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Abstract

A multi-layered expert system shell that specifically add -esses real-time issues is
designed and implemented. The architecture of this expert system shell supports the
concepts of parallelism, concurrent computation and competitive reasoning in that it
allows several alternatives to be explored simultanecusly. An inference engine driven
by a hybrid of forward and backward chanining methods is used fo achieve real-time
responee, and certainty factors are used for uncertainty management. Real-time
, responsiveness is improved by allowing the coexistence of procedural and declarative
| knowledge within the same system.
A test bed that was set up in order to investigate the performance of the im-

l _ plemented shell is described. It was found in the performance analysis that the
l proposed system meets the real-time requirements as specified in this research.
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Chapter 1

Introduction

1.1 Background

The use of computers tu solve problems is a relatively young science. Ever since
the invention of the digital computer there have been increasing expectations that
computers will one day exhibit human-like intelligence, or even surpass it. As the
use of compuier technology becomes more widespread, great strides are being made
to bring this expectation closer to reality. Efforts in this endeavour are particularly
vigorous in the field of artificiel intelligence (Al).

Winston [39] has defined artificial intelligence to be that field concerned with the
computations that connect situations to compler, human-like actions, Research in-
terests in this field range from robotics, expert systems, nutural language processing
and computer vision to general cognitive sciences. But from the commercial per-
spective, expert systems have long been considered the most immediately practical
application, and are central to most activities,

Early artificial intelligence research has revealed that intelligence requires knowl-
edge. The conceptual break-through Hes in the realization that the problem-solving
power of a computer (program) comes not just from the formalisms and inference
mechanisms it employs, but mainly from the knowledge it possesses [17). Expert
systems are based on this concept.

Expert systems are a subset of knowledSe-based systems; they represent a new
approach to computer programming. Instead of the algorithinic a,pproa.ch, where

computers are programme.d to follow step-by-step procedures, expert systems are
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programs thai instruct the computer to use the facts about the problem, plus the
damain knowledge encoded in a knowledge base, and some general problem-solving
strategies to find and apply a specific solution [13] — the heuristic approach.

In simple terms, the intelligence of an expert system comes from the domain
knowledge embedded in its knowledge base, and its ability to apply this knowledge
to problem-golving. Conversely, an expert system is only as good as the knowledge it
contains. In the quest to endow computers with human-like intelligence, expert sys-
tems are built on a base of knowledge patterned after a human being. In particular,
they are fashioned after human ezperts.

Expert systems have found commercial success in wide-ranging disciplines such
as medicine, banking, and engineering. Notable examples are mycIN [33], a med-
ical diaguosis program developed in the 1970s, which has demonstrated an ability
to diagnose infectious diseases with nearly the accuracy of a hnman expert; and
PROSPECTOR [5], which has been used successfully to locate deposits of several min-
erals.

1.2 Expert systems in computer control

In a process control system, information about the state of the outside world is
received via sensors. The process control computer exerts its contral by signalling
an alarm condition, or by activating actunators, for example, by closing a switch,
opening a valve, The control algorithms are embedded in the computer.

Three classes of reasoning and computation in analyzing software required for
computer control systems are identified in [18]. These are heuristic reasoning, quali-
tative analysis and quantitative computation. Quantitative computation represents
the nrmerical aspect of problem-solving, and is familiar to all engineers. In addi-
tion to this, expert systems provide the heuristic approach in that, problem-solving
is based on knowledge obtained empirically. Recent developments in knowledge
based systems have begun to look for avenues of incorporating all hree aspects of
problem-solving,

The general need for the three classes of computation has made process control an
inereasingly important ap, lication area for expert systems. They are used for smart

control systems, alarm i_nterpreta.tioﬂ, operator decision support, process diagnostics,
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instrtiment and control system diagnostics, and modelling and simulation.

Like their counterparts in other disciplines, most of these expert systc.ns work
almost exclusively with stalic date, in a non-real-time fashion, where the expert sys-
ter: would solicit data from the user when i needs them. They tend to operate in
the form of advisers adjunct to humans. For example, the knowledge-based simula-
tion system presented in [29], the use of an expert system for qualitative modelling
in [35], and the process ﬂ.iagnosis expert system in [11}.

Increasingly comr.onplace are expert sysiems directly connected to test and
measurement systems which gather data in an on-line fashion. Sv & systems have the
potential to automate tasks such as machine health monitoring, system performance
monitoring, alaym monitoring, data reduction, processing and to participate in real-

time decision-making. |

1.3 Expert systems for real-time control

Real-time expert systems are being applied to industrial process control, air traffic
control, antonomous vehicle control and various military applications. The technol-
ogy provides a means of extending automation, either as an intelligent co-operative }
assistant, or by replacing the human operator altogether {3].
In real-time applications, the expert system performs tasks in a dynamic envi-
ronment under time stress. The operation of expert systems in real-time . .nirol
environment invelves reading from sensors, performing a stream of tasks based on
these readings, and controlling actuators in the case where the expert system is used
to influence the plant operatinns directly.

An important characteristic of process control systems is the short response time

Y

required. Typically the required response time ranges from one millisecond to one

second or rzore. Furthermore, information flow is dynamic and carries a validity

time Rmit, that is, data values are valid only for a limited period — until new values
are created to update/replace them. In order to be useful, the expert system must
process information before the validity of data expires. An expert system, for real-

R S P

time control must guarantee this response under both peak load and normal load.

In short, the responss of such a system must be predictable, correct and timely,
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Two approaches are possible to meet this requirement. One is to construct
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computers capable of running expert systems at an adequate speed. Even though
developments in computer technology may produce machines which run at faster

“and faster speeds, the scope of problems that can be handled by this ‘brute force’

approach is nonetheless, intrinsicaily limited by hardware.

Alternatively, we could attack the problem from the scftware perspective. Soft-
ware issnes deal mainly with the way the expert system processes information. The
problem is one of architectural and algoﬁthmic desigﬁ.

1.4 Overview of the dissertation

The aim of this investigation is to realize a means «f eflectively applying existing
expert system techniques to real-time problems. We focus on ‘oftware solutions to
the prdblem. In this regard, fhe aim is on doping an ezpert system shell that
meefs real-time constraints, where an expeat oj.tem shell contains the reasoning
muchanisims of the expert system.

With this in mind, the first area to lock at is the implication of real-time. Sec-
tion 2 of this dissertation examines this issue and defines the way we model real-time
problems.

A survey of existing expert system techniques is reported in Section 3. Recogniz-
ing the fundamental need to re-define some of the conventional rules to designing an
expert system, we focus on the pros and cons of different techniques in an effort to
come up with a suitable design for the purpose of this research. The design of AK-
Shell, the experimenial wxpect system shell developed in this research, is discussed
in Section 4, |

Implementa.tibn issues such as the programming language and operating system
used, and the design of various é.lgorithms, are covered in Section 5. A discussion on
the performance of AKShell is then given in Section 6. Finally, Section 7 concludes
this dissertation and gives recommendations for further research.
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Chaptier 2
Real-time issues

2.1 Real-time response

A dear distinction betweer real-time systems an: traditioral sysiems is that, real-
time systems inust act in response to events in the outside world. Most conventional
computer programs are non-real-time. These programs run naturally to completion
as quickly as the computer allows. The computer is in charge and receives no
interruptions from the outside world. i real-time system on the other hand, is
slave to the environment [2], and its acceptable response time is dictated by the
environment,

In dealing with real-time problems, timing of the system respemse becomes an
important issue. A system response time is the time within which the system detects
an event and responds with an action. This is usually a direct function of the
frequency of interrupts from an external device, or the frequency with which the
status of some device must be polled [42]. Thus time is both a resource and a
constraint [32], and it needs to be addressed as a critical parameter in designing
real-time systems.

An enemy missile detecting system is an example of a critical real-fime system.
Timing is critical in missile detection, and the system must detect and idea*"%y the
enemy missile before it strikes the target, in order that appropriate cuunter-measures
may be executed.

An automatic bank teller-machine is an on-line rather than a ‘hard’ real-time

system. There is no strict timing constraint. Money or statements issned now or
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after some delay are equally good. The teller-machine is in charge. If the cus-
tomer becomes impatient, there is always an option of coming back later, or going
to another teller-machine. But an enemy missile detected too late may result in
catagtrophe — the approaching missile is in charge.

We see that in a non-real-time application, the response time can be of arbitrary
length, and the only real damage stemming from a delayed response is the patience
of the user. In a process control system, however, a delayed response may result in
disaster. For instance, the fate of an entire city may be at stake.

The most important property of a real-time system then is the timeliness of
its response. A real-time computer system may be defined as one which is able to
receive raw data from the environment, and to process the information sufficiently
quickly so that timely action can be taken. {42]. In other words, it must be able
to respoud quickly enough to any pertinent change in the environment in order to
successfully track or modify the behaviour of the environment.

As real-time processes are continuous, the measured values of real-time data
change all the time and at different rates. The validity of real-time data therefore,
murt be time-limited, that is, any observation of the state of the environment is
current only for an application-dependent time interval [20].

Real-time response therefore is the ability of the system to produce results while
they are still applicable; it is the ability of the system to synchronize with real events
as they happen [34].

2.2 Modelling the real-time environment

The main difficulty in designing a real-time system lies in coping with the dynamism
of the real-time environment. Often, it is difficult to predict when and where the
gystem peeds to adapt (to changes). Facts and data must be continually added,
retracted, updated, and their consistency enforced. In designing an expert system,
complex itsues like currency-time limit of information [20] and non-monotonic rea-
soning [30] will need to be addressed. Computational overhead can escalate to an
unmanageable proportion. Therefore, before we begin to design the system, it is
necessary that we define a suitable way in which to represent the environment,

We describe the environment by its states. The state of the environment is a
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snapshot of all its variables. Thus, at any given point in time, the state is repre-
sented by the on-line parameters, i.e., the actuul measurements taken at that instant.
Representing the environment by its states is therefore, based on sampling of the
variables. The rate at which each state changes determines the rate at which the
system must sample the variable.

If we assume that the environment will not exhibit significant change within a
certain time interval, Af, then by semple-and-hold scanning or polling, we “{freeze’
the environment for At and assume that all information has a life-span (validity) of
at least Af. This is llustrated in Figure 2.1,

At represents the worst-case timing constraint where, at the end of this period,
the system must produce results: This is a eyelical system, where an equi-distant
time signal initiates all system activities at pre-defined points in time. The time
.period between the sequences of actions is called a scan-cyele [14].

The determination of At is application dependent and reflects the shortest time
during which the most volatile variable will show significant change. That is, a
variable = will not change by more than Az within At, where Az is a lolerance
threshold defined for z. Thus, for the discrete function z(), where (1) are the
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Figure 2.2: Invalid states caused by sampling variable values at different moments

sampled values at times #;, for 1 =0 to o0,

9;‘(3;‘.].1) - m(t‘) < Az

tiya—1= A8

The tolerance threshold is determined by the reasoning process behind the expert
system, For example, the variable > may not change by more tl.an Az before Rulen
is triggered by the expert system. The tolerance threshold is thus a reflection ot
the resolution, or accuracy with which the expert system rules are applied. This
resolution and the maximum rate of change of the environment together determine
the length of the scan-cycle.

To ensure that the decisions are made on the basis of states that actnally oc-
curred, it is important that all system variables are frozen at the sarne moment
[34]. Otherwise, if the variable values were sampled at different points in time, their
combination may result in an invalid state. An example invalid state is illustrated
in Pigure 2.2 1.

An approximate model of the real-world can thus be built by asserting that
snap-shots (sample-and-hold data) of the world are adequate descriptions, By this

1This example is taken from [34].
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Figure 2.3: Updating data history

assumption, the task of data consistency and validity checking is simplified because
old data are automatically updated at every scan-cycle. The change of states be-
comes a predictable event — it happens at most at every scan-cycle. By this token,

we can assume only monotonic reasoning strategies in the expert system design.

2.3 History of events

The notion of states allows us to reason in the temporal sense, for example, “Did
event X " appen at time 77", “When did event X happen?”, or, “What happened at
time T7". We need the temporal reference in order to establish {rends in the envi-
ronment states, or make precictions. These temporal references can be represented
by = record ol past events, that is, a history of data values.

As is the case with current events, the validity of past events is also time-limited,
except that the record of history is not updated by re-sampling the variables. In-
stead, at every scan-cycle, the newly-sampled data *pushes’ the old data back one
time frame. This is shown in Figure 2.3, where we ke-p four past records of data =
and its most recent value, %;, in a circular list, or history frame.

The length of this frame is fixed and is determined by the application. When a
new ¢ is created, the new value replaces the last 2;. The old records are then moved
one piace to the right in the history frame. Since we want to keep only four past
records, the last record (old z;_4) is discarded when this update takes place.

With reference to the history of 2, we can then refer to its past value n scan-cycles

ago, which is kept as ®i-n, at time ¢t =1,
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2.4 Managing limifed resources

In a real-time control environment, the control object {the physical process) dictates
the acceptable response time of the system. This in {urn influences the way the
gystem allocates its resources.

Two major scarce resources are identified as,
e ‘ime,
» computing hardware.

Within these constraints, real-time response must be guaranteed for both normal
loads and for peak loads, i.e., the system must perform satisfactorily in worst-case
conditions.

We have defined in our model of the real-world that the scan-cycles reflect the
duration of the shortest significant state. This represents the worst timing constraint
on the system performance. If the system can perform satisfactorily within a scan-
cycle, it would have met the peak load condition. Given fixed hardware and fixed
time allowance, we want to devise a method that guarantees reliable performance.
The problem of resource allocation is viewed as balancing the processor load within
a fixed time frame. In this section, we focus on the way the reasoning process takes

place in the expert system.

2.4.1 Inference-cycle

A traditional expert systems pursues a single line of reasoning when it is executed.
The system stops when a decision is reached, and each run of the expert system
consists of a single inference-cycle.

By definition, a real-time expert system never stops, because the environment
does not stop. The reasoning pricess is continuously synchronized with the events
of the real-world.

In the state-based interpretation of the real-world, the reasoning process consists
of sequences of actions synchronized to the changes in the state of the environment.
The sequences of actions are state-dependent and a problem-solving strategy is acti e
while the state of the environment remains applicable. Provided that the state

remains constant, a ringle line of reasoning, or inference cycle can be maintained and
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extended; and a decision previously made can be further substantiated or modified
for improvement. A change in the state of environment then prompts the system to
formulate new plans, or modify the existing strategy.

Bach change in state is called an event. It is thus the occurrence of events rather
than the equi-distant scan-cycles that initiates new inference-cycles.

This sort of behaviour suggests an opportunistic scheduler which is intelligent
enough to exploit the situation and allocate more time to a line of reasoning whenever
it iz possible. Thus, if a given event remains valid over several scan-cycles, the
reasoning process initiated by this event will be allowed to continue until the event
changes, rather than starting a new reasoning process at every scan-cycle on the
same event,

An example inference-cycle that extends over several scan-cycles is shown in
Figure 2.1. In this example, the system sees the state of the environment remaining
unchanged over three r cycles, and allows the inference-cycle to last for this

period.

2.4.2 Parallel processing

“Parallelism is fundamental to the design and implementation of expert

systems in many domains.” [15]

One needs only to lock at the finest of all computing devices, the human brain,
which spends most of its time performing a large array of concurrent tasks, to realize
that there is both an opportunity and a need for parailel execution of tasks in real-
time problems. Parallel processing is a necessary aspect of real-time expert system
designs [32] [37).

The most important advantage of parallel processing stems from its inherent
provigions for error reduction. We reduce the risk of error by simultaneously consid-
ering more than one alternative. This can be applied in an expert system by forcing
it to follow sever:ﬂ lines of reasoning concurrently.

Essentially, an expert system receives a set of input data and computes toward
a decision. There are two ways the expert system can arrive at the answer: One
is to accord all computing resources to one possible solution at a time — the serjal

approach; the other is to spawn many possible solution paths simultaneor ily, and
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Animal is?

[tiger] [elephant]
mammal? (T, cf = 0.50) mammal? (T, <f = 0.50)
carniverous? (F, cf = 0.38) herbiverous? (T, of = 0.58)
has kair? (T, of = 0.43) has trunk? (T, ¢f = 0.72)
I TIME-QUT |
has stripes? (7) dl
l African? (7) Indian? (?)
ete ... l l
etc... etc...

Figure 2.4: Parallel approach to the animal problem

share the system resources among these routes — the parallel approach.

A parallel approach considers all the likely-to-succeed solutions concurrently.
Even if none of these were completely analyzed by the end of the inference-cycle, a
reasonable conclusion can still be drawn from the evidence so far: By appropriate
assessment of the quality of the partial solutions, we can select a decision from the
partial solutions; or give a firm statement that no satisfactory solution can be given.

By the serial approach, the expert system must sequentially analyze each draft
solution before finally arriving at a conclusion. On time-out, the serial system has
evaluated (fully or partially) only one possible sclution, in the absence of competi-
tion, this solution automatically becomes the final answer. In this light, the serial
approach is inherently unreliable against real-time demands.

The superiority of parallel design becomes apparent if we consider the example
of identifying an animal, given its properties. A parallel approach is presented in
Figure 2.4:

Two possible animals are selected: tiger and elephant. At each node (e.g., [mam-
mal?]), an accumulative measure of faith, the certainty factor (CF) is calculated. At

time-out, the inference process has reached nodes [has hair?] and [has trunk?] under

12
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Animal is?

[tiJer]
mam%‘na.l? (T)

ca.rnierous? (T}

has hLir? (T)
|

I
[elep‘hant]

| TIME-QUT

|

etc

Figure 2.5: Serial approach to the animal problem

partial solutions, [tiger] and {elephant], respectively. At these nodes, the aggregate
CF for the proposition that the animal is a tiger is 0.43, and that it is an elephant,
0.72. Therefore the expert system concludes that the animal is an elephant.

