems Software, Vol. 29, pp. 235-249,
1995.

Mehrotra, M., "Rule groupings a software engineering
approach towards verification of expert sysems’. NASA
Contractor Report 4372, Washington, DC, 1991.
Meseguer, P. and Verdaguer, A., "Veification of Multi-
Levd Rule-Based Expet Systems
Practice)" International Journal of Expert Systems Vol.
6, No. 2, pp. 163-192, 1993.

Meseguer, Pedro, "A new method to Checking Rule
bases for Inconsstency: A Petri

Theory and

Net Approach,” in
Proceedings of ECAI-90, 9" European Conference on
Artificial Intelligence, pp. 437-442, 1990.

"The VALID Proect: God,
Development, and Results" International Journal of
Intelligent Systems Vol. 9, pp. 867-892, 1994.

Mordl, L. J, Metaknowledge in the
Veification of Knowledge-based  Sysems” in
Proceedings of 1% Int. Conference of Industrial
Engineering Application of Al & ES pp.847-857, 1988.
Murata, T., "A Petri Net Modd for Reasoning in the

Presence  of

Meseguer  Pedro,

"Use of

Inconsstency,” |IEEE Transactions on
Knowledge and Data Engineering, Vol. 3, No. 3, pp.

281-292, 1991.

R-12



Murrdl, S. & Plant,
R., 1995

Murrel, S. & Plant,

R., 1996

Nazareth, D. L. &
Kennedy, M. H., 1993

Nazareth, D. L., 1993

Newell, A., 1990

NguyenT. A, etd.,
1985

NguyenT. A, etd.,
1987

OKeefe, R.E. &
O'Leary, D. E., 1993

OLeary,D.E. &
Pincus, K. V., 1993

O'Leary, D. E., 1988

Murrdl, S. and Pant, R,, "Forma Semantics for Rule-
Based Systems” J. Systems Software, Vol. 29, pp. 251-
259, 1995.

Murrdl, S and Pant, R, "On the Vdidaion and
Veification of Production Sysems. a grgph reduction
approach’. International Journal of Human Computer
Sudies. Vol. 44, pp. 127-144, 1996.

Nazareth, D. L. and Kennedy, M. H., "Knowledge-
Based Sysem Veification, Vdidation, and Tesing: The
Evolution of a Discipling” International Journal of
Expert Systems, Vol. 6, No. 2, pp. 143-162, 1993.
Nazareth, D. L., 'Investigating the Applicability of Petri
Nets for Rule-Based System Verification". |EEE
Transactions on Knowledge and Data Engineering. Vol.
4, No. 3, pp. 402-415, 1993.

Newdl, A., Unified Theories of Cognition, published by
Harvard University Press, 1990.

Nguyen, T. A., Perkins, W. A., Laffey, T. J. and Pecora,
D. "Checking an expeat sysem knowledge base for
consstency and completeness’. In Proceedings of the
Oth International Joint Conference on Artificial
Intelligence, Los Angeles, CA. 1985.

Nguyen T. A., Perkins, W. A., Laffey, T. J. and Pecora,
D. 1987, "Knowledge base verificaion," Al magazine,
Voal. 8. No. 2, pp. 69-75, 1987.

OKeefe, R. E. and OLeary, D. E., "Expet System
Veification and Vdidation: A survey and tutorid”.
Artificial Intelligence Review. Val. 7, pp. 3-42, 1993.
O'Leary, D. E. and Pincus, K. V., "Modds of Consensus
for Vdidation of Expet Sysems" International Journal
of Expert Systems Vol. 6, No. 2, pp. 237-249, 1993.
OlLeary, D. E., "Mehods of Vdidaing Expert
Sysems'. Interfaces Vol. 18. No.6, pp. 72-79, 1988.

R-13



O'Leary, D. E,, 1991

O'Leary, D. E., 1993

O'Leary, D. E., 1994

O'Leary, D. E., 1995

O'Leary, D. E., 1996

ONed, M. B. &
Edwards, Jr. W. R,
1994

Prakash, G. R. &
Mahabala, H. N.,
1993

Preece, A.D. &
Shinghd, R., 1991a

Oleay, D. E, 1991, "Messuring and Managing
Complexity in Knowledge-Based Systems. A Network
and Mahematicd Programming Approach.” In Brown,
D.E. and White, C.C. (Eds), Operations Research and
Artificial Intelligence: The Integration of Problem-
Solving Strategies, 1991.

OlLeary, D. E., "Veification and Vdidation of Case
Based Systems,” Expert Systems with Applications, Vol.
6, pp. 57-66, 1993.

OlLeary, D. E, "Towad a Theory of Verification and
Vdidation:  Artifects”  International  Journal  of
Intelligent Systems Vol. 9, pp. 853-866, 1994.