Given the same time allowance, a serial approach may present an outcome as
shown in Figure 2.5: The expert system has at time-out, completed an analysis
of the tiger-assaumption, and just started assessing the elephant-assumption. Since
the elephant-assumption was not given an equal opportunity to compete with the
tiger-assumption, the expert system concludes erroneously that the animal is a tiger.

We see in this example that, although neither approach had time to complete
the inference process, the risk of error is reduced by the parallel approach.

2.5 Conclusion

In this chapter we have covered several issues concerning real-time that are important
to the design of a real-time expert system. In summary, the following key points are
listed:

s+ Real-time data are time-limited,

13
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Real-time response is the ability of the system to synchronize with real events
as they happen.

The real-world is modelled by the state-based sample-and-hold approach.

Real events are frozen at every scan-cycle,

The history of events are kept in fixed-length history frames.

Inference-cycles are synchronized to the change of events.

An opportunistic scheduler is required to synchronize inference-cycles.

o Parallel processing of tasks is required to reduce the risk of errors under fime-

stress.
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Chapter 3

Overview of conventional

expert system techniques

3.1 Fundamentals of expert systems

Expert systems are a class of computer programs that contain domain knowledge
about a specific field of interest, and when interrogated, respond like an expert.
Unlike traditional programs that follow a Von Neumann architecture, where data
and control algorithms reside in the same program as one inseparable entity, the
structure of expert systems is organmized in such a way that more or less rigidly
separates the standard computational components of data and control.

The bulk of the database contains domain knowledge. By domain knowledge,
we refer to knowledge specific to a field of application. In the expert system, this
database is called the knowledge base. The general control mechanism, or problem-
solving knowledge, is contained in the inference engine. The concept of expert
systems is thus broken down into two areas: that of the knowledge base, and that of
the inference engine. These two major components of the expert system are shown
in Figure 3.1.

The knowledge bage is unique to a particular domain. For example, the knowl-
edge base in MYCIN contains medical knowledge; and in PROSPECTOR, the knowledge
base contains knowledge specific to mining. Knowledge can usually be represented
in terms of facts that describe the world, relationships between the facts, procedures

or rules for manipulating facts, and information that specify when or how to apply
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Figure 3.1: Basic structure of an expert system

the rules or procedures. This is typically jmplemented by one of many well-known
schemes, for example, if-then productiou rules, frames, and semantic nets.

Knowledge representation is a crucial issue in the design of an expert system,
since it defines the way and the ease in which facts are retrieved and used. An effi-
cient representation scheme is necessary in order to facilitate real-time performance.

An inference engine on the other hand, contains general problem-solving strate-
gies that may be common to a number of domains which have similar characteristics.
For instance, commonly available expert system shells contain general-purpose infer-
ence engines plus some essential user-interface and an empty knowledge base. These
expert system. shells can be customized for a specific application by inserting the
necessary domain-knowledge.

By iuference, ve mean that features of the task environment are pattern-matched
against the stored modules of premises, or facts about the environment [22]. In or-
der for a system to reason, it must be able to infer new facts and drvaw conclusions
from what it has already been told. It is the task of the inference engine to draw
conclusicus about a given environment state by referencing the knowledge base.
Furthermore, this must be done sufficiently quickly in order to mset real-time re-
quirements. _

In this chapter, we look ai various forms of knowledge representation and in-
ference strategies, The aim is to draw from this survey a suitable combination of

conventional techniques, modified where necessary, to meet real-time requirements.
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3.2 Knowledge representation

A knowledge representation scheme is a set of syntactic and semantic conventions
used to describe the knowledge required for a given domain. This is a way of codify-
ing human expertise in the computer. Whatever form of representation, a coruputer
must be able to store and process the reprasented knowledge in order to apply it to
problem-solving. Rich states four main criteria for agsessing a representation scheme

[30], these are:

» Representational adequacy — whether the formalism is capable of expressing
all kinds of knowledge required in a given domain.

s Inferential adequacy — whether new knowledge can be inferred from the

kmowledge represented.

¢ Inferential efficiency — how easy it is for the inference engine to focus on the

relevant information.

e Acquisitional efficiency — how easy it is to import new knowledge and to edit

the existing knowledge base.

In designing an expert system, we must carefully consider the trade-offs between
these criteria and strike a suitable balance that meets performance requirements.
The key to efficieni problem-sciving lies in efficient representation. For real-time
applications, the ease and the efficiency at which relevant knowledge may be ex-
tracted are prerequisite since available time is strictly limited.

Knowledge can be represented decloratively or procidurally. Declarative knowl-
edge is represented, usually in the form of predicate logic, as a static collection of
facts accompanied by a small set of general-purpo se procedures for manipulating the
information. Procedural knowledge is represented as explicitly detailed, algorithmic
instructions. This is characterized by its rigid structure, and fixed flow of control
and data utilization [30].

The advantage of declarative met] ods lies in storage efficiency: each fact needs
to be stored only once, regardless of the number of different ways in which it can be
used; and the eage of modification: new facts can be added to the system without

affecting existing facts or procedures. In an expert system, we want the flexibility of a

17




[ m———y

| ) |

......

human expert in decision-making that copes with changing demands and situations,

declarative methods seem to be the natural choice, Unfortunately, the processing

overhead required for declarative representation is large.

Most domains need both kinds of information, In practice, a combination of
both is often used [30], and the role played by elier is adjusted accerding to the

applicanion. Te overcome the drawback in the processing overhead, the role of

procedures needs to be expanded, and the role played by static facts contracted.

Three main classes of knowledr~~ - resentation are favoured by expert sys‘em

designers [12]:

o production rules — These are characterized by the classic if-then paradigm.

Production rules are the most basic and common form of representation. Sys-

tems based on production rules are called rule-based systems.

predicate logic — a formal language that represents real-world facts as logical
propositions written as well-formed formulae in propositional logic [30]. For
example, the statements “Jobn is an engineer” and *“John lives in 123 Anylane”
can be represented by

occupation(John, engineer)

address(John, ‘123 Anylane?’)

PROLOG (PROgramming in LOGIic) is an im) ‘tant programming language
for artificial intelligence that bases its reasoning processes on the principles of

predicate logic [28].

structured objects — units or structures that aggregate several related predi-
cate logic expressions and ft;x_'m fundamental building blocks for representing
knowledge [26]. These building blocks are analogous to the nodes and arcs
of graph theory, or the slots and fillers of record structures [12]. Two popu-

lar structured representation schemes are derived directly from the concept of

* struetured objects, namely, semantic nets and frames.

The methods of using production rules, semantic net and frames zre investigated

in this section, because they provide the most direct ways of representing knowledge.
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There are many other schemes of knowledge representation, e.g., Conceplual Depen-
dency and Seripts [30], i)ut these are mostly specialized variations of those already
mentioned.

In general, knowledge has varying degrees of ‘certainty’. Whatever represen-
tation scheme we choose to adopt, we need a way of representing uncertainiy for
knowledge and situations that are imprecise, unreliable or incomplete. This is dis-

cussed under the subsection entitled “Uncertainty management”.

3.2.1 Production rules

Production rules consists of premise-conclusion pairs. These rules simply state that
given a situation, then certain consequents are valid. Both the premise and the

conclusion may be linked by AND or OR connectives. For example,

if Py and ...and B,
then @y and ...and Q..

That is, if the premises F;, i = 1 to n, are true, then we conclude that @;, j =1
to m. A premise is a set of conditions, for example, ‘valve opening is 100%’, ‘flow
volume is high’. A conclusion may be an action, a causal link, or a definitional link

[17]. Examples of these are given below:

s action: sound the alarm; close the valve,
o causal link: the flow is blocked by valve 4.

e definitional link: the valve is blocked.

Premises and conclusions are typically object-atiribute-value triplets as in the

MVCIN expert systems, or attribute-value pairs. For example,
if (valve opening 100%)
and (flow volume high)
then (valve close 50%).
The rule states that “if the valve opening is 100% and the volume of the flow is
high, then close the valve by 50%.” We can interpret ‘valve’ and ‘flow’ as objects,

then the attributes are ‘opening’, ‘volume’ and ‘close’, and the values are *100%’,
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‘high’, and ‘60%’. Alternatively, we can make ‘valve opening’, ‘flow volume’ and
‘valve close’ as attributes with values ‘100%’, ‘high’, and ‘509, , respectively.

Rule-based systems are popular because many experts and many programmers
find it relatively easy to express and encode knowledge in this form, Rule-based
systerns are flexible, they do not enforce any strict order or overall structure: Rules
can be included in any order, and rules can be added to, or removed from, the
knowledge base without disturbing the existing set of rules.

The disadvantages against rule-based systems are summarized in [1£]:

1. It is difficult to predict the cutcome of competition between rules that have
equal chances of being fired during inference. Rule-based systr.is need {o pay

special attention to conflict resolution.
2. Representing knowledge as an unordered and unstructured set of rules

e imposes strict discipline on the knowledge engineer to ensure a satisfac-
tory representation;

o fails fo take advantage of whatever explicit structure the domain pos-
gesdes in terms of taxonomic, part-whole or cause-effect relations that

hold befween objects and between classes of objects.

3. Although production rules are suited to expressing empirical associations be-
fween situations and actions that have the general form ‘if condilion then

action’, it is less effective at expressing other more subtle formes of knowledge.

3.2,2 Semantic nets

Information is represented graphically in a semantic net by a set of connected nodes.
The nodes of a semantic net consists of objects which may be physical objects,
conceptual entities or descriptors [17). They are linked by labelled, directed arcs
which represent the relationship between the nodes. Thus, to assert that *A chair
ie a piece of furniture”, we would link the ubj'ects ‘chair’ and ‘furniture’ by a link

labelled ‘is.a’. Figure 3.2 ! shows a fragment of a typical semantic net.

Semantic nets are a general form of knowledge representation. They are useful

for descriptive purposes becsuse they give a simple, structured picture of a body

1This example is taken from [30].
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Figure 3.2: Example of a semantic net

of facts [26]. Hierarchies of concepts can be built using semantic nets. Inheritance
hierarchies, e.g., frees and lattices, provide an efficient way of simplifying representa-
.tion and reducing the amount of information needed at each node [1}. This implies
ﬁonsiderable increase in the speed of information processing. o
However, the very _simp]ici.ty of the network formalism leads to shortcomings in ? . .
two areas: The first lies in logical adequacy — the meanings assigned to nodes are .
often unclear. For example, faced ﬁvith the node labelled ‘chair’, do we interpret it
as the concept of a chair, or the class of all chairs, or a typical chair? The second
aspect has to do with heuristic adequacy — because searches for knowledge are not : A
themselves knowledge-based, that is, the directions for finding information within o
_ the system are not embedded within the networks, it is often difficult to say when
) r‘\ is it safe to terminate a inconclusive search [12]. '

ol 3.2.3 Frames

Frames are used to describe a collection of attributes pertaining to a given object or
situation, the descriptions are often from different points of view [30]). Essentially,

the properties of some object or event are grouped together to form a prototype,

N ._ . Each instance of a frame consists of a name, attributes, and the associated values of . .' J]
these attributes. Frames may be linked, where the links represent the relationship | ' ﬁ,
: 21 »
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Figure 3.3: Example of a frame

between the views that the frames represent, Thus, a collection of frames is simply
a relational database. Figure 3.2.3 shows an example of a frame that describes
information ﬁf a chair.

The attribute-value pairs are represented by the slot-and-filler structure. The
slots describe aspects of the object and may be filled by other frames describing
other objects. The fillers are filled by a set of conditions that .must be met, or by
the attachment of procedural knowledge.

The procedural attachment contains the plan or some kind of control information
about the manipulation of the slot contents. These are known as demons and are
activated by friggers which watch for some condition Vo come true. 'l‘nggermg
conditions fall under three general categories [17]: | '

a if-added: The if-added routines are invoked when .slots are filled with new

information.
¢ if-removed: when fillers are removed or retracted from f.he slots.
o if-needed: when an aitribute is queried but is not present in the slots.

The frame structure is often used to represent stereotyped situations [23]. It
offers mechanisms for dealing with exceptions and defaults which are not easily
handied by standard logic [12]. The combination of both declarative and procedural
representations in the frame structure can be used to great advantage in optimizing

knowlédge representation for real-time purposes.
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3.2.4 Uhcertaiuty management

There is a néed for some form of uncertainty management in éxpert systems be-
cause knowledge and information can be imprecise, unreliable or incomplete. A
real-time experf ‘system must be able to continue functioning in the presence of
varying a.mounts of ﬁncerta.inty. Therefore we must be able to represent and quan-
tify uncertainty, and reason with it. |
Uncertainty management is used to handle the variable degree of confidence in
a given factual expression or assertion, and to resolve conflicts between competing
eonclusions. In essence, we want to be able to say (in terms of a rule comstruct)

that,
if A(with certainty =) then B(with certainty y)

In expert system research, several strategies have been formulated to handle

uncertainty such as the Bayesian models of lincertainty.ma.nagement, the Dempster-

- Shafer theory of evidence, and Shortliffe’s certainty factor.

Shortliffe’s certainty factor as used in MYCIN is & numerical expression designed
to measure confidence, Tt could be placed in any given cbnclusion as a result of the
evidence so far. Evidence both for and against hypbfheses are collected during infer-
ence. A measure of belief in a hypothesis &, based on evidence e, denoted MB(h, ¢),
is ﬁssociated with evidence for a hypothesis. Likewise a measure of disbelief denoted
MD(h, e) it associated with evidence against the hypothesis. Both MB and MD are
in the ranee of 0 to 1. The actual CF is a simple balance of the measures of belief
and dishelief, caleylated by taking the difference between them such that,

CF(hy€) = MB(h,e) — (h,e)

CF(h,e) lies in the range [-1,+1]. A positive ¢F indicates a degree of belief, a
negative CF a degree of disbelief, and a CF value of 0 indicates ignorance [12];

The Bayesian model has been applied to expert systems such as PROSPECTOR
with impressive results. The model is based on the theory of probability. Uncertainty

is represented as a probability between 0 and i-a.ccarding to Bayes’ theorem as,

P(E | H;)P(H;)
P(E)

P(H; | B)=

P(E) = Y P(E | H;)(P(H)
2
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where P(H;) represents the a priori probability that hypothesis ¢ is true in the
absence of any evidence, P(H | E) the probability of the hypothesis after finding
evidence F, P(E | H;) the conditional probability that evidence E will be observed

.given the hypothesis is true, and k is the number of pussible hypotheses [17].

The Dempster-Shafer theory of evidence improves on the Bayesian method in
being able to distinguish betwaen uncertainty, lack of kncwledge, and equal certainty.
Essentially this theory allows a degree of unknown to be added to the summation of
probabilities [17], K P zﬁtd P’ are degrees of belief and disbelief, respectively, and
U is a degree of unknown then, '

P+P +U=1
Many other numerical approaches have been proposed, e.g. the Plausible Infer-
ence [9], Quinlan’s Inferno {28]. Symbolic approaches inclnde Linguistic Reasoning,
Truth Maintenance systems, and Theory of Endorsement [28).
3.3 Inference

The inference process reasons about knowledge and infers new knowledge from old

knowledge; it draws from the knowledge base information relevant to the problem -

at hand, and formulates decisious, or conclusions, on the problem. In most cases,
inference is patiern-direcied [10] in that patterns from the input data are identified
and matched against those stored in the knowledge base, and appropriate modules
of the represented knowledge are then'.‘ﬁred’..

Inference involves controlling the information flow. Commonly used rules of

inference ate modus ponens, which states that “if A then B and A, we can deduce
B?, and modus tolen, “if A then B and not B, we can duduce not A” [17]. Chief

" areas to look at regarding inference are:

¢ search strategies — how the inference engine locates pertinent information in
the knowledge base;

« chaining methods — how the pieces of information are linked together during

 problem-solving;

« the use of meta-reasoning;
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Figure 3.4: Example of a logic tree
# whether the system needs non-monotonic reasoning,

3.3.1 Search .strategies

Searching has to do with finding a (best) path from the origin (problem statement)
to the goal (solution). There are basically two ways by which the inference engine
searches for solution: breadth-first and depth-first search. Consider the logic tree

given in Figure 3.4:
In breadth-first search, all the nodes on the same level of the tree will first be

examined before advancing to the next level. To explore all the nodes in this tree,
the inference engine will follow the sequence

A-B-C-D-E-F-G.

Breadth-first search is guaranteed to find a shorfest length path to a goal node,

providing a path exists at all [26]. | | ' ’
 Depth-fizst search delves as deep (far) as possible into the tree on a chosen path

(comtext). It invelves backtracking when a solution is not found in the chosen path.
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By depth-first search and probing the tree from left to right, the in:_Eerence engine

will traverse the tree in the order of
A—B—E—G—(E—~B)—F—-(B~A)—C—(A)4-Ds

The bracketed nodes are nodes covered by backtracking. This method is efficient if
it is known beforehand which path should be expanded to provide the solution [17].
Performance of depth-first search can be quite poor if a particularly long branch of
the tree needs to be explored only to find that there is no solutib’n at its end.

Both breadth-first and depth-first search guarantee a solution, since both meth-
ods eventually degenerate into exheustive searches, at the cost of efficiency.

Efﬁciency is improved in both cases if heuristic is employed. Paradigms like hill-
climbing and beam searching, which explore only the most promising nodes; best-first,
which starts the search. from the most pfozﬁn.iaing open node; and branch and bound,
all have merits in diﬁ'érent applications [40].