OLeay Danid E., "The impact of semantic ambiguity
on Bayesan weights," European Journal of Operational
Research, Vol. 84, pp. 163-169, 1995.

OlLeary, D. E., "The reationship between errors and
dze in knowledge-based systems” Int. J. Human
Computer Studies, Vol. 44, pp. 171-185, 1996.

ONed, M. B. and Edwards, J. W. R., "Complexity
Measures for Rule-Based Programs” IEEE Transactions
on Knowledge and Data Engineering, Vol. 6, No. 5, pp.
669-680, 1994.

Prakash, G. R. and Mahabala, H. N., "SVEPOA: A Tool
to Aid Veification and Vaidation of OPS5-based Al
Applications” International Journal of Expert Systems
Voal. 6, No. 2, pp. 193-236, 1993.

Preece, A. D. and Shinghd, R., "COVER: A Practicd
Tool for Veifying Rule-Based Systems'. Knowledge-
Based Systems Verification, Validation and Testing,
Workshop Notes from the 9" Nationd Conference on
Artifidd intdligence, AAAI-91, Anaheim CA, 17 July,
1991.

R-14



Preece, A.D. &
Shinghdl, R., 1991b

Preece, A. D., 1989

Preece, A. D., 1991

Preece, A. D., 1995

Preece, A.D., et d.,
1996

Prerau, D. S, et d.,
1993

Reimer, U. & Schek,
H. J, 1989

Renard, F. X. et d.,
1993

Preece, A. D. and Shinghd, R. "DARC: A Procedure for
Veifying Rule-Based Sysems'. In Expert Systems
World Congress Proceedings, Liebowitz, J. (ed) Val. 2,
Pergamon Press, pp. 971-979, 1991.

Preece, A. D., "Verificaion of rule-based expert systems
in wide domans” in Research and Development in
Expert Systems VI (Proc. Expert Systems 89), N.
Shadbolt, Ed., Cambridge University Press, pp. 66-77,
1989.

Preece, A. D. "Practicd issues in specifying expert
sysems,” Intelligent Systems Review, Vol. 2, No.3/4, pp.
3-26,1991.

Preece, A. D. "Toward a Qudity Assessment
Framework for Knowledge-Based Systems” Systems
Software, No. 29, pp. 219-234, 1995.

Preece, A. D., Grossner, C. and Radhakrishnan, T.,
"Vdidding dynamic properties of rule-based systems”
Int. Journal Human-Computer Studies, Vol. 44, pp. 145-
169, 1996.

Prerau, D. S, Papp, W. L. Bhanagar, R. and
Weintraub, M., "Veification and Vdidation of Expert
Sysems.  Experience with Four Diverse Sysems'”
International Journal of Expert Systems Voal. 6, No. 2,
pp. 251-269, 1993.

Reimer, U. and Schek, H. J, "A frame-based knowledge
its mapping to nesed
relations” Data & Knowledge Engineering, Vol. 4, pp.
321-352, 1989.
Renad, F. X,
"Knowledge Veification in Expet Sysems Combining
Procedura Representations,”
Computers & Chemical Engineering, Vol. 17, No. 11,
pp. 1067-1090, 1993.

representation  model  and

Sterling, L. and Broslow, C,

Declarative and

R-15



Rouge, A. et d., 1995

Rousset, M. C., 1988

Rus=l, S. & Norvig,
P., 1995

Scarpdli, H. &
Gomide, F., 1994a

Scarpdli, H. &
Gomide, F., 1994b

Shiu, S.C.K. etdl,
(to appear)

Shiy, S.C.K. etdl.,
1995a

Rouge, A., Lapicque, J. Y., Brosser, F. and Lozinguez,
Y. "Vdidation and Veificaion of KADS Data and
Domain Knowledge" Expert Systems with Applications,
Vol. 8, No. 3, pp. 333-341, 1995.

Rousset, M. C., "On the condgtency of knowledge
basess The COVADIS sysem,” Computation
Intelligence, Val. 4, pp. 166-170, 1988.

Russl, S. and Norvig, P., Artificial Intelligence: A
Modern Approach, Prentice Hall, 1995.

Scarpdlli, H. and Gomide, F., "A high level net approach
for discovering potentid  inconsgtencies  in fuzzy
knowledge bases," Fuzzy Sets and Systems Vol. 64 pp.
175-193, 1994.

Scarpdli, H. and Gomide, F., "Congstency Checking
based on High levd fuzzy petri nets" in Proceedings of
3'Y | EEE conference on Fuzzy Systems, Vol. 3. pp. 1957-
1962, 1994.

Shiy, S. C. K., Liu, J. N. K. and Yeung, D. S, "Formd
Dexcription and Veification of Hybrid Rule/Frame-
based Expert Systems,” to appear in Expert Systems with
Applications.