2.8.2 Chaining methods

There are two basic reasoning strategies used in expert systems: the forward chaining
method that works forward from the evidence to the conclusions (data-driven); and

" the backward chaining method that works from hypothesis to evidence (goal-driven).

In forward < sining, no hypothesis is at first assumed, but current information
is examined for certain patterns that infer further information, and eventuaﬂy a
conclusion is deduced. Forward chaining sometimes lacks a definite goal, therefore

the reasoning process is often not coherent,. Also, the reasoning process will never

terminate if the initial evidence does not lead to a conclusion, i.e., the forward -

‘chaining process will continue for ever due to the lack of a definite goal,

In backward-chaining, inference starts from a tentative (yet meﬁned) hypbthesis
and progressively refines the hypofhesis unti] time-out, by matching specific findings
or performing tests. In this case the hypothesis is a godl to be proven. Reasoning
follows & defined pa.'ﬂl of loglc because there is a definite goal.

For perfofmancé optimization, a hybrid of the two methods are often used. Com-
moaly, data-driven inferencing is used to suggest a set of hypotheses based on initial

- data, and backward chaining is used to prove these hypotheses [13]."
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3.3.3 Meta-reasoning

Meta-reasoning, or reasoning about reasoning, is a technique for plaumng the rea-
soning process using meta-knowledge. In méfa;—reasoning, the inference engine is
made an expert of its own operations. Knowledge about the contents of the knowl-
edge. base and about reasoning strategies are used to guide the system in its seieciion
of an a.pproprié.te approach to solving the current problem. In practice, we try to
prune the searck space over conventional search methods [12], thereby optimizing

system performance.

3.3.4 Monotonic reasoning

A point of increasing importance is whether the expert system needs non-monotonic
reagoning. By monotonic reasoning, we mean that the number of statements known
to be true is strictly increasing over time [30], that is, once the facts, data and
coﬁcltﬁions are asserted, they remain unchanged and will not be retracted for the
duration of the session. Whereas in non-monotonic reasoning, the addition of one
piece of information may force the deletion of another. Facts are allowed to be
retracted and consistency is enforced by resolving conflicting conclusions or decisions.
Doyle’s [30] Truth Maintenance System is an example of non-monotonic systern.
Although non-monotonic reasoning is required in order to propagate changes
in the system and to check proofs for current validity, it implies a complex and
difficult process of updating conclusions and intermediate decisions. Computing
overhead can be staggering. For real-time applications, this is a luxury we can ill
afford. To get around the need for non-monotonic reasoning, we must be able to
assume that no changes will occur during the reasoning process. In Section 2.2, we
discussed the method of approximating the real world by ‘freezing’ the environment
for the duration of an inférenca cycle. Within this period, we assume an unchanging

environment and can therefore, adopt only monotonic reasoning.

3.4 Conclusion

In this chapter, we have looked at various expert system {echniques commonly em-
ployed in existing expert system. These include rules, semantic nets, frames for rep-
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resenting kndwledge; uncertainty tna.na.g_ement for representing and reasoning with
uncertalnty; inference strategies regarding searching and chaining of knbwledge rep- |
 resented in the knowledge base; and a brief introduction to meta-re soning. From
5 : R these we can now draw suitable knowledge representation and inference schemes

that can be used in our design of an expert system shell.
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Chapter 4

Design of an experimental

real-time expert system shell

4.1 Introduction

This chapter deals with the design of AKShell. It is presented in three parts: the
knowledge base, the inference engine, and the overall architecture. Then we define
the communication protocol by which AKShell tasks communicate with each other.
This is followed by a section dealing with the explanation function of an expert
system. Finally, we present a qualitative analysis of the design’s ability to meet

real-time constraints.

4.2 Knowledge base

The knowledge representation scheme of AKShell was designed to allow progressive
reasoning. The concept of progressive reasoning is based on the argument that many
problems can be reasoned at several different levels of abstraction [41). If different
levels of knowledge represertation correspond to different levels of specialization
(in terms cf precision) then ai the highest level, a problem is viewed at a micro-
scopic scale, in terms of individual quantities and data values; and qualitatively at
a lower level, where only an overall insight of the problem is required. Progressive
reasoning basically involves .so.lvi.ng problems level by level, by increasing orders of

specialization. This is illustrated in Figure 4.1.
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(fast) [initial reasoning]

“Do we have
more time for
this problem?

no fexecute c..crently
designated actio

[more well-thought-
out, presumably better
course of action]

execuie currently
designated action

(slower)

(slower still}

Figure 4.1: Progressive reasoning algorithm

As the complexity of problem-solving algorithm grows with increasing levels of
spacialization, the required computing time also increases as is indicated in the
figure. Real-time réa.soning requires the inference engine to zoom in step by step
on more specialized diagnoses, progressively improving the solution until time runs
out. _

We chose to implement a two-level design in AKShell, where level-one contains
meta-knowledge, and levei-two contains specialized knowledge. Meta-knowledge
helps the inference process to decide which parts of the specialized knowledge base to
use. Specialized knowledge is then used to generate the final decision. The following

subsections present the two levels separately.

4.2.1 Level-one knowledge base

This level contains knowledge about the applicability of knowledge contained in
the next level. Based on the input data, we want to be able to guickly focus the
expert system’s attention on relevant subsets of the domain knowledge best suited

to solving the problem at hand. Essentially, we want a patiern-directed classifier.
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For speed considerations, dacisions made through the level-one knowledge will be

based on pattern recognition rather than on exhaustive reasoning. This is modelled
after the ‘quick reflex’, or intuitive ‘guesses’ often followed by htiman experts.
Thus, level-one knowledge base will store patterns, or templates that are nsed
to compare against the input data. Fach femplate in furn Jeads to a particular
subset of the knowledge contained in level-two. L vur prototype, we have adopted a
goal-driven system where each template represents a partial sofution to be verified at
the second level. But the templates themselves are data-driven, that is, a particular
data pattern will result in the firing of a particular partial solution.
The templates are stored in a sequential list. Each template is represented by

an [£Then production rule as follows:

If date patiern Then hypothesis X

Where hypothesis X is a partial solution that will trigger a corresponding subset of

the level-iwo knowledge base,

4.2,2 Level-two knowledge base

The knowled:ge representation scheme at level-two is derived from semantic nets
and framer. It is a hybrid scheme designed to allow a combinatiun of expert sys-
tem and conventional algorithmic techniques in that, procedural knowledge can be
incorporated into the AKShell along side with the declaration knowledge.
The knowled; base is partitioned into knowleds 2 sources, where each knowledge
source represenis the focused knowledge contributing to a decision [25]. A tree
structure is used to build a knowledge source. We call this tree a semantic iree
— it forms an isla 1d of expertise relevant to a partial solution. It follows from
Section 4.2.1 that there must be as many semantic trees as there are partial solutions
in the level-one knowledge base. In inference, the partial solutions become ‘goals’
at the root of the semantic trees. The hierarchy of the ‘K5 hell knowledge base is
shown in Figure 4.2. _
A gemantic iree consists of linked nodes. The nodes contain predicate sonditions

of arriving at a decision, goal or subgoal. An example semantic tree iz shown in

Figure 4.3.
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Figure 4.3: A semantic tree
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typadef struct predicate {
float *param; Ff& referenca #/
float *fact_value; J*x fact valuae */

/+ demon slot %/
BOOLEAN (*extract_valua)(flost *, float ¥}

struct predicate smext;
} PREDICATE;

typedef struct node { :
PREDICATE *assumption; /# predicate list »/

/e *
coniidanc& factors:
et [0] = muccess cf;
ef[1] = failure ¢t

" oy

L 4 5
fleat cf[2];

/* user-definable CF function */
float (#cf_func) (float #, float +):

struct node *sibling;

atruct node *offapring;
} NODE;

Figure 4.4: The structure of a node

A node is similar to a frame. Fach node embodies a subset of the conditions
required to satisfy a goal. The node structure (expressed in C code) iz shown
in Figure 4.4, This structure was designed to couple procedural and declarative
knowledge.

A slot in the node structure accepts declarative definitions, 2.g.,
lixes(John, any.book)

Where the terms inside brackets are fillers, similar to the atiribute-value pair; and
the operative, ‘likes’, can be regarded as a pointer to the function that receives the
fillers as parameters.

Instead of defining operatives on top of existing operatives (s in PROLOG), nser-
defined operatives are written in a procedural language such as C and linked to
the expert system when the knowledge is compiled. This follows the general idea
of demons [30], and the triggers to activate a required process are embedded in the

slots of a node. The general format of a demon function can be expressed as a C
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funetion prototype as
BOOLEAN function name(TYPE node fillers).

Demon functions will return either true or false after they are invoked by the
inference engine. The declaration of the demon slot is shown in the PREDICATE
structure in Figure 4.4.

‘Where there are conjunctive associations of facts within the same node, the facts
are chained in a linked list inside a slot. An arrangement of conjunctive and disjunc-
tive nodes form 4 semantic tree where the peer nodes depict disjunctive, or ORed,
conditions, and the sequential nodes embody the global conjunctive conditions. The
‘AND’ and the ‘OR’ relationships on the semantic tree are shown in Figure 4.3.

In allowing the coexistence of procedural and declarative knowledge, numerically
intensive subroutines, low-level control algorithms, and complicated mathematical
calculations are hidden from the inference engine. The inference engine needs only
to interj.et in declarative form, the knowledge represented by the hidden proce-
dures. Since inference engines rely on an inlerpreted mode of operation, as opposed
to demons, which are cumpiled codes, this division of labour will further optimize
system pérfbrmance.

Quantification of confidence is managed by assigning two confidence weights
(certainty factors) to each node: weight of success and weight of failure, or measures
of belief and disbelief, respectively. The use of independent weights is useful where
the absence of some precondition does not reduce our confidence in a solution by
the same amount its presence will boost the confidence,

If the conditions of a node are satisfied, the weight of success is used to modify,
by user-defined formulae, the existing CF; otherwise, the weight of failure is used.
The new CF value is then inherited by the next node interrogated by the inference
engine,

User-defined formulae to modify CF may be simple addition and subtraction, or
some slatistical method like the Bayes Theorem. Again, the quantification meth-
ods are triggered by means of demon-activation. Thus, within the same system,
a knowledge engineer has the freedom to employ different strategies to aggregate
confidence,

A cF-demon function takes the existing cF value and the chosen OF weght from
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Bird( feather,0.1)(egg,0.1)
Mamal(fur,0.1)(womb,0.1)

Meta-level: FEP“'“ e(scales, 0.1)(egg, 0-11
b i
Bird : — Mamal : — Regptiles : —
Knowledge | produce_rLﬂk(D.i, ~0.12) l
sources: as v

warm.blooded(0.05, —0.04)

carniverous{0,05,—0.05) herbiverous(0.05,—0.05) emniverous(0.05,—0.03)

| }

(further specielized preconditions)

Figure 4.5;: Knowledge base on animals

the current node as parameters. It computes and returns a new CF value.

As an example, Figure 4.5 depicts a typical laycut of a knowledge base designed

oW o

for identifying animals. The syntax of the meta-level rules depicted in the figure is,
assumption( precondition,confidence weight)<(precond.,conf. wgt.) ...>;

and those in the knowledge sources,
precondition(weight of success,weight of failure).

At the meta-level, three broad patterns are available: that a bird is feathered
o and lays eggs; a mammal has fur and a womb; and a septile is scaled and also lays
F '\' eggs. If the input data matches the second pattern best, then we generate a partial

solution reckoning that the animal is a mammal. Its corresponding subset of the

o knowledge base (a semantic tree) will then be used to prove this hypothesis.

The inference process on this semantic tree verifies this partial solution by pro-
gressive building up the conﬁdenﬁe factor. The confidence factor is initialized at
R _ level-one. For example, if the preronditions “It has fur" and *It has 2 womb®

o1 are satisfied, then an initial confidence factor of 0.2 is assigned to the mammals- ' i

hypothesis.
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is_warm blooded{int body_temperature}
{
if (body_temperatuve » 10}
return true;
elae
return false;

Figure 4.6: An example demon function

Thereafter, each step in the search on the semantic tree either increments or

- decrements the confidence factor ag the preconditions at each node are satisfied or

disaffirmed. The final aggregated confidence factor represents the confidence in the
sclution. In our example, if all the listed preconditions are satisfied, we will have a
total GF of 0.5 (50% probability of being a mammal),

If a node is used to represent each precondition in the animal example, the
semantic iree on mammals will have nodes that inquire whether the animal produces
milk, whether it’s warm-blooded, etc. The preconditions are represented by demon
functions embedded in the nodes. Take the ‘warm-blooded’ precondition as example,

we could represent it in C code as shown in Figure 4.6.

4.3 Inference engine

As the knowledge base has two-levels, the inference process is also two-tiered. The
level-one, or meta-level inference engine must decide from input data which subset of
the knowledge base is most applicable for solving the problem effectively. Inference at
this level is therefore data-driven, and backward-chains to produce tentative results,
or partial sclutions. These partial solutions are then passed on to, and refined by,
the inference engine at level-two. This way, the level-one inference engine spawns
or, fires the level-iwo inference process. The inference processes at the two levels

are discussed in the following subsections.

4.3.1 Level-one inference engine

Essentialiv, we want to implement a classifier at level-one. Input data are patfern-

matched against templates stored in the level-one knowledge base. If the partial
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solutions are the then-clauses of a production rule, then the templates constitute
the if-clauses.

The templates and the corresponding partial solutions are stored in sequential
order. One by one, the inference engine takes each partial solution, initializes its
CF to 0 (no confidence), then tries to match the template against given data. The
closer the match is, the higher is the CF finally assigned to the partial solution. This
process continues until all the available partial solutions are tested.

Based on the c¥’s, the inference engine selects a number of most promising
partial solutions. These are then passed on to the level-two inference process with
their current CF values logged in the blackboard. To the level-two inference process,
the cF values reflect the degree of confidence in the initial acceptance of the partial
solutions.

There ate several methods to implement the level-one inference process. The
most elementary method involves constructing a strajght-forward rule-based system
as implied in this section. Frey [8] proposed a ‘bit-mapped classifier’, which treats
information about the sei of conditions as a string of bits, System performance will
be improved because computing overhead is vastly reduced by avoiding extensive
symbolic processing. However, for clarity of illustration, we have opted for a simple
rule-based meta-level inference engine for the prototype.

The inference algorithm is described in pseudo-code and shown in Figure 4.7.

4.3.2 Level-two inference engine

Tnference at level-two is goal-driven, the goal being the hypotheses, or partial so-
lutions generated at level-one. Each partial solution defines a search area of the
knowledge base, i.e,, 2 semantic tree. The conjunctive conditions embedded in each
node on the semantic tree are examined according to the modus ponens rule of
inference.

The confidence factor in a partial solution is initialized to the value evaluated
at level-one. The result of inference at a node determines how the cF is updated.
In examining a node, if all its conditions are satisfied, then the weight of success
of this node is used to increment the CF; otherwise, the weight of failure is used to

decrement the CF,
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.Process level-one inference (imput, sutput);

Fo E Data Structure;
' ’ knowledge structure = Record of
partial solution;
. o linked liet of preconditions;
) End Record;

Constamt: _
n = total mumber of partial solations;

l ' : Variables: _ _

) input variable : Array of input data struchure;
level-one record : Array of kmovledge structure;
current solution : kngwledge strmcture;

current rule : prevondition;

i, j : integer;

Chutput:
partial solutions;

3

_ i
Begin . ; o
Get: input variables: P

For i := 1 to n Do
" current solution := lavel-one record [index];
J =1
While (more rules in the record) Do
cirrent rule := rule [j1;
tept yula;
Updata CF;
Je=j+y
End Whila;
IEnd For loop;

N - Compare CFa and salact partial solutiona for lavel two; . : !

o

Figure 4.7: Level-one inference algorithm
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Procass level-two inference (input, cutput);

Conetant:
semantic tree : tree of kmowledge nodes;

Input:
partial solutioms;
initial CF value;

 Dutput:
inferred CF value;

Variable:
CF value, noda wvalue : confidence factore;
Begin
Get: initisl CF value from level cne;
While {atill more child nodes to test) and
{not time-out) Do
Repeat Until (no mors peer nodes to tert)
tast nodal conditions;
obtain and atore node value;
sglect next pear node;
End Hepeat; _
current node := node with highest node value;
update CF value;
chain current node;
End ¥hile;
ml

Figure 4.8: Level-two inference algorithm

In order to prove the hypothesis, the inference engine traverses through the
semantic tree by a hill-climbing process [30} and finds a solution path on the tree
that generates the highest ¢p. This implies that the inference engine must employ
breadth-first search to explore all possibilities at each level of the free, in order fo
find the most promising path. The algorithm describing this inference process is
shown in Figure 4.8.

In traw fe semantic tree, the inference engine interrogates the nodes along
the inferred path. The conjunctive condifions of & ncde are examined by triggering
the corresponding demons. The demon functions take a subset of the input data
as parameter, process the data, ar. ~ “eturn a boolean value informing the inference
engine whether the condition has been met.

The inference process continues until all the nodes on the semantic tree are

examined, or until time-out. This is indicated by the ‘while-loop’ in Figure 4.8.
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Since decision making of the expert system is based on the aggregate value of the

confidence factor, it can draw information from the inference engine even if it were

prematurely Etopped -—- 28 so0n as the level-two inference engine is started, 2 decision
~ already exists in the form of a partial solution. The passage of time serves only to

reinforee or refute that decision by means of CF assessments. A solution is therefore
guaranteed, whose guality improves with the passage of time. |

. Take again the animal example: If meta-level inference suggests that the animal
could be 3 mammal based on a rudimentary, cursory analysis, this partial solution
then becomes the starting point of the second level inference. The inference process
then reviews this decision using the more specialized, level-two knowledge base.
From this point on, the expert system can state at any time should it be stopped,
that it believes the animal to be a mamm: with 2% certainty.

For reasons discussed in Section 2.4.2, parallel prog:rathing is applied a.t.le..vel-
two: the expert system will invoke a separate inference engine for each partial solu-
tion generafed af level-one. Inference is based on a system of competitive reasoning
where the inference processes run in parallel, each toward its own goal (to prove the
solution). CF’s serve to resolve conflicts between these parallel inference processes
(P1p.’s), that is, the final decision made by the expert system will be the sclution
with the highest aggregated cr.

Since cF’s reflect the degree of belief in the partial solutions, a task-scheduler
can use the CF values as a basis to pricritize the PIPs dynamically, and allocate
more computing rescurces to the more promising ones.

A complete infgrence;cycle thus embodies meta-reasoning at level-one, and par-
allel pattern-directed invocation of inference processes at level-two. Figure 4.9 illus-

trates the algorithm behind such an inference-cycle,

4.4 Architectural design

The chief components of AKShell are
¢ a blackboard;
e an event-'iildicatof;
¢ a level-one inference engine;
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.[Emrirqn:_ment] .
' date-interface -
Blackboard
- -1 . F 3
[ [AKShel] data decision
: _ . ¥ .
¥ event signal Level-one | Decision-
;| Inference _ maker
Event- T i
indicator ||
Level-two Level-two
Inference | e | Inference

Figure 4.10: The blnck structure of AKShell
e a number of level-twa inference engines; |
# a decision-maker; and
s a dala interface.

The overall structure is shown in Figure 4.10. The arrows indicate the logical links
between the components.

The core of AKShell is a blackboard structure [25] [80] that maintains a CP table
and the knowledge base. The blackboard knowledge base contains both t'= level-
one knowledge base and the level-two semantic trees, The layout of the knowledge
base is snown in Figuare 4.2. The entry points into the appropriate ¢ Ysets of the
knowledge hase are passed to the inference engines during an inference process. The
progress of level-two inference is recorded in the cr table, that is, each active level-
two inference engine updates its cF in the cp table. The blackboard is essentially a
global database,

The event-indicator manages the overall system timing, and co-ordinates the
inference processes and the decision-maker, It runs concurrently with these tasks.

The event-indicator starts and ends inference-cycles by watching out for the event

signal sent out to the blackboard by the data-interface as shown by the pseudo-code

description in Figure 4.11.
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Proceas event-indicatoxr {input, omwiput);

Variables: _ ' .
inpot variable: ’event signal’ from data interface;

Begin
Repeat for ever
invoke level-one infarence procaess;
While (uo new event) and
(PIFs still ircomplete) Do

invoke PIPs; J* level-two inference */
"Get: evant signal; /% check for mew event %/
End While;
invoke decision-maker;
End Repeat;

End.

Figure 4 *1: Event-indicator algorithm _

This scheduiing of inference—cyclga is aligned to the system scan-cycles, that
is, the start of an inference-cycle always coincides with the start of a scan-cycle. In
worst-case conditions, an inference-cycle is scheduled for évery scan-cycle; otherwise,
an inference-cycle may last several scan-cycles (refer to Section 2.4.1). This is shown
in Figure 4.9, that an inference-cycle may be longer or équ.al to a scan-cycle. The
decision-maker is invoked at the end of every inference-cycle. Decisions improve as
more time js given to an inference-cycle. _

When afinal decision is required as indicated by the svent-indicator ‘e decision-
mnaker establishes a, final solution based on the current performance of the P1Ps. It

takes from the blackboard a copy of the Cr table and selects the partial solution .

with the highest oF value to be the fin-! solution.

The data interface is a separate issue from the rest of AKShell. Tt links the expert
system to the outside world. Its main functions include receiving data from, and
routing decisions made by the expert system to, the outside world; and indicating the
start of a new event. It runs independently of the rest of AKSheli and synchronizes

to its own fiming mechanism.

The design of this interface is ad hoc and depends on the environment in which

the expert system is applied. It is best to regard the data interface as a functional
block that is customized for every application. For example, in a process control

environment where data are obtained from programmable logic controllers (Prc’s),
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we will build an interface to read data from the particular makes of PLC’s used. X
the expert system directly controls the physical plant, this interface will also reed
to talk to the actuators.

Queuing of data, validity checking, ling of events and data history main-
tenance are subsidfary functions of the data interface. As da.ia. come in, they are
checked for out-of-range errors, and validity time errors (e.g., time-stamping [20]).
Data are kept in buffers and are polled as they are needed. This means that it is up
to the internal AKShell tasks and the custom-tasks that drive output devices o poil
the inferface for data. Similarly, it is up to the decigion-maker to write data to the

interface whenever they become available,

The data interface will signal that a new event is detected if the new data changes .
by a predetermined threshold value. This signal is used by the event-indicator for

task scheduling purposes.

4.5 Intertask communication

In a distributed system, message transmission delay is not negligible compared to
the time between events in a single process [16], inter-process communication is
therefore best kept to a minimum. Nodal activities are self-directed and each PIP
uses its local estimate of the state of environment to control its processing. The only

times interprocess communication tal~= places are:

s when an inference engine elicits a piece of information from the knowledge

base;
‘o when an inference engine updates its confidence factor in the blackboard;
¢ when the decision-maker consults the cF table; and
.'o at the signalling of a new ei(ent.

In keeping with maintaining a structured and Bexible design, communica*ion be-
tween the component tasks is based on an object-oriented concept [27]: The internal

AKShell tasks are tr- ted as iudependént objects, When a task needs to communi-

cate with another, information is sent via a piped message rather than using global
variables. The message pipes can be read-only, read-and-write or write-only.
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Table 4.1: Summary of the AKShell blackboard

Contents structuré
__.__._......__.._._..._._-_.....L..__._.....__._._..—_-I.
CF table table of CF values

level-one knowledge base | production rules

level-two Imoivled.ge hase | semantic trees,
ncdes

ev: indicator event signalg

We see from above that inter-process communication alwa.ys takes place between
the blackboard and another task, making the blackboard the central point of corn-
munication. Thus, each PIP will subscribe to a subset of the knowledge base by
- creating a read-only pipe fo the blackboard and receive information via this pipe; it

will create a write-only pipe to the blackboard ¢F table, and send updates of its CF

through this pipe. Likewise; the decision-maker will create a read-only pipe to read
off the CF table in the blackboard, and the data interface a read-and-write pipe $o
send data and event-signal, and to read the decision.

Finally, the salient features of AKShell are tabulated: the blackboard is summa-
rized in Table 4.1, the inference angines in Table 4,2, the decision-maker in Table 4.3,
and the data interface in Table 4.4,

4.6 Explanation feature

The explanation feature that has come to be accepted as standard component of
conventional expert systems is omitted in this architecture, We reason that since
the expert eystem must run in real-time, it will not be interrupted by the user at

arbitrary points to explain its reasoning, Our aim in the design has been to trim the

gystem do* to thq essentials in order to improve system response, The omission of
an explanation fanction eﬁ‘ectively relieves tha processor from unnecessary overhead.

‘However, for debugging, development and maintenance pu:_rposeé, it is important
for thesyst - . to keep arecord of its activities, Even though the explé.na.tion function

nad to he = rificed, an indepen’dent module could be impleménted o monitor and -
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“Table 4.2: Summary of fh_e inference engines -

)

. description

level-one

— monotonic

~ data-driven

| — pattern-directed

~ gequential

— cannot be interrupted |

environment
data

partial solutions

| level-two

— monotonic
— goal-driven
- breadth-first search

— node-based

.+ demon-functions
| — progresaive reasoning

| — can be interrupted

—

Table 4.3: Summary of the decision~-maler

| & partial

solution

from

| level one

confidence measure
in the partial
solution (CF)

—T

description

—

| function | selects final decision
based on the CF aggregate
of the PI_Ps

i'nput' ) CF values of the PIPs
| from the CF table

output | pointer to the partial -
solution with the highest
CF value
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Table 4.4: Summary of the data interface ) L
i function | | interfaces AK_Sh_eli to the outside worlgl_ | ;
internal features data queuing (buffers) ;
mainsains data history
| checks time-validity of data
b checks against range errors :
3 _ - signals new events
input from environment | environment variable values
oufput to environment | data to drive ontput devices
output to AKShell variable values internal to AKS hell;
' values car. be absolute or qualitative;
. . ‘ | - event signals : |
’ B | input from AKShell ' decisions made by the expert system _
‘ | " log; the reasoning process for later gxa.m.ina.tion. . _ ; g
: R 4.7 Analysis of the design
Lo o ; It was stated in Section 2 that in order to provide real-time response, the expert
| : ) ’ system must have an answer before time-out, aven if this answer only confirms that -
R _ ,{i no satisfactory solution can be given. In order o achieve this, the system must have ‘ L
- at Jeast generated the competing partial solutions by time-out, From 'these, it can |
then recommend, based on the initial certainty factors assigned to them, that either
{ _' N .; some of them can be fentatively accepted (becausé their oF values are greater than
1ol certain pre-defined threshold) or, none of them can be believed. Otherwise the sys- |
R tem has no way of justifying its findings. Therefore this architecture cannot handle
¥ & Tesponse iequitement quicker than the time taken to injtiate partial solutions. We 1
; :l “ define this time period to the eritical response time of the system. This is the time L
| @ I required by the system to complete the level-one inference procuss. | } )
i ' Critical response imes vary with application and is primarily dependent on the
: \' ) © . implemented number of alternatives (hypothesee), and the number of preconditions
o | ot
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embedded in each alternative, Sincé level-one inference must examine every one of

these it order to. spawn partial solutions.

~ For systems that operate around the cntu:al response time area, i.e., when scan- -
cycle equals the critical response time, decision making must rely tolely on the .

confidence indicator (the initial values of cF’s) produced by the level-one inference
process. It is thus imperative that the inference engine and the knowledge base at
level-one can perform when necessary, as a stand-alone system and produce reason-
able results. ' |

Real-time performance is therefore, gua.raﬁteed for worst-case response time re- .

quirements longer than the critical response time of the system. Because this is
the bottle-neck in the system, care must be taken in the design, both of the infer-
ence engine and the knowledge'representation at this level, to minimize the time
overhead. |
Once the second level inference process is nnt:ated the expert system can be

~ stopped at any &ime to give the interim decision. The final sofution could be the

result of a _complefed-. inference, or it could be the result of the beet effort in the

allotted time. The quality of the solution is proportional to the time spent i

finding the solutuon [32]. In this light, problem-solving by AKShell is v;ewed as & an

| mcremental opportunistic and asynchronous process.

Conspicuously absent in our design is the explanation feature that has come to

be accepted as a standard component of conventional expert systems. We zrgue
that since the expert system must run in real-time, it will not be interrupted by the

user at arbitrary points to explain its reasoning. OQur aim in the design has been to

{rim the system down to the essentials in order to improve system response, The

- omission of an explanation function effectively relieves the processor of an averhead.

However, for debugging, development and maintenance purposes, it may be de-
sirable for the system to keep u record of its activities. Even though the explunation
function had to be sacrificed, an independeut module can be implemented to monitor

and log the reasoning process for later examination,
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Chapter 5

Implementation issues

The most important issue raised in the implementation of a real-time system is the
question of efficiency: a real-time system has to make maximuin use of time because
time is a strictly limited resource. Algorithmic and architectural designs zlone will
not saﬁsfy real-time requirements. A versatile and efficient programming language
and an equally competent operating system are just as important in achieving real-
time response.

Therg are several traditional de facto Al programming languages, ameng which,
LISP and PROLOG enjoy the widest popularity: LISP for its list-processing ability and
PROLOG for its built-in predicate logic structure, dynamic database management
and ba,cktrack.ing facilities. In general, these AT languages were invented for research
purposes, with the intention of illustrating certain aspects of Al programming (e.g.
predicate logic in PROLOG) rather than for execution efficiency, e.g., the structure of
PROLOG is based on predicate logic. Although AT concepts are mﬁre easily expressed
in traditional Allanguages, the trade-off involves a large computational overhead due
to the prerequisite high level of abstraction. Execution speed and memory usage of
programs written in these languages are unacceptable for real-time applications.

Fortunately Al techniques exist at a conceptual level and do not depend on
particular implementations. These techniques ¢an all be implemented in a general-
purpose, procedural language such as C [31]. C was chosen to implement AKShell

mainly for the following reasons:

» it is flexible enough for the implementation of functions ranging from low,
machine-dependent levels to high levels of abstraction;
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¢ C is availuble for a wide range of machines;
¢ C compilers consistently produce fast and efficient executable codes;

» the 1anguage ie very popular among users and programmere alike, and highly
portable between different systems down to the hardware level;

e alot of existing software are wyitten in C which makes interfacing with existing
application programs easy — this is important if we want to integrate AI

technigues in existing applications.

Portability is important because the design of AKShell iz largely cdnceptual, and

should not be machine-dependent. We would like AKShell to be implemented in

different computer systems in order to rigourously evaluate the mierit of the design.

Just about every computer system, from personal micros to mainframes and trans-

puters, supporis a C compiler. Most of these compilers produce portable codes
according toa génerally accepted Anst! sta.ndard.

A mulﬁta.é‘king capabﬂity is a fundamental requirement of AKShelt (to suppor
the execution of the P1r.’s). With the obvious exception of transputers, which
are intrinsically parallel ﬁlachines_, most of the contemporary computers use single
Processors and are largely serial machines. However, with proper management at the
operating system level, concurrency can be simulated on a single-processor machine
by time-glicing the processor between multiple tasks.

The prototype of AKShell was implemented on an iBM AT compatible machine,
For this range of computers, multitasking operating systems are numerous, with
varying degrees of sophistication.

From the design point of view, the basic support we require at the operating
system level includes

» spawning concurrent tasks; -
o suspending and killing running tasks;

o conlext switching and task scheduling — this refers to the actual sharing of

the processor time;

1Draft Proposed American National Standard — Programming Language C.
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~ » task synchronization — this refers to co-ordinating the parallel tasks that wish

to access common data or resources [19];

o inter-task communication — this is usually done by creating file-like pipes [6],
or via a globally defined message queue [7].

All or most of these requirements can be found in various commercially available
operating systems. Ta name but a few, there are 0S/2 from Microsoft Corporation,
FLEXO0S from Digital Research Ihc., Pc-Mos from The Software Link Ine., and execu-
tive shells that run on top of existing (conventional) operating 51 *ems like MS-DOS.
The first versions of AKShell were developed under FLEXOS, version 1.3. FLEXOS is
a full-blown multitasking operating system and provides .~ -+~ above supports plus
a real-time kernel that éuppurts real-time applications [6].

Using an off-the-shelf package means that we don’t have to re-invent the wheel
and write code that already exists. Unfortunately, it also means we have to limit
our program designs within the provision and the constraints of the package. This
is particularly apparent if the package was designed to be as general as possible.
Thus, although PLEX0S answers all our basic requirementc . . nds to be unwieldy
to customize. Also, a large, full-fledged operating systei. . ¢ FLEXOS involves a
large overhead in terms of memory requirement and internal system management.
Tt was felt that AKShell’s performance when running under such an operating system
would not be a frue reflection of the design, Unless a thorough study of the operating
gystem is ca.med out, it is difficult to discern in the performance analysis exactly
which elements are specific to the design, and which are dependent on the operating
system used.

It was for these reasons that we decided to use a system executive developed with
the Electrical Engineering Department {19] for the experimental implementation of
AKShell. This system executive runs under Ms-DOS and provides all the required
features, yet it is small enough to impose only a low overhead. Also, the source
codes of this system are available. Should alterations at the operating system level
become necessary, they can be curried ont with minimal effort. Experience gained
in building the prototype allows more detailed specification of AKShell’s operating

system requirements.
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. Fable 5.1: AKShell program files

| implementation | file ;;me ) _ content
system header - AKSH-ELL.H data types definitions and
function prototypes.
ERRMSG.H | define error return codes.
| usrFUNC.E | macros for implementing user-
funciions
DATAIF.H | macros for building data-
_ interface fantions
system pmgrams AXSHELL.C | AKShell system functions,
including sys_akshell().
 INFl.C Level-one functions,
INF2.C Level-two functions.
DECISION.C | decision-maker funcfiona
user Programs DATA.IF.¢ | data-interface related functions,
including data if().
USRFUNC.C | user-defined functions for use in
] knowledge base implementation.

5.1 Overview of the design

We have adopted a modular approach in the implementation of AKShell, adhering
to the design decisions arrived at in Section 4. Each module is incorporated in a

sepéra.ta C file ag sy™marized in Table 5.1.

In this chapter, we first give a brief introduction to the system executive, then

we present the actual implementation in terms of the data structures and the various

modules that make up this expert system shell.
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Table 5.2; x.11ptask conirol functions

M ——1T e . b
function name " description i

xthread() | creates a task execution thread

x_yield(} currently executing task yields control

to the system executive

b o | x terminate() | removes a task from the system

5.2 System executive

The system executive was designed as a programming tool for research in the area
of distributed computing [19]. It recognizes the need for computer programs to
respond timely and appropriately to external asynchronous events. The executive
was implemented as a set of C functions contained in a C library called X.LIB, and
a collection of header files that interfaces with the library functions. The executive
effectively extends the C language to support concurrency.

I b e

No assembly language programming was used in the implementation of the ex-

gt n o

ecutive, and most of the source code was written in Ans1 C under Turbo C [36]. The
library is therefore highly portable and complies with our portability requiiements.