Shiu, S C. K, Liu, J N. K. and Yeung, D. S,
"Moddling Hybrid Rule/Frame-based Expert Systems
Usng Coloured Petri Nets'. In Proceedings of 8th
International Conference on Industrial and Engineering
Applications of Al and ES Mebourne, Audtrdia, pp.
525-532, 1995.

R-16



Shiu, S.C. K. etd.,
1995b

Shiu, S.C. K. etd.,
1996a

Shiu, S.C. K. etd.,
1996b

Shiu, S.C. K. etd.,
1997

Shortliffe, E. H., 1976

Someren, M., 1997.

Sowa, J. F., 1984

Srinivasan, P. &

Shiu, S. C. K., Liu, J N. K. and Yeung, D. S, "An
Approach Towards the Veificaion of Hybrid
Rule/Frame-based Expert Systems using Coloured Petri
Nets'. In Proceedings of 1995 IEEE International
Conference on System Man and Cybernetics.
Vancouver, pp. 2257-2262, 1995.

Shiu, S. C. K., Liu, J N. K. and Yeung, D. S, "An
Approach Towards the Veification of Fuzzy Hybrid
Rule/Frame-based Expert Systems using Coloured Petri
Nets'. In Proceedings of ECAI-96 Workshop in
Validation, Verification and Refinement of KBS.
Budapest, pp. 105-113, 1996.

Shiu, S C. K, Liu, J N. K. and Yeung, D. S,
"Detection of Anomdies of Hybrid Rule/Frame-based
Expet Sysems Usng Coloured Petri Nets" Audrdian
Journd of Inteligent Information Processng Sysems,
Vol. 3, No. 3, pp. 59-76, Spring, 1996.

Shiy, S. C. K., Liu, J. N. K. and Yeung, D. S, "Formd
Veification of the Correctness in  Hybrid Expert
Systems” In Proceedings of The First International
Conference on Conventional and Knowledge-Based
Intelligent Electronic Systems KES 97, 21st - 23rd
May, 1997, Addade, Audrdia, Vol. 2, pp. 419-428,
1997.

Shortliffe, E. H.,  Computer-Based  Medical
Consultations: MYCIN, New York: Elsevier, 1976.
Someren, Maaten van, Artificial  Intelligence
Techniques, ed. by Bundy, A., 4™ Edition, Springer
Verlag, p. 262, 1997.

Sowa, J. F., Conceptual Structures. Information
Processing in Mind and Machine, published by
Addison-Wed ey Publishing Company, 1984.

Stinivasan, P. and Gracanin, D., "Approximae

R-17



Gracanin, D., 1993

Stachowitz, R. A. &
Chang, C. L., 1988
Stachowitz, R. A. &
Combs, J. B., 1987
Suen,C. Y. &

Chinghd, R., 1991

Suwa, M. et al., 1982

Taylor, R. N., 1984

Terano, T., 1994

Twine, S., 1989

Uma, G. & Prasad, B.

E., 1993

Vaette, R., 1994

Vdiente, G., 1993

Reasoning with Fuzzy Petri Nets" in Proceedings |EEE
International Conference on Fuzzy Systems CA, USA,
pp. 396-401, 1993.

Stachowitz, R. A. and Chang, C. L. "Veification and
Vdidaion of Expert Sysems'. Tutorial note at AAAI-
88, 1988.

Stachowitz, R. A. and Combs, J. B., "Vdidation of
Expert Systems”. Proceedings of the 20" Annual Hawaii
International conference on Systems Sciences, pp. 686-
695, 1987.

Suen, C. Y. and Chinghd, R. Operational Expert System
Applications in Canada, Published by Pergamon Press,
1991.

Suwa, M., Scott, A.C. and Shortliffe, EH. "An
Approach to Veifying Completeness and Consistency
in a Rule-based Expert System”. Al Magazine, pp. 16-
21, 1982.

Taylor, R. N. Behavioural Decison Making, Scott
Foresman and Company, 1984.

Terano, Takao, "The JPDEC Checklist-based Guiddine
for Expert System Evduation,” International Journal of
Intelligent Systems Vol. 9, pp. 893-952, 1994.

Twine, S, "Mapping between a NIAM conceptud
schema and KEE frames” Data & Knowledge
Engineering, Val. 4, pp. 125-155, 1989.

Uma, G. and Prasad, B. E., "Reachability Trees for Petri
Nets: a Heurigtic Approach,” Knowledge-Based Systems,
Voal. 6, No. 3, pp. 174-177, 1993.

Vaette, R., (Ed), Application and Theory of Petri Nets
1994, published by Springer-Verlag, 1994.

Vdiente, G., "Vaifiction of Knowledge Base
Redundancy and Subsumption using Graph
Trandormations,” International Journal of Expert

R-18



Vanthienen, J. &
Dries, E., 1994

Vanthienen, J., 1991.