The executive supports non-preemptive round-robin task-scheduling. Each task
consists of a task control data block, a private stack area and a pointer to the function
that represents the task. This allows all the function codes to be re-enérant, implying
that several identical tasks can be spawned and coexist with each other. This feature

is essential in our implementation of concurrent inference engines at the second level

in the AKShell architecture.
0 : Concurrent tasks are spawned and co-ordinated by the system executive. The
i task control functions are provided in X.LIB. A description of these functions is
summarized in Toble 5.2, |
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Table 5.3: AKShell system tasks

fask name description
data if£() Data-inferface — inpui data are collected and ﬁut
on the blackboard.

gys. AKShell() This task maintains the system blackboard and
continuously refreshes system constants (e.g.
bb_num_FIPs — maximum number of active level-

two inference processes, or PIP.’s.).

inf1() Level-cne inference engine.
inf2() Level-two inference process; this task coordinates

the execution of the inference engines at

level-two (PIP.’8).

PIP.n(} Level-two inference engines, where
_ . n=1>0...bb_num PIPs —1.
decision.maker() | Males decisions based on the resuits

of the inference engines.

5.3 AKShell tasks

Several concurrent tasks are spawned on initiating AKShell. This is done by asserting
the appropriate function calls in the X.L1B procedure x_initialisemser() [19]. A
brief description of the AKShell tasks thus spawned are given in Table 5.3.

Intertask commurication is supported by 2 distributed blackboard structure that
stores a defined set of state messages slots called time-frames. Any number of tasks
can subscribe to any humber of time-frames, which implies that each task can decide
for itself which part of the blackboard to attach for its local usage. This blackboard
concept coincides well with the architectural design of AKShell (Section 4.4); and the
time-frame structure provides facilities for time-stamping and data validity checks,
important in real-time applications (Section 2).

Intertask communication primitives as implemented in X.L1B can essentially be

summarized under the following four categories:
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1. Definition statements — these define the identification and type of a state-

variahle;
2. Naming statements — these establish the ownership of a state-variable;

3. Input/output statements — provide facilities for the subscriber tasks to read

from and write o, state-variables;

J _ 4. General timing statements — these provide various timing primitives such as

waiting for a certain time delay before carrying out the next task.

The scheduling and eontrol of the spawned tasks are performed by a background
gystern manager. Timing and synchronization of task scheduling is based on the
hardware clock. Spawned like another task, the systern manager provides the fol-
lowing functions:

¢ Checking for keyboard input and routing the input to the appropriate virtual

window pertaining to an active task;

N

o Switching of active task windows;
s System status utilities, for system level maintenance;

o System clock maintenance — the clock resolation can be changed by the user
to any muitiple of clock ticks, where one second is equivalent to 18.2 clock

ticks on an 1BM personal computer.

Since this is a non-preemptive system, the onns is on each individual task to yield
control to the executive, so that the next task may be carried out. Although this

implies that some of the operating system-level responsibilities must be borne by the

f Y user program, the flexibility at the operating system-level lends us an opportunity
E 6 - to fine-tune AKShell performance-wise, and to specify exactly its requirements from
T an operating system.
1 5.4 AKShell blackboard
i
| © The AKSheli blackboard was implemented under the blackboard system available in
! '_ the system executive. Conceptually a blackboard is a global data region to which
N all tasks have access rights [25).
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Table 5.4: AKShell blackboard state variables

owner Tname description ]
data i£() ] bb_num_data _- n:mber of input variables
bb_data period validity pericd of input data
bb_data.spc pointer to input data buffer

bb_new_avent_flag | signals a new event

sys_akshell(} | bbnum 1vli number of level-one rules

bbum_1vl2 number of level-two specialists
bb_num PIPs maximum number of PiP.’s to spawn
btb PIFs record of the pPip.’s

bb.1vlii rules pointer to level-one rules

bb.k.trea poiuter to level-tv ..- imow]erlge trees

bb_cf_threshold a PIP. is pawred if its curzent WP

is greater than this threshold
inf1() bb_1vli.flag level-one status (active/suspended)
inf2() bb.1v12 flag level-two status (active/suspended)

Under the system executive, a path is associated with the definition of a state-
variable [*0}. A path consists of the system-ID, group-ID and the owner-ID, and in
effect, identifies the ownership of the state-variable. Thus the following statement
declares the integer variable ‘data’ as owned by the task ‘interface’, of the group
‘tasks’ that belongs to the ‘AKShell’ system.

state_variable(int, data);
sot_path(AKShell, tasks, interface);

time_frame(data, d);

Table 5.4 gives a brief description of the AKShell state-variables and identifies
thelr owner tasks.

The state-variable time-frames exist in the global blackboard as specified in our
design and supperted by the system executive. Mthoug‘-.l the system executive allows
any number of tasks to subscribe (with default read and write rights) to any time-
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#define TRUE 1 /* boplean true */
#defina FALSE 0 /* boolean falsa =/

typadef mmsigned char BODLEAN; /+ boolean type #/
typedef chax GUALITY; /% data quality type #/
typedef char VAR _NAMET10]; [+ varisble identitier ptring »/

typedef char FURC_NAME[40]; /¢ fimction identifier */
typedef double real_t; /* real rumber type »/

Figure 5.1: AKShell-defined data types

{rame, we have enforced j» our implementation a one-reader-many-writer blackboard
system such that only the ownei of a state-variable may write to it, but any task

may read from it.

5.5 Data structures

Four main (state-variable) data structures are implemented in AKSheil: input data,
the pattern-directed production rules ofiavel-one, and a record to record the progress

of the PIP.’s are all held in one-dimensional arrays, and a tree struv.are is used to

* maintain the level-two knowledge base. In addition, several new data types were
~ defined for the implementation of these data structures. These are shown in Fig-

ure 5.1.

The record type for input data is defined by the structure INP.LATA (Figure 5.2).
The input data record contains the name of the input variable, a slot for the qual-
itative value, a slot for the actual value, a flag that indicates whether the value is
valid, and the lnwer and higher range of the variable. Of these, only the name of
the variable and its lower and upper range values are specified by the user in the
knowledge declaration file. Depending on the actua] value read at run-time, if the
data value falls within the upper one-third of the data range then its qualifative
valie is ‘high’; ‘normal’ if the value falls within the middle one-third; and ‘low? if it
falls within the lower ote-third.

For a syste. 1 requiring o data elements, an z-element array of INP_DATA records
is created. At run-fime, the data-interface checks the following two conditions in

order to decide whether a given data element is valid:

¢ Ifthe data are time-valid (by checking its time-stamp against the system clock).
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data type definition:

= data range:
range[0] = lower limit
rangal1] = higher limit

- data quality
LOW_VAL = bottom 1/3 of range
HORM VAL = middle 1/3 of range
HIGH_ VAL = tap 1/3 of ranga

» *f

#define LOW_LIN range[0]

2define HIGH,LIN range[1]

#detins LOW_VAL O

#define NORM_VAL 1

#define HIGH VAL 2

typedet

struct {
char nanel107;
raal_t *value; J+ data address »/
BOOLEAN validity; [+ data validity #/
QUALYITY quality; /* data quality */
real t range2];

} IP_EATA;

Figure 5.2: Type definition of input data structure

o I the data value falls within the specified range.

Only if both conditions are met will the given data be flagged valid. This vaiddity
verification is performed every time new data are received.

Level-two knowledge base is built on the record structure K-TREE (Figure 5.5).
The address of the root of a semantic tree (Section 4.2.2) is held in a corresponding
K_TREE record such that a.n' array of m K_TREE records is created for a knowledge
bas * containing m isiands of expertise,

A semantic tree structure is built by chaining the knowledge nodes pertinent to
the specialist knowledge represented by the tree. These nodes are represented by
the NODE record strncture. Each node is identified by a rame, the CF weights of
the node, its location in the tree (with reference to the ‘sibling’ and ‘offspring’ node
pointers), and a list of predicate conditions pertaining to the node.

Predicate conditicons are represented by a linked list of PREDICATE records. Fach
conditional expression, e.g. A < B, corresponds to a user-defined demon function
(or procedural attachment) such that for the saine example, the user would have
written a function 1eq(} that takes input variable value 4 and reference value B as
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/* *
pepantic tree structure

* . s/

typedef

struct predicata
FUNC_NAME vex_func namei
BOOLEAK (eusr fune){int =*,
Cint mm_param;
int speram_ index;
raal_t sref_value;
struct predicate *next;
} PREDICATE;

typadef

~ struct node {

VAR_NAME naza;

PREDICATE *assumption;

raal_t c£[2];

struct node *sibling;

ptruct node #offepring;
} EODE;

typedaf

struet {
FUNC_NAME mpecialist name;
HODE »root;
FUBC_HAME cf_func_name;

real t (vci_mode)(real_ t, real_t);

} E_TREE;

Figure 5.3: Type definition of semantic tree structure

real_t *, ink, JHP_DATA #);

/* perameter court */

/% data index {of data array) */
/* reference value #/

/% node niama »/

j* predicate list */

/% confidenca factore %/
/e horizental link =/
J* vertical link %/
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/% PIP records */

typedef
struct '[ i
: int index; /% K_TREE index */ : ' Do
) raal t cf; /% Tecord of confidence factor #/ P
: 'BOOLEAN attached;  /# whether attached to an inf. eng. »/ Lo
} PIP_REC; - P
" _ . Figure 5.4: Type definition of PIP. records S

I& &
* *

P ' Level 1 yules: the initial contidence
is defined as the percentage of matched
ayuptoms weighted by a user-defined rzlua.

* +/

typedef

struct {

- int spacialist_ijndex; /* index to k _trea entry */

int #sysptoms; /* array of causal facte %/
QUALITY *quality; /* their values &/
int num_sympioms;: /+ nuxber of relevant sysptome =/
real,. t cf; - /* confidence weight »/

} DECISION_LIST;

Figure 5.5: Type definition of level-one rules

parameter, and returns the result (‘true’ or ‘false’) of the comparison.
The progress of the PIp.’s are recorded by an array of PIP_REC records. These
PIP. records correspond to the cF table discussed in Section 4.4. A PIP_REC record
is assigned to each specialist on the level-two knowledge tree. When a PIP. task is
_ spawned, the PTP_REC record corresﬁonding to the chosen specialist, The information
P contained in a PIP_REC record is shown in Figure 5.4.

The record structure DECISION LIST is used to hold the level-one rules. A level-
one rule consists of a fixed pattern, or template of qualitative values that are matched
against input data. This template is stored in the array pair symptoms and quality,
where symptoms indicates which data are being compared, and quality stores their
= corresponding template values, _
© g - ' Each level-one rule is associated with a level-two specialist, that is, as a rule

is tested, the outcome of the test results in a certain degree of confidence toward | W :
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the associated level-two goal. The confidence weight of a particular leval-one rule
is stored in the record element CF and the location of the specialist is stored in
speclalist_index. . _

The bulk of the data type definition is declared in the header file ‘AKShellh’ as
listed in Appendix A. |

5.6 Knowledge compiler

A knowledge compiler was implemented to compile the user-written knowledge file
and enter the declared information into the AKShelt blackboard. The source listing of
this compiler is shown in Appendix a. The error zedes and error messages generated
on error by the compiler are summarized in Appendix B.

Knowledge compilatior is divided into three parts: data declaration and level-
two and lavel-one knowle. ,e base declarations,

Data declaration is preceded by the keyword BEGIN DATA:, and terminated by
END.DATA:. Each data ftem is preceded by the kevword DATA:. Two types of data
can be declared:

1. Interfaced data. The datarinterface task makes available a list of data that can
' be read from the environment. If the user wants to use a pariicular interfaced
data, it has to be declared by the keyword DATA:, the data identifier, and the

- lower and upper legal limits of the data value.

2. User constani. If needed, the user can declare a constant value to be referred
to in the knowledge declaration. This is similarly declared by preceding the
data identifier with the keyword DATA:, followed by the constant value.

As an exaiple, the declaration of the variable control_signal that ranges from 0
to 10 volts, and a constant PI, is shown in Figure 5.6.

Level-two declaration is enclosed by the keywords BEGIN.LVL2: and END_LVL2:.
Each level-two specialist is uniquely identified by the name of ité goal (correspond-
ing to the specialist_name of the X.TREE structure), declared after the keyword

DECISION:.

The method by which CF is updated is declared by the keyword CF_MODE: and the

cF-update fanction name. CF-update functions are user-defined functions and must
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BEGIH_DATA:
DATA: contfol signal © 10
DATA: PI 3.141592654

; ; other variabies/constants

END_DATA

Figure 5.6: Example data declaration

have been pre-compiled and linked to AKShell before t]iey can be called (otherwise
the knowledge compiler will return an ‘undefined function’ error).

The nodes are declared immediately after the declaration of the specialist’s goal
and the cr-update mode. The information defining a node are categorized under the
following keywords and their respective arguments (in the order of their appearance
in the user-file): |

« ‘NODE: identifier siring’ — this identifies the node by a name

» ‘CF_NEIGHT: success weight, failure weight’ — this defines the confidence weight

of failure and of success as discussed in Section 4.2.2;

o ‘PARENT: node identifier’ — the location of the node with respect to the se-
mantic tree is specified by its parent node. If the parent of a node is the root

" of a tree, then the root identifier is specified in the argument;

» ‘PREDICATE: declaration of predicate conditions’ — defines the predicate con-
ditions pertaining to the node.

A node can have any number of predicates. Each predicaie definition consists of
the following keyword-argument pairs:

o ‘PREDICATE: predicate fu'nction identifier’ — designates a user predicate func-

tion;
o ‘PARAM: data identifier lis} — defines the input parameter to the function;

o ‘REF_VAL: reference value list' — defines the values of the rei'erencé parameter,

The predicate functions are user-written and constitute the procedural knowledge |
component of the AKShell design. Thue, a predicate function can be simple logic
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- ' *
prototype of user-functions
paraneters:-
jnp: input data list
ref: lint of reference values
n: pumber of input data/ref values
p: memexyy address vhere data iz kept
returns TRUE or FALSE R
* +f
BODLEAN {sfunc) (int sinp, real_% #ref, int n, IHP_DATX *p);

/e : *
prototype of (F-update functions
parameteorsi-
old_cf: current CF valua
¢f_wgt: CF weight to apply
raturpe the pew (F value

u : w/
real t (#func){real_t old_cf, Tealt cf ugt);

Figure 5.7: Prototype of user-defined functions

functions to complex, application-specific functions. As an example, for the leq()
function mentioned in Section 5.5, we would declare the predicate statement

i A <20

PREDICATE: leq
PARAM: A
REF_VAL: 20

As is the case for user-written cF-update functions, the predicate functions need
to be pre-compiled and linked to AKShell before they can be called. Mixed program-
ming environments are allowed, i.e. the user fu.ﬁétions (cr-update and predicate)
can be written in any langnage, as long as they can be compiled into object codes
and linked with the existing AKShell objects [36]. Expressed in C the function
prototype of the user-defined functions is shown in Figﬁ:e 5.7

The header file ‘usrfunc.h’ (shown in Appendix A) contains macros that can be
used for the implementation of uaér-functions. If the user-functions are written in

C this should be included to simplify implementation.

To improve readahbility of the user knowledge file, comments are_a,]]nwed by
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stata_varisble(int, bb_nun data); _
state_variable(INP_DATA *, bb_data_spc);
state_variable(int, bb_data_paried);
state_variable(DOOLEAN, bb new_event_flag);

initialise_blackboards

initialise_tima;

set_path{systex_ 1, data if, data_if);
time_frame(bb_mum_data, 4}
time_frame(bb_data_spc, p);

time_frame{bb_date_period, d);
time_frame(bb_sew_event_flag, b);

Figure 5.8: Attach data-interface to blackboard

preceding them with a semicolon * ;>. When the compiler encounters the semiccon,
it will ignﬁre- the rest of the line and resume compiling on the next line.

The syntax diagrams defining the syntax rules for w.iing user-knowledge files
is shown in Appendix E. The knowledge file used in the simulation of buffer-tank is
listed in Appendix D. | |

5.7 Data-interface

As its name implies, the data-interface collects data from external sources and con-
vertg them into the AKSheIl—ﬁsa.bIe format. Because of its deignation, the hnple-
mentation details of the data-interface are ad hoc and application-dependent. But
the overall design can be defined here in general terms.

First the data-interface is attached to the blackboard. The state-variables pathed
(belonging) to the data interface arelisted in Table 5.4, The code fragment attaching
the data-interface to the blackboard is shown in Figure 5.8.

The calls to the X.LIB macro Tunctions
state_variable(data type, identifier);
declares the state-variables, and the other two macro calls

' initilise.blackboard;
initialiﬁe_time .
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Process data-interface (inpot, output);

Variables: ' _
input wariable: eénvironment data;
output var;.ah:l.e. event flag: /% signals nev event =/

data ivformation; J/# data value, quality, fime— %/
/% stawp and range-validity */
lecal va.m.able threshold; /% nev event threshold »/
Hegin
Repeat for ever
Reset event flag; ; /* no new event, yet &/
Read input data; o
Tima-stamp data;
Check value range-yalidity;
It data ip valid then

T2 difference between msw and old data » threshold then
Sat event flag;

If event flag is Bet then : :
determine data quality; /¥ high/nornal/low */
output event flag;
output data information to blackboard;

Tield to systom executive; /¥ non-preemptive yield =/

End Repazt;
Exd. :

Figure 5.9: Data-interface algozithm

are standard X.L7B calls to initialize the blackboard and the system timer, respec-
tively. | | '

The bulk of the data-interface resides in a ‘repest-for-ever’ loop that executes
every fime the round-robin yields to it. The actual interface functions are imple-
mented in this loop. Essentially, the data-jnterface reads in data, processes the data
by tim “stamping the data and checking that it is within the legal (declared) value
range, then sends the new data to the blackboard. The event flag is raised every
time new data is read, to signal that a new event is detected. The general functions

of the data-interface task are described by the psendo-code in Figure 5.9.

The pseudo-code indicates that the state ‘new event detected’ is signalled when-

ever the newly read data differs from the old data by a certain threshold. Ti.

threshold is again, user-defined.
The source code listing, ‘dataif.c’ given Appendix A is an example writtten for
interfacing a buffer-tank simulation to AKS hell.
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5.8 Event-indicator

The function of the event-indicator is to synchronize the system tasks based on the

occurrence of new events. It was conceptually designed as a concurrently executing

module in Section 4. Since Lun’s system executive is non-preemptive and requires

the concurrent tasks to yield by themselves in order to complete the round-robin, an
explicit task that co-ordinates and synchronizes the other tasks is not practical. It is
therefore not implemented as an explicit task. Instead, system status flags are used
to signal the system states. Based on these system flags, the tasks can synchronize
themselves accordmgly

These system fiags are hoolean variables posted to the blackbua.rd Each flag
belongs to a particular task, and it is the responsibilitv of the owner task %o set or
reset its own flag. There are three such flags:

n bb_new..s'.'ent_flag 'helungmg to the da.ta.-mterfa.ce, this flag is set when new
event is detected. '

s bb_lvli_flag: belonging to the level-one inference engine, this flag is set when

the level-one inference engine is active, and reset when the inference engine

suspends itself.

» bb 1vi2 flag: similar tobb.1v11 flag, this flag belongs to the level-two infer-
ence process, and is set or reset dependmg on whether the level-two inference

engines are active or guspended.

Synchronization is based on edge—semitiué friggering, which means that the tasks

‘are synchronizﬁed according to the instant when the flags are set or reset. As the
~ timing diagram given in Figure 5.10 shows, the rising edge of bb_new_evant_flag

will trigger the level-one inference engine to setf its flag on. The level-two infer-
ence process becomes active on the falling edge of bb 1vli flag, and immediately
suspends itself on the ﬁmngedge of bb_new.event.flag. That is, the level-two in-

ference Ppracess either termmates naturally, or is suspended as soon as a new event

is detected This is in a.ccordance with our design that the expert system wﬂl Teason
for as long as time permts

The bb.lvlz_flag cycles shuwn in Figure 5.10 depicts the level-two inference
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A | bbnew_wvent. flag
| bb.lviiflag
C | bbvi2.flag

=]

tinte ————m

Tigure 5.10: Timing diagram of the system flags

engine fennina.’sing due to a new event taking plrie in the first and third cycle, and
natnrally in the second cycle.

Finally, the decision-maker (decisivn maker(}) synchmmzes itself to the falling

edge of bb_1v12_flag, which means that the decision-maker becomes active as soon
a.é the level-two inference process is compieted, or when the process is suspended
due to a néw event taking place. Thus, a decision is available even if the inference
process did not reach natural completibn.

5.9 Inference engines

The algorithmic implementation of the level-one and leve iwo inference engines
follow closely the dealgps arrived at in Section 4.3. The sourze li atmg of the mferenoe
engines, viz. ‘infl.c’ and ‘inf2.c* are listed in Appendl A,

The level-one inference engine is activated as soon as a new event is detected (via

the system flags, see Figure 5.10). As the inference engine tests each rule, it updates
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the CF in the PiP. record corresponding to a particular specialist. The initial 7

value is defined as the fraction of matched symptoms weighted by a user-defined

confidence weight {defined in the user knowledge fil ), i.e.,

iuitial cF = (mfa) x w

~ where,

m= nﬁmber of symptoms matched;
7 = total number of symptoms in the rule; and
w = uger-defined ¢F weight. '

As a result of the level-cne inference, the CF’s of the entire PIP. record array is
initialized. A number of level-two inference engines, or PIP.’s then attach themselves
to the PIP. records with the highest cF value. The actual number PIP.’s spawned

~ is determined by setting the system constant, num pips to the number required.

(Refer to the listing of AXShell.c in Appendix A.}

The array of ievel-two inference engines are co-ordinated collectively by the task
inf2(). This process aw:ns the system flag bb.1v12 flag, and so it is the responsi-
bility of inf2() to start and stop the level-two inference process as is appropriate.

The P1p.’s are activated as soon as bb_1vl2.flag is set. Fach p1p. then pro-

. gressively updates the oF of the attached pIP. record as it traverses through the

knowledge tree. The process stops as soon 83 bb_1vl2 flag is rese  The entire
inference process is then repeated on the next new event signal.

In order to ensure that all the PIP.’s get a chance fo execute on the round-
rabin, (and hence to maintain concurrency,) the level-two inference engines are im-
plemented in such a way that _each PIP. yields to the next task as soon as it has
completed a node. Thus, the time-slice resolution at level-two is the longest time it
takes for a PIP. to compléte reasomng with one node. '

5.10 Decision-maker

Decision-making in AKShell is implemented as a concurrent tésk, docision maker().
The source ]istihg of the decision-maker task ie shown in *decision.c’, in Appendix A.

As the timing diagram in Figure 5.10 shows, the task decisionmaker() becomes
active as soon as bb.1v12 £1lag changes from ‘on’ to ‘off’. At this point, the decision-
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s _ Process decision-maker (imput, cutput};
' input varisble:

bb_PiPs : array of PIP rec; /¢ mxray of PIP records »/
Db, 1v12_flag ; level-tuc active state flag; . .

cutput variable: . : ' * -
decision : index to final decision; i

local variable:
max_cf : real; /* current maximm CF walue */
‘4 1 integer; /% looping index #/

Begin
Attack to blackboard PIF recorda;

Tepeat for ever
/¥ wait for the falling edge of the level-two flag */
repeat uatil bb_lvl2_flag chan~es from on to off
yield to pext task;

T ' if data validity expired

S yield to next task;

alaa )
/* reset max_cf and dac, =/ o
maxr cf = 0; ) B P
decision = 0; s

/* choose PIP with maxiwom uF =/ f
for i = 1 to gize of FIP array do : l e
/% compare cf values #/ P
-if bb_PIPe{i].cf » max_cf then _ S P
max _cf = bb_PIPali].cf; : : } B
decision = bb_PIPe{il.index; ; o
. End for; ) ) : o 2
End elga; ' ' ' : s
7ield to next task; E :
. End repeat; : ' ' . S

Figure 5.11: Decision-maker algorithm

maker searches through the array of p!p. racords for the one with the highest cr |

: rM‘\ o value. The goal pointed to by this PIP. record (bb_PIPs.index) is then chosen to
_ be the final decision. A pseudo-code description of the decision-inaker is shown in

5.11 Conclusion

' % 3 ' In this chapter, we have presented the implementation details of AKShell. The | , e :
I \ 1 component tasks of AKShell consists of
\“’J s a knowledge comipller; |
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» a data interface;

o level-one and level-two infereace engines; and
i a decision-maker.

These tasks rur concurrently under the system executive that extends MsDOs fo
_ support multitasking. Synchronization of the concurrent tasks is achieved through
- the use of system flags. Intertask communication is supported by the blackboard
system provided by the system executive . |
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Chapter 6

Performance analysis

_ The system as implemented bases its final decisions on a set of competing partial

solutions, and is capable of yielding one of these partial solutions as the final decision
any time during its inference process. That is to say that the system can offer partial
results as they are needed. The performance of the system can thus be seen to be
independent of the timing constraints stemming from the environment, The quality
of the results, however, depends on the quality of the knowledge base engineered for
the application, but this is beyond the scope of this regearch. But we can, at this
stage, conduct a performance analysis of AKShell in terms of its responsiveness with
respect to timing constraints. For this purpose, a simple fault diagnosis appiication
based on a buffer-tank simulation was used.

6.1 Experimental set-up and parameters

The buffer-tank simslation used for the performance analysis was implemented in
C, and spawned in parallel to AKShell under Lun’s system executive. The physical
process model used represents an actual laboratory experiment, The schematic rep-
resentation of this buffer-tank is shown in Figure 6.1. Based on the measurement ¢ ©
h, the inlet valve of the buffer-tank is controlled by a proportional-integral I con-
troller. To make the simulation more realistic, a noise generator that adds Gaussian
noise [4] to the simulated h was also incorporated. The derivation of the required
equations for the simulation is given in Appendix C.

The simulation is realized through three concurrent tasks. These are
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Figure 6.1: Schematic diagram of the buffer-tank
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1. Discrete model of the buffer-tank, including the PI-controller.

2. Ganssian noise generator — generates tank-level noise up to a level defined by
an external variable noise 1vl,

3. Fault-monitor — this task makes available several buffer-tank parameters. Via
this task, arbitrary values may be forced on these parameters in order to
simulate faults.

The simulation module generates tank data continuously which is then captured
and time-stamped by the data-interface. The data-interface implemented provides
the following data:

» lavel of the tank, & {0 - 1 m);
e control valve signal, » (0 ~ 1 V);
» (level) set point, sp (0 — 1 volt);

o controller parameters, i.e., the proportional gain (K¢} and the integral time
corstant (T1). '

In a.4dition, two historical values are provided for each of the tank parameters. Thus,
the values of &, v and sp at time ¢, ¢ - 1 and ¢ — 2 are available,
In real life, and reflected in the simulated model, the open-loop step response of
the buffer-tank is about 400 seconds. The sampling period of the discrete model,
A is get at 10 seconds (see Appendix C. But for such a slow response, we devided
that the interface need not read the buffer-tank value at every sampling point. A
Y : fairly accurate picture of the buffer-tank activities can be obtained at 5 — 10 times
A, 50 we decided on a scan period of 50 seconds at the interface, i.e., the interface
updates the buffer-tank data on the system blackboard at 50 second infervals.
This sampling interval of the system means that the shortest inference cycle lasts
no longer than 60 seconds. This is according to th~ sample-and-hold techniqﬁe dis-

_ : cussed in Section 2. In order to test the system performance under more demanding
R

time constraints, we can use the feature provided by Lun's system executive which

. L : allows the system timing to be synchronized fo the system clock of the computer
NS [19]. On an IBM Pc, there are about 18.2 clock ticks per second. At the limnit, we can
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synchronize the system timing to every clock tick, In this instance,.the scap period
is effectively scaled down to about three seconds. Likewise the shortest inference
cycle can be no more than thize seconds.

The design of AKShell is such that the shortest inference cycle consists exclu-
sively of 2 completed level-one inference process, i.e., the cycle terminates before
the level-two PIP.’s are spawned. The time taken to complete this cycle was defined
in Section 4.7 as the critical response time of the system. In this case. the critical
response time of the expert system is three seconds — the system must have at least

completed level-one inference within the first three seconds of every inference cycle.

6.2 Using the expert system

The source codes specific to the building of an expert system for this experiment
are listed in Appendix C. For the purpose of this experiment, AKShell was at-
tached to the pro edural knowledge defined in UsrFunc,C. The declarative part of
the knowledge base is separately defined in EXAMPLE. AKS. This knowledge base con- o
tains knWledge designed to detect a small number of faults. The object of this F
knowledge base is not to provide a comprehensive tool for fault-diagnosis, but to |
provide a means of testing the performance of AKShell.

An IBM AT compatible machine with the following features is required to run the

expert system:
e 640 kilobytes of RAM.
o One 380Kb or 1.2Mb disk-drive (to load tﬁe program).
¢ MS-DOS operating system.

) : s 80287 math-coprocessor.

s Enhanced Graphics Adaptor and monitor.

_ 6.2.1 Starting the system | | L
- ¢ . The system is started by entering the following command at the DoOs prompt:

\_A AKSHELL EXAMPLE.AKS
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This command line invokes the AKShell compiler to compile the knowledge file
EXAMPLE. AKS, If compilation is successful, the compiled knowledge is loaded inte
AKShell and the expert system is ready to operate. The user is then prompted for

the following information:

1. “>> Enter number of PIPs (1 j= num j= n):" — where % is the number
of level-two goals declared in the knowledge file. The user specifies here how
many of these can be active concurrently. Thus, if 10 specialists exists in the
knowledge base and the user specifies 5 PIp.’s, AKShell will upon initiating
level-two inference, spawn up to five PIP.’s with the most promising CF’s.

These five p1p.’s will then compete toward the final decision.

2. “>> Enter CF threshold (0 j= nam j1):* — The cF threskold is the minimum
CF value at which a level-two goal/knowledge island will be attached to a PIP..
For example, if the CF threehold is set at 0.05, then a P1P. will not be assigned
to this goal unless it receives a CF rating greater than 0.05 through level-
one inference. In other words, the cr threshold sets the minimum level of

confidence at which & goal will be given further consideration.

Once the number of PIF.’s and the CF threshold are established, the main screen
as shown in Figure 6.2.1 will be displayed, and the data-interface will prompt the
user to enter the new-event threshold and the data validity period.

The new-event threshold defines the minimum change in the interfaced data
before the data-interface signals a new event taking place. Thus, the new-event flag
will be set as soon as one of the tank variables interfaced to AKShell varies by more
than this threshold.

The data validity period defines how long the data values remain valid in the
blackboard. This period also defines the time the expert system has to make a

decision, since a decision js valid ouly if its associated data remains valid.

6.2.2 AKShell windows

As shown in Figure 6.2.1, the main display consists of several virtual windows. These

windowe divide the screen into two parts: the upper two windows, namely, ‘Buffer- -

tank’ and ‘Fault-monitor’, Belong to the simulation module; and the lower windows
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Data-interface System Statug -—
Enter threshold fur new event: .05 Status :
Enter dats validity period: 50 Event : 0
Level 1 : O
tevel = 0.0715, sp = 0.5000, u = 1.000C | Level 2 1 O
level = 0.5000, sp = 0.5000, u = 1.0000 ! < Data »1 1
level = 0.5024, sp = 0.5000, u = 0.0000 ! < P1Ps »: 1

Figure 6.2: AKShell main screen

belonz to the expert system. The data-interface of the expert system serves as the
link beiween the two parts.

Each virtual window belongs to a concurrent task that needs to access the console
for read and write purposes. A task can write to, and read from, only its own virtual
window [19].

An active wirdow is the window that accepts user input from the keyboard.
This is denoted by the double-line border around the window. In Figure 6.2.1, the
‘Fault-monitor’ window is shown to be the current active window. Pressing the
‘Control’ key in combination with either the left (*cTRL-<") or the right arrow key
(‘cTRL-—"} will switch the aciive window to the previous or the next virtual window,
respectively,

With the buffer-tank window as the active window, a graphics window can be
invoked by pressing the ‘ALT-P10’ key combination. The graphic window displays a
plot of the tank level, set-point and control valve signal versus time (scan points) as
shown in Figure 6.2.2. Pressing the ‘ALT-F10° combination in the graphics window
will restore the screen to text display mode.

With the system in text display mode, pressing the key combination ‘cTRL-F1’
(with any window as the active window) will invoke the system r inager window. As

Figure 6.2.2 shows, several operation system level functions, including status displays
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Figure 6.3: AKShell graphics window

and terminating the program, can be performed through fhe system manager {19].
‘We .mvoke the system mamnager in order to change the timing resolution (option 9 of
the system manager). - . e e

The 'System Status’ window is shown in the lower right of the screen. This
window shows the running status of the system. The flashing symbol under ‘Status’
indicates that the system is going through the round-robin task switching success-
fully. The state of the system flags are showr under ‘Event’, ‘Level 1’ and ‘Level 2’_.
A ‘1" indicates that a flag is on, ‘07 if it is off, and ‘X’ if the validity of a flag has
expired. Similarly for data and prp. status, ‘1’ and ‘X’ under *< Data >' and ‘<
PIPs >’ indicates whether the validity of the respective item has expired.

* The ‘Data-interface’ window displays the value of the tank-level (level), set-point
(sp) and the value controi signal (u) received by the datainterface. Based on the
nser—sgeciﬁed new event threshold, the data-interface will raise the new-event flag if
the change in a received data value exceeds this threshold. An ‘I’ appended to the
end of a display indicates that a naw-event was detected (this can be cross-referenced
with the new-event flag in the ‘System Status’ window).

The progress of the inference engines are displayed in the ‘Le\_rel One Results’
and the ‘PIP’ virtual windows. ‘Level One Results’ shows the P8 in the PIr.’s a5

desived by the level-one inference engine. Each pip, (denoted by ‘PIP{n}, where n
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SYSTEM STATUS 13:40:53

System status menu
Fear v e dok e sk desrdededy

{31 Close window

[1]1 shutdown executive

[2] Dete and time

{3] Create DOS environment

[4] Display task attributes

[51 Display task tabie hash performance

[4] Display blackboard time frame table hash parformance
[7] Display worst case clock resolution

[8] Display heap available

91 Digplay executive clock resolution

Enter cne of the fallowing aptions :

’

Figure 6.4: System manager window

is the index of the PIP.’s} then displays its progress in terms of the cP in its own
virtual window,

The ‘Decisions’ window shows the decision reached by the expert system (e.g.
‘reached_sp’ if the set-point has been reached), the final cr in the decision, and
whether the decision is still valid.

Fayits can be simulated by forcing a parameter {o take a user-entered value
through the ‘Fault Monitor’ window. A parameter value is forced by pressing an
appropriate function key and entering the desired value. A summary of the function
key assignments is given in Table 6.1

Thus selecting function key ‘F1’ allows the user to change the noise level of the
Gaussian noise generator, ‘F2’ the valve control-signal, etc., and ‘F10° to force the

parameters to assume the initial default value.