Vicat, C. et al., 1995

Vignallet, L. &
Leouche, R., 1993

Vranes, S. &
Stanojevic, M., 1995

Willis, C. P., 1996

Wu,C.H& LeeS. J,
1995

Wu,C.H., et d.,

Systems, Vol. 6, No. 3, pp. 341-355, 1993.

Vanthienen, J. and Dries, E., "llludration of a Decison
Table Too for Specifying and  Implementing
Knowledge Based Systems” International Journal on
Artificial Intelligence Tools, Vol. 3, No. 2, pp. 267-288,
1994,

Vanthienen, J "Knowledge Acquistion and Vadidation
Udng a Decidon Table Engineering Workbench'. In
Liebowitz, J. (ed), Expert Systems World Congress
Proceedings, Pergamon Press, Vol. 3, pp. 1861-1868,
1991.

Vicat, C., Brezillon, P. and Nottola, C., "Knowledge
Vdidation in the Buildng of a Knowledge-Based
Sysems” Expert Systems with Applications, Vol. 8, No.
3, pp. 391-397, 1995.

Vignollet, L. and Leouche, R., "Test Case Generdion
usng KBS Strategy," in Proceedings of the 13"
International Conference on Al (IJCAI-93), pp. 483-
488, 1993.

Vranes, S. and Stangjevic, M., "Integrating Multiple
Paradigms within the Blackboard Framework". |IEEE
Transactions on Software Engineering. Vol. 21, No. 3,
244-262, 1995.

Willis C. P, "Andyds of inheritance and multiple
inheritance’. Software Engineering Journal, pp. 215-
224, duly, 1996.

Wu, Chikhung and Lee Shie-due, "Knowledge
Vdidation with an Enhanced High leve Petri Net
Modd," in Proceedings of 11" Conference on Artificial
Intelligence for Applications, pp. 126-132, 1995.

Wu, C. H,, Lee, S. J and Chou, H. S, "Dependency
Andyss for Knowledge Vdiddion in Rule-based
Expert Systems” in Proceedings of the 10™ conference

R-19



Xu, Y. etd., 1991

Yao, Y., 1994

Yeung,D. S. &
Tsang, E. C. C,, 1994

Yeung,D. S et d.,
1993
Zarri, G. P., 1991

Zhang, D. & Nguyen
D., 1994

Zheng, Z. & Li, W.,
1992

Zlatareva, N. &
Preece, A., 1994

Zlatareva, N. P., 1992

on Al for Applications, pp. 327-333, 1994,

Xu, Y., Paul, RP, and Shum, H.Y., "Fuzzy Control of
Robot and Compliant Wrig System” Conference
Record of the 1991 IEEE Industry Applications Society
Annual Mesting, pp. 1431-1437, 1991.

Yao, Y., "A Petri Net Mode for Tempord Knowledge
Representation and Reasoning,” |EEE Transactions on
SMC, Vol. 24. No.9. pp. 1374-1382, 1994.

Yeung, D. S. and Tsang, E. C. C,, "Fuzzy Knowledge
Representation and Reasoning Using Petri Nets" Expert
Systems With Applications, Vol. 7, No. 2, pp. 281-289,
1994.

Yeung, D. S, Lee, J W. T. and Tsang, E. C. C. "A New
Fuzzy Ressoning Algorithm for Fuzzy Expert Sysem,”
In Proceedings of 1994 Korean/Japan Conference on
Expert Systems, pp. 115-118, 1993.

Zarri, G. P., Operational Expert System Applications in
Europe, Published by Pergamon Press, 1991.

Zhang, D. and Nguyen D., "PREPARE. A Tool for
Knowledge Base Veification'. |EEE Transactions on
Knowledge and Data Engineering. Vol. 6, No. 6,
December, pp. 983-989, 1994.

Zheng, Z. and Li, W. "A Hybrid Knowledge
Engineering  Devdopment  Environment  (KEDE),"
International Journal of Artificial Intelligence Tools,
Voal. 1, No. 4, pp. 463-502, 1992.

Zlaareva, N. and Preece, A., "An Effective Logicd
Knowledge-Based Systems
Veification,” International Journal of Expert Systems
Vol. 7, No. 3, pp. 239-260, 1994.

Zlaareva, N. P., "Truth Maintenance Systems and Their
Application for Verifying Expet Sysem Knowledge
Bases," Artificial Intelligence Review, Vol. 6, No. 1, pp.

Framework for

R-20



67-110, 1992

Zlatareva, N. P., 1994 Zlatareva, N. P., "A Framework for Veification,
Vdidation, and Refinement of Knowledge Bases The
VVR Sydem” Intenationd Journd of Inteligent
Systems, Vol. 9, pp. 703-737, 1994.

R-21