6.3 Experimental results

The expert system was set np using the knowledge base provided by UsrFunc.C and
EXAMPLE. AKS (see Appendix A. The correct operé.tional settings of the data validity
period should be 50, since the scan peridd of the data-interface is set at 50, and data
should be valid for the duration between scan cycles.
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Table 6.1: Fault monitor function keys

jgnction key parameter ]
'_F_l Gaussian noise level
{ F2 | buffer tank level (h)
| #3 set-point
P4 | valve-signal (u)
Fb | proportional gain (Kec)
| PG integral {ime conetant
F10 force defanlt parameter valnes

.First, AKSheli was tested under different settings of the system clock resolution
(under option 9 of the system manager). The higher the clock resolution the less
time each task gets to operate, and vice versa. Thus choosing the higher clock
resolutions, and therefore speeding up the system timing, can be seen as effectively
‘slowing’ down the computer’s operating speed.

We found that even at the highest setting, when the system clock is synchronized
to every clock tick (at 18.2 per second), the expert system still produced decisions
at the anticipated intervals even if the available time is not sufficient to complete
the inference cycle. This effectively proves that the parformance of AKShell is inde-
pendent of the hardware performance. In this respect, the performance of AKShell
was satisfactory. .

By desiga of AKShel!_, the inference engines and the decision-maker will not
operate if data validity has expired. This éllows us to use different settings of
the data validity period to test the system performance. Data validily period is set
as a multiplé of the system clock resolution. For instance, if the clock resolntion is
set to one second, then setting data validity period to 10 means that data is valid
for 10 seconds after its creation.

We found that for the experimental set-up, the shortest data validity period for
which the expert system is still capable of making a decision is 5, measured at the

highest clock resolution, The minimum time required to complete one inference
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cycle can therefore be calculated to be:

5 1

.X-]-—87-2-”A'30.3

This means that the critical response time of the system is appro:dma.tely'al}l} mil-

liseconds, ten times within range of the three-second specification.
' Finally, we tested the inference capability of the expert system. Manipulating

the tank parameters through the ‘Fanlt-monitos’ window, we could simulate faults

such as

o leak — by forciﬁg the tank level to a Iﬁw valne.

e stuck vaive -— by keeping the valve control signal at some arbitrar value,
"» fanlty controller — by changing the values of the PI-controller constants.
¢ random faults — by setting the noise level to a high value (e.g. 0.5).

We found the expert system capable of producing the correct decisions 28 defined
by the knowledge base. We therefore conclude that the performance of AKShell is
satisfactory in meeting the real-time requirements as specified in this research.

we
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Chapter 7
Conclusion

The most critical concern in designing a real-time expert system is the management

‘of time. In this research, we have analyzed several key concepts and architectural

design isemes such as
. paraile]ism for risk reduction,

# 2 node structure that combines procedural and declarative knowledge to im-

PIGve Tesponse, |

¢ a multi-layered and partitioned structure that enables the system to zoom in
on relevant knowledge rapidly,

+ the ‘competitive reasoning’ technique; and

s the incrementai approach to problem solving that allows the system fo progres-

 gively improve the sclution until the time available for reasoning is exhausted.

We have assumed an approximate model of the real-world by asserting that
snap-shots (sample-and-hold data) of the world are adequate descriptions. Data

consistency and validity checking then becomes a simple tagk and only monotonic

reasoning mechanisms are needed in the system.

The main modules that make up AKShell are

¢ Knowledge-compiler: compiles and loads the user domain-knowledge into the
' shell’s blackboard. ' '

¢ Data-interface: interfaces the expert system to the cutside world.
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@ Level-one and level-two inference engines.
+ Decision-maker,

These modules consists of concurrent tasks spawned under the system executive

* that provides the system with mnltitasking capabilities. Intertask communication

is maintained through the use of a global blackboard. A mechanism is embedded
within the AKShell architecture that uses system status flags to co-crdinate ta.sk
execution. The concurrent tasks are thus synchronized according to the state of the
gystem.

The implemented shell allows the user to configure an expert system by
o attaching an appropriate data-interface for the intended application

‘o buildirg a custom knowledge base for the application

The two-level architecture of AKShell supports quick-reflex, meta-level reasoning.

at level-one, where superfici:l initial hypotheses are generated; and more in-depth
reasoning at level-two, where these hypotheses are subject to more in-depth analyses.
At level-two, PIP.’s are assignied to prove the hypotheses concurrently. Decisions are
made by resolving uncertainty in the hypothese, i.e., when a decision is requested,
the hypothesis with the highest cr value will be chosen to be the final decision..

By.this two-level design, a tentative decision caz be made as soon as level-one
inference is complete. The critical response time of the system was thus defined as
the time it takes to complete level-one inference.

The critical response time is a fixed and measurable quantity, and is application
and hafdwam dependent. The resuits of this investigé.ticn have shown that, for
ag long as the timing constraint does not require the system to produce results in
less than the critical response time, the AKShell architecture is able to guarantee
real-time response. '

However, a guaranteed real-time response by itself does not imply satisfactory
results. All that AKShell offers is the mechanism for a knowledge engineer to develop
and fine-tune the knowledg : contained in the expert system. A satisfactory real-time
expert system is possible only when the timely response of AKShell is coupled with
a well-engineered knowledge base.
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7.1 Recommendations for further -de#elopment

Several points were cbserved dﬁring the investigation which lead to the following

recommend&fiom for further research:

" & When implemented using X.1.IB, each time a BIP, gete a chance to runm, it will

.

R ——
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not yl_éld contral of the CPU until it has finished meessin + a node. This is

a drawback of non-preemptive systems, since within a node, there may be an

undesirably lope I~ p that may upaet the overall system tim.ng. True parallel

pracessing i powatble only with a pre-emptive multitasking operating system,
with incrased synchronization overhead.

We have mentioned in the design that a significant advantage could be gained
by allowing the operating system to assign higher priorities to the more promis-
ing PIp.’s. The curr-nt version of the system executive does not provide
priority-based task scheduling, and hence this feature of the design was not
implemented and properly investigated. ' '

The knowledge compiler as it is implemented allows 2 user to design a knowl-

edge base in a semi-high level, declarative language. A more sophisticatd -

compiler is desirable to f_a.ci]itate knowledge engineering. A higher level or

more abstract language would result in a more intelligible and maintainable

knowledge base.

. Besides the interfaced data provided by the data-interface, the current version

of AXShel} also allows user-defined constants in data declaration. A further
development in this area would be to allow user-defined vaziables, as this may
be useful in knowledge enzineering,

The system task synchronization is based on three system flags. It was felt
during implementation that introducing more system flags (e.g., assigning one
per PIP,) would improve the fask coordination.

Finally, for development: of large systems, we propose that a formal #ommuni-
cation protocol that specifies how data may be interfaced, how the blackboard
is organized, and how the tasks communicate with each other should be clari-
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 fied. 'We feel that a well- desxgned pmtocol would further lmProvve the system
performance.

3
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fresmc= AKShell.h ssamcty

#ifrelef TRUE

Bdefine TRUE 1

endif

#ifndef FALSE

#define FALSE O
#endif

#ifndef X_TASK
Adetine XTASK vaid

/¥ timing macro */ : .
#define before(timer, dalay) while (ix_timer(&timer, delay)
#idefine DEFAULT_PERI0D 100 _ )

e
cohfidence factors:
cf[1] = success cf (ADD_CF)
cfll] = faiture of (DED_CF)*
#idefine ADD_CF ¢f[1]
#define DEDCF cf (0]

#define FOREVER for (:1)

typedef unsigned char BOOLEAN;

typedef char QUALITY;

typedef char VAR NAME20];

typedef char FUNE_MAME [40];

typedef double real_t; - /* real number type %/

AT
date type definftion:

- data range: .
rangelD] = lower limit
range (1] = higher {imit

- dota qualit : _

-~ LOW VAL = Bottom 4/3 of rarge
HORM_VAL = middle 1/3 of range .
RIGHZVAL = top 1/3 of rarge o

#define LOW LIM rangel0)

#define HIGH_LIM rengall]

#define Loy VAL 0

ﬂ:fgne NORR_VAL 1
fine HIGH VAL 2

typedaf

struet €
VAR_NAME name; _
real t *velue; 7% data valus %7

" BOOLEAM validity; /% data validity *7

QUALTTY quality: F* data quality */
roal_t rangel2];

} INP_DATA;

I*--ub-----u------- e W

_semantic tree structure

o — ] ,

typadef i )
struct predicate ¢
FUNC. RAME usr func_name;
EOOL Crusr_fumeY{int *, real_t *, int, INP_E.;TA *);

int oum_param; /* parameter count
int *paran;findex; /* dats index (of data array) %/
-~ real_t *ref _value; #* refererce value *7

struct Erechata *next;

3 PREDICATE?

t

struct node { .
VAR NRAME name; f* node pame ¥y
PREDICATE *assumption; /* predicate List %/
real_t ¢f[2]: . /* confidence factors ¥
struct node *afbting; 7* horizontal Link */
struct node *offepring;  /* vertical link */

3 NODE;

typedef

struct €

"FUNC_NAME special ist_nzme;

Page 90
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HODE ¢
FUNC Hm{E cf func_name -
3 EB‘?:{EE (*cf | mude)'(real t, real_t); /* user-defined cf function %/

/* record of PIP CF %/

typedef
strvet
int index; /* K_TREE index */
real t cf; /* record of confidence factor */

BOOLEAN attaehed- /* uhethar attached to an inf. eng. */
> PIP_REC;

/* stack for building tree %/

ypadef
Struct node stack £
HODE *node;

struct nude stack "next;
3} NODE_STACK;

M mmmemmmmemmmeAESARASAMEEASAREmerasmaanan———— [P -

Level 1 rules: the initiel confidence is defined as the percentage
of matched symptoms weighted by a uaer-defined value.

T o e e e e e AEmAarAmuran i,

typedef
struet ( .
int spnmahst indox; /* index to k_tree entry %/
int m /* array of causal facts %/
QUALITY *quality; /* their values %/
int nun syuptoms- /% muber of relevant symptoms */
7% confidence waight *7

bt nEclsTcm Lisr-

L TR A e e T L

CF update function ¢(as defined in UsrFunc.c)

L T A e L L T B R L LT T L T TP

axtern real_t of mode(real_t, resl_t);

L T T LT

[AKShell.eY ... main system

T T T T T TT'TY WIS PR T PR,

extern X_TASK sys_AKShell{void);

,*-..-..--..--..-—-..--. -------- D L L T T T e LT EramtmsrE e LT *

[KBComp.cl ..- Knouled a il
Useruﬁuulad e file is t:onpiEad into the foltowing AKShel(

global - varisbles:
extern int num data; number of input data
extern. int num_lvli; nusber of level 1 rules
extern int num_lvi2; riumber of lavel 2 specialists
extern int vem pips; number of avajlable PIPs
extarn INP_CATA *dat data space
level one rules

extern DECTSION LIST *#iyii _rules;
level two knowledge trees

an W mE Fm AR AW AR

extern K_TREE *K tree;

axtern real_t cf’ threshald, threshold to activate PIPs
Must include "uarfunc.h® for user-fmctlon & cf_mode() declarations:

extarn fnt tsr_func_declare{void);

extern real_t cf mode({real_t, resl 1)

A o N A a‘/

extern int kb_coopile(char *);

W rm L T LT L

[Date_IF.c] ... Data Interface

g e Y !

extern X_TASK data 1f(\mid).

T e T T e L

ispFlag.c] ... display status flags

L e e A T T P T

extern X_TASK disp_status_flags(void);

[Inf1.c] . level 1 infererce engine "y
extem X_TASK lvl1 inferm(vaid),
extern X_TASK wake PIPs(void);
extern XTTASK disp_Lvl1{void);

R L1 T 'L U WPV

[Infz c:l «on level-2 inference engine

............. . u*]

. B s
e e st e v S

BT
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extern X_TASK inf2(vold);
extern _x:msx mf2_piptvoid);

/*' ke

Dacision.cl ... Decision-maker

i —————

extern X_TASK decision_maker({void);

N
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J¥=a==z Data IF.h d A
Macros for data-'l.nterface imlmntation M
Must be included after P

L]
-]
5
'a:.r
1
»

#define. ONE_THIRD 0,33333333 o
#define TWOITHIRD 0.46646667 P

typedef struct {
VAR_NAME name; .
real t *data_loc; : _ .
} if data_t; '

extern if data t *if data_List;
extern int if_data_declare(void);

,*----- if data declapet) o v e v e e e e - :.. .
Copies Thterface data into the interface-dats list, to : i
be used by kb_comp(). I
- lm:;rfari:g gta declargtim.

in
define if B‘ata{mterfece date_1, &data_1);

defina if datahnterface data X, &data X);

and_{f_datae Tist
- Main calls o

int num;
hum = i¥ dats _declare; .
where num 15 returned by this function. xf successful, .

S the mmber of Interface dats mapped iz returned; elss’ ) ) C
‘ o - an error code s returned. iy '
. Tt iefine begin_if data_tist(n) \
I . I if_data tn‘if"dat&list' \ '

}nt if_data declare(vold) \

Int i =0;\
in!:m.lmli= dataﬂn, \

if ((if data]_'l)'i:t = {1f_data_t *} calloc(n, sizeof(if data t))) \
: return(HEH | ERRY;

. #defme defme if data{d, data) \ .
f {i »="num_if data) return DAT&_LIST FULL; \ .
str py¢ i f_date_TistIil.name, #d); \ : _ L
ata_|Tet{i++].data_Loc = Edata :

#define end if_data List{) %
o return{id; \
e > /v oify deta declareu *f
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fr=as== UsrFune. b = = w
Macroz for user functien declaration.
Must be inclicded after
- atdlib.h
- AKShell.h

. = errmsg.h

#ifndef TRUE
#define TRUE 1
#endi ’

#ifndef FALSE
efine FALSE 0
endi f

typedaf
struct
FUNC_NAME name; ‘
BOOLEAN (*func)(int *, real_t *, int, INP_DATA *);
} fune_rec_t;

I*-g--- usr_fum_declam(! EY Y —— -.---: ------- -t
Copies user functions into the user funetion {ist, to
be used by kb_co&().
- User funciion declaration:
usr_func prototype(“function namen);
] {x user functions)

begin usr_quu: List{xy.
define_usr_Func(user_function 1);

define_usr_func(user_function_x);
end usr_fine_Tist
- Main eall:
int tumg
. num = usr_func_declare;
where num 18" retufned by this function. 1f sutcessful,
the number of user functions mapped is returned; else
,,on error code i3 returned. .

extern int usr_func_declare(void);

#define usr_func prototype(f) BOOLEAN f¢int *, real_t *, int, INP_DATA *)

#define begin_usr_func_List(n) \
{unc_rec_t'*usr_fmc_l fat;

int _
lé‘a{_func_declarecwid) A\

int ¥ = 0, max_fune = n; \

if ((usr_fuﬁ:j_list = (func_rec_t *) callocn, sizeof(func_rec_t32) \

\
return{MEM_ERR);

#define define_usr_func(f) \
if (i > max_func) return FUNC_EIST FULL; \
strepy(usr_fune Listlil.neme, #6); T

-

RECR usr_fune_list[1+].func =
{ _"\“1 :

#define end usr func_List \
return(i); \
/* usr_fune_declare() */ \

o WL et AT

L S i e ————— " — [ o+

Macres. for CF-function decl.arhtions

T EEsAEAMTE - M- LI T T, ANmmd s - u----*’

typedef
struct {
FUNC_NAME neme;
1 real_t (*func){real_t, real_t);
. } cf_func_rec_t; .

f¥-=--- cf_func declare() «------ wummemna ~wveeen et o
; ] Copies User Functions into the CF function list, to :
be used by kh_cogg).
K’) - User functicn declaration:
= cf_func_prototype(tfunction namety;

:t  {X CF functions)
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_begin of fune tist(x) |
define_cf_Tunc(cf_function 1);

defina_cf fune(ef functic 1 x);

end_cf func Tist
- Main“call:

fnt num

num = ci‘_func_daclare;
where num is returned by this function. If successful,
the mmbar of CF functions mapped is returned; else
an error code is returned.

Kawe YT e mtmS AR A A S ASn A AR A - *

extern Int cf_func_declare(vold);
#define cf_func_prototype(f) real_t f(real_t, real_t}

#define begin_cf func list{md \
r{.f__fmc_rec_t'*cf_?m_l ist;

Int
%ftfuncﬁdeclaratvbfd) \

Cint § =0, max_fune = 0y \

1f ((ef_fune List = (cf_func rec t

_rec_t *) \
callec(n, sizeof(ef_func_rec_t))) == HULL) \
return{MEW_ERR);

wdefine define cf func(f} \ )
if (1 »="max_func) return FUNC LIST_FULL; \
strepy(ef func List[il.nape, #7); \
of _fune LTst{l++].func = f

#define end_cf_func list \
returncid; \
3 /™ ef_func_declare() */ \

i ara

S an =
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[h=an== pkShetl.
 The calling program

/* Tuken passing system */ o |
#include <ctypa.hs _ I

#include <x.h> - |
#inclwde <xtioe,h> |
#include "AKShal{.hn .
F#include errms. h“

#include “buftank.h

/* global variables */
int rwm_data;

int num_tvl1;

int num_ mz,

int num pips . :
1NP_DAT. *data |
DECTSION LIST "t\rl"l rules; Level one rules */ |
K_TREE *K_tree; tevel two knowledge trees */

real_t cf'threshuld- /* threshold to activate PIPs #/

f input data */

f level 1 rules */

f level 2 specialists */
r of aveilable PIPs */
data space =y

i fr |
Qoo

rumbe
numba
numbe
mimbe

EX iy

------------- -

o
void maintir- . char *[1); : |
X_TASK sys_t». hell(vo‘ld), i

void
n{'iain(mt argc, char *argvIl)

.
int err; |

if (arge < 2) {
prin‘(’{("ﬂsage. Axshell <knouledge file name>\mt);
exit(1);

c[rscrég teg 1153
err = compi leargy ;
if (err < H.qu ERR)

exit{2);
r.-lr'scr(},

L

x_fritialise systemr.)
3 /T main() ¥ !

void " |
i_hﬁtial ise_user(void}

char pip nam.*801;
char cmd Lvnp. (2017
int i

extern int num_pips; /* number of avaijlable Pips *7

/* syntem tagks %/

x_thread(sys_AKShell, "sys, | AKShel L, 1024 Lo H . ;
x_thread(disp_status_flags, sys f1agsn 102& 5, umys _!
x_threadC Lyl inference, “Infi®, 2048, 8, W)t

X thread(disg vl "dlsg lvl.1" 10?.4, 3 iy

X_thread(inf2, minf2n 24, 5,

/* spaun PIPs *I

o et nttipip. name-Pape: = b |
sprint hame, i): : N
sgrintf(gnﬁ"tlne, "pPll:'FIIXd] L . |
x_thread(inf2_pip, pip_name, 5120 10, cmd_Line); o

¥_thread(decision_maker, “decisionsn, 1024, 6, w);

/* simulation module */ S
x_thresd{fault_monitor, "fault munitor" 1024, 10, nuy; o
X thread(gu?ss noise, "mofsen,” 1024 mry - . _—
¥_thread{ ank, "Buffer tank" 16246 10 e ) -

J* data interface */ -
% thread{data_jv, *data if1, 2048, 10, m); o
3 /¥ x_inftialise user() %y v

Jhesee sYs _AKShell() ------- oeuk ) -
AKShetl Bystem task: ’

ey A
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- maintains system constants
-and tha knowledge base.

- ———pe—

---F-n.u-u-----hn-i------..---*’
- ) . K_IASK
| . iys_AKshell(void)
\ int i;
state_variable(int, bb_rum_Lvl1};
state_variable(int, bb lvl2):
state_varisble(int, Sh num PiPs):
state_variable(DECISION LIST &, bb_{vi1_rules);
state_variable{K_TREE ¥ traa);
_ state_variable(real_t, bb_cf Threshoid); :
inltialise_blackboard; _ .
I o Initialise times . :

set_pathisystem 1, blackboard, sys AXShell);
T me_frzme(b‘ﬁ_lfu.m_'lvl‘l, d)} ved !
_ C time frame(bb nun tv(2, d);
. _ time_frame{pb wm PIPs, d);
N : time freme(bbLvlY_rules, p);
time_*rama(bb_k_troe, ﬁ)'
tire 1vame(bb cT_thréshald, £);

EL L LT T iy

. fnitialise system variables

- A .- pw.n-------*!

bl pum_{vl1 = hum_Lvli; .
g‘t;_mm_ll,'\{;z = _m.m_l\;lz;
g = pips;
Bb_ LvlT_rules = l'\ﬁ‘l?ulea; ‘
Lk tree = k tree; _ _ ;
bb_of_threshold = ef threshold; _ '

Ko mmdariammman e -

conhtinuously refrash the blackhoard

B L L T T W)

FOREVER {
x_bagin

with_validity(PEFAULT_PERIOD) output(bbnum PIPs);
Hith‘,validjt;tDEFAULT-PERIDD) uut%t(%ll\ﬂ!i' _rules);
with validity(DEFAULT_PERIOD} output(bb k_tree);

with velidity(DEFAULT_PERIOD) output{bbcT_threshold);

} /% sys Axshell() *7

SU— '*":".""‘”"'r“%-_éf -

~"With_val idity(DEFAULT_PERICD) otstput(bb_rem_Lvi1); : v
withTval idi ty(DEFAULT PERIOD) output(bb num Lvi2) R

¥_end b
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fh=cazxe {nf],0 soom==ssmascok
. level 1 ipference engine

#include ®x.h® £
#include “xtime.hn :
#include "AKShell.hn

l X T{ASE Lvl1 lnte{;ncggvei?r
réa ate_Lvl2 cf{rea
void"sougdto RCPIPTREC *, Tn&
X_TASK disp_[vi1(void);
XTTASK wake PlPstvoid),

real t. int, int);

=== Lvl1_inference(} -----%
Level one inferece engine "

K
_inference{void) _
¥define NUM_STATIC 4 /* nuber of static bb data imported */

BOOLEAN old_event_flag = FALSE;
int i, fact_ index,

int num_matc

DECISION LIST curr. - rule;

INP DATA curr_facty

real_t cf_weight;

state varmbletint, bb_num Lvl1);

state variable({nt, bb_mwa_Lvi2y;
state_varisble{int, bb rem PIPs);

state vanablacnecrsmw LITT *, Bb Lvl1_rules);
state_variable{INP_DATA™* hb data_; _SpG);
stata_variable¢S00TEAN, ew_zvent flag);
state_variehl: SBOOLEAN, bb lvlT flslg'f,
state"vari . - PIP_REC * . Eb PIPs);

initial{se_wtockboard:
initialise time;

set_path(system 1, blackboard, sys AKshell); s .
me_frame(bl_mm_Lvl1, d: :
time_frame(kis_num lvlz d}; .
time_frame b nun'P!Ps d);
time frame(bb LvlY rules,dg
set th¢systa data_if, data if);
time_frame( data _8pc, p);
time_frama{bb) neu event flag
set_path(system T
time_frame(bh [vl1 fla.g, b);
time_frams(bly PIPS] p);

by;
nfl);

for (i = 0; 1 1= Nut STATIC,) {
/* get static data %/
fnput{bb_num lvl‘l} perform {++;
input(bb”mm_Lvl2} perform IH--
input(bo nim PIPs) rform {447
1_'f ;(bb__.lﬁl rulesgeperform i++'
if (i ==
Ma loca‘t‘e space for PIP record array %/
if ({bb _PIPs = (PIP REC *) calloc(bb,| I"ILI'I'I lvl2, sizeof{PIP_REC)))

abortt); = /* megory error -» abort program */
else
f=0;
#_yield();

i nferenca Loop:

L LT TP -

bb Lvi1_flag = FALSE: T
FOREVER™C ! '*

Iﬁ'---.... ------ MArErammn o e W

Start a new inference cycle if
ned event flag is set.

- L T e ——

/ input(bb_nex_event_flag) perform { .
\"j npu benneu event, ﬂgs lold event_flag) { /* atart of new event %/ . ;
bEgin |
I* sat level-one flag */ .

. S @’. va m’_ _d ~ _ - o n..,. . _ e | - fé’ | e ..... _ C‘ .. " ..-.,I: R I _?:_._..._,..._.__.__,_.,__ ........... ..#.__, .__, e- ] .: :. ;

e . i A —— 41
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bb_tvl1_flag = TRUE;
e:gi:h_va'l'idity{DEFAULt_PERIOD) output(bb_lvl1_flag);

/™ reset and détach PIP records */
for {1 = 0; i < bb num_Lvl2; vy €
bb_PIPs([f].indeX = T;
b PIPS[i].cf = 0;
bb PiPs[i].attached = FALSE;

{* qﬁtlgtgtlvely gxami?a fagts *f
ate_g rform
o =075 < num Evit; ded) £
curr_rule = bb Tvl 1 rulesiil;
nun matchéd = 0;
for (fact_index = Q;
fact_index < eurr_ruia.mum_symptoms;
fact_index++) ( :
curr_fact =
bb date_spzleurr rule.symptoms[fact_indexil:
if (curr_fact.validity &&
curr_rule.quality[fact_index] ==
cure fact.quality) {
nu matéheds+;

3
i te PIP's cf value */
bb_PIPsienrr rule.specialist_indexd.cf =
update (vI2_cf( R
bb_FIPs[Curr _rule.specialist_indexl.cf,
eurr_rule.cf, num matched,
N eurt_rule.n.m_symptome);

3
/* sort the PIP record array */
sort_to_n(bb_PiPs, bb rum_PIPs, bb_num_Lvi2);

/* time-stamp PIP records with the end-validity time
of bb date_spe, then update the bleckboard */
start_validity = K_CLOCK; )
end valfdity = bh_data_spe_time_frame->end_valfdity;
outl.ut(bb PIPs);
}l I*c f start of new event W/
alge
/% if dota still valid, extend validity of Pips */
input(bls date_spe) perform {
start_validity = X_tLocK;
end validity = bb data_spe_time_frame->and_val idity;
output{bb P1rs);

X .
old_event_flag = bb new event_fiag;
te blackboard */
fo 508 ioe ckppard
’ with_validity(DEFAULT_PERIOD} output(bb Lvi1_flag);
x_yield();

#undef NUM_STATIC
} vl inferencel) */

/*---... update_lvlzﬂcf() --.u..-------..------:--m.*
Updates the cf value of a level-two specfalist.
Formula:z

ef = old cf + frac * wgt
whera

old_ef = old cf value

frat = fraction of predicates watched

wgt = ¢f weight of current rule
Returns the updated cof value

--un-----_q--.-------luu-------rn---------uq---’----*’

real t :
%pda"fe_lvl.z__cf(real_t old cf, real_t wgt, int num matched, int num symptoms)

if (num_matched == 0 || num_symptoms == 0)
return old_cf;

return ofd of + wgt * (real_t) num matched / (real t) num symptoms:
} 7% updata_ttz oty o = RSO

f¥==== SOPL_LO_R() =wmmemcnmm- mweramen e aman

o
o

R e . e
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SOI‘t the PIP_REC array IT to the nth element so that
ha flrst n elements wilt contain the highest CFs.

----------------------------------------------------

void
sart_to_n(P1P_REC *base, int n, int sized

PIP_REC dummy:
inti, J;
" (partial) bubble sort nigorithm */
for (i = 0; ’l 3o
for {j=1i+ 1 # < giza; j++)
it (base().cF < basetn ofy €
base [il
base l] = base[h
base(]] = dummy;

“ X /% sort_tont) ¥/

FALTETE digp lvl1{) ~-evemmmcummcrnencvumennnn #*
Displays 'fhe resilt of level-one lnferenc e,
Inferenced results are invalid if validity
of date (or any other relevant blackboard
variabte) exptres.

¥_TASK
_ c(l'r'sp__lvluvoid:i

int iz '
BOOLEAN old_vi1_flag = FALSE;

state varlabletint bb_num P1PE)
state_variablo(BOOLEAN, bb_Lvi] %lag).
state_varisble(PIP_REC'*, Bb_PIFs);

initial ise_blackboard;
initialise_time;

set thgsyst 1, blackboard EYS_ nxshaln,
tnatﬁt;*jlgg mefvétsi l;lfn

-1
Time_frame(bb lvl ag: b; d
time frametbb'PlPs, Py

x create window(s, 1, 5, 40, 0, 0, " Leval One Result ¥, X _VISIBLE);

FOREVER
mput{bb lvu _flag) perform £
bg 8y result once Level-1 1nference finishes */
if {I lvl‘! ﬂa &5 old vl flng)
I t(gbaPlP )amgbb resuptlzg ) form £
npu 3 im 8 rform
x rmtf("\n")‘ pe
r i =0 <bbnunP!Ps i++)
x_pmt%c"\nxd-‘mm of = %1.4f"
) i, bh PIPs[il. index bk PlPin] f);

3
old_Lvl1_fiag = bb_Lvi1_flag;

x_yield();
3 disp lvl1() */

AT T e - it PR R
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% = e

infa.¢
. level 2 inference engine

#nclude <string.h>

#include nx, ke
#include "xtime.h"

#include "aXShell.hm
kfﬁﬁ lng(vmd),
in
int l.Imfy(PR&?CﬂTE Ly IKP_DATA *y;

fnenn L S T *
Activate level-2 PIPs via system
lags. FIPs are waken on t
falling edge of the tevel- 2 flag
and suspended on the rising edge
of the neu-e\rent flag.

X_TASK
E nf2{yoid)

BOOLEAN old lvl1_flag = FALSE;
BOOLEAR old evenT flag = FALSE;

state_variable(BOOLEAN, bb new event fleg),
state variable(lNP m'ri * 'bb Eata
state_variable(BODLE v 1 flesgc
state variable(pIP REI: *
state_variable(BOOTEAN, Gb l\rlz flag),
state_variable(int, bb PIPT) Btatus);
state_variable(int, bo_mum Plps);

initialise blackboard, :
inftial{se_time; v

set_path({system 1, data_if, data_if); v
Tim_frame(bb _new_event fla by: 3
i frane(bo dot % Y.

sat, J;etﬁtsvstegﬁ evefc", nF1);

time frame( [v eg, [ H

time frame(bb Ps, T
set$etﬁtsvst leve o, inf2y; -
me_frame( iv flay, b);: P

ttm:ﬁ:mft ;PIETS Ebﬁ'dd Akshetl); '
se system ackboard, 5 e

"'cji::e fr:me(bb' num_PiPs, dy; e '

bh lvl2_flag = FALSE;
FDR? =R ( vent flea) and(bb_LvL1_flag) perform {
ven
R pe
bb_Lvl2 fTag = (old_Lvl1_flug 88 1bb_LvL1_flag);

/* reset PIP status %/
if {bb lvl2 flag) bb PiP status = 0;
with val:dityanmJLT PERIOD) output(bb ) PIP_status);

--------------------------------------------------- L

1} Tum l.evel 2 flag off if alt PlPs haye cmple

23 Check if data & PIP records are still velid with
reference to the system flags. ar

: i'nput(bb PIPR) andtbb data sgc} and(tb_num PIPs) rform €
tvl2 flag = ¢ PlPaetus<bbnun 1Ps
(tlqu avent_flag && bb new_event_flag) ||
{bh_{vTZ_flag &L Ibb_new event_flag)));

" | -
bb_Lvl2_flag = FALSE; : LA

old event_flag = bb new event :_ftug; : : b
old tvi1 _Tlag = bb Tvl1Tf Lo
Wi th_valTdity(DEFAULT PERIOD) output{bb Lvl2 ilag); :
with vahdltytnEFAULT'PERmu) output(bb PIP Status);

3
*_yleld();
3 l* infa¢y */

) S X - . R S [

hacast PR
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nnnnn ‘In 'I EI AT R P P LY P L L )
l* f2_pipl} *
evel 2 1n erence ergine (PIP).
- PlPs become active when bb_level_2 flag
becomes TRUE, and suspend themselves
uhen the flag is set to FALSE,

X_TASK
I:nfz " piptvoid)

int pip;

NODE *curr node, *curr level, *curr_choice;
real_t max_cf, curr

real”t (¥cT mode)l:real _t, real_t);

BOOLEAN result;

state_varjable{K_] 'I'REE * bbk tree),
state_variable(int rll.qu_FlFs :

state vanabtetrea{ t, bb cf threshold},
state_varisble(PIP REC * “bbPIPe);
state_variable(S00TEAN, Eb Lvlz fl.ag),
state_var{ablaCINP_DATA *, bhb_data_gpc);
state var!able(lnt, bb_; PP - gtatus);

initialise_blackboard;
initialise_time;

set_ th(system1 bl.ackbuard, sys_AKShell);
ime_ framebb fc

,I
set gsystem Tevel 1, inf1)§
rame(bb, f
set _patﬁ'{system leve 5, inf2y;
Time_frame(bb_lvi2 fiBg, b);
time frame(bb-PlP Status, dy;
set ‘Epa %svstem date_if, data_if);
me_frame(bb_data_spe, p);

x create windowtb, 41, 5, 40, 0, O,
X_TURRENT_TCB->Command. Line, X, v:sml.r-.),

FOREVER €
pip = =1z - /* initialise to invalid PIP index */
* fnitialise and attach to system */
ke (3 o S T, e,
Tag) a a_g) orm
it (B VT2, Fay o TRUSY ¢ ped pe

bid for a PIP goal, check that:
< there ik 4 valid goal
~ goal not attached to a PIP Yet
. cf of the goal is » threshold
- for {pip = 0; pi cbbnunP!Ps- ipt+) {
ifp{ pibs p?m atEachad 2= FAL p“
p].cf »= bb of thrushold} (
m” attach to this PIP goaT /
bb PIPs «attached =
mfh val d tY(DEFAULT _penmn; output{bb_PIPs);
x_yisld
break;
. 3
; o 3}
i ' if(gipwﬂ&& pip <bbmnPlPs){
ERE A attach special.!st ¥
: curr level = bb k treelbb PIPslgs(].mdexJ
%_printf("\n\n[Zd] attached: \M 1,410, °  PIPsIpipl. 1ndex
e« SR S
c e = ree 5
eurr_lavel =curr_lavel->offspring; /* 8o to first tevel #/

. Fid inference algorithm (loop) %/
R ' while {bb g leg 2& currplmlj <
¥ /* first chuose the 1st node */
curr_choice = curr_level;
© 3 result = unify(eurT_choice-»assumption, bb data_spc);
max_¢f = curr_cholc@#-»cf [resultl;

H B ' % eh:coié others mhﬂiw sgn?bﬁvel *f
: ' : curr_node = curr_choice~»s
\...) . . whil& fcurr_naday { i
. result = unify(eurr_noda- >assmpt|cn, bhy data_sped;
curr_cf = curr_choice->cf [result)
if (Surr_cf > max_ef) €

e T Pk A e M B e by T
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max_cf = curr_cf;
eurr_chofce = curr node

3 .
3 curr_rode = curr_node-bsfbl!ng;

----------------------------------- P,
mada ﬂmt choice on this lwel-:» ate
confldence factor using user-defined md
s;mvg‘ll:lm for this tree and move to next
evels

. *x/

bb PIPsipipl.¢f = cf modelhb PIPSIRi l.cf max_cf
With val?-ﬂ:ytosrauﬂ PERIODY wt?ﬁtp 1Ps); g

X_prmtf(“\n--b update CF = X1.4f1, bb FlPs[plpl.cf),

input{bb_Lvi2 _flag) parform €
nmwrr Teval™= currpcholm-:»offsprmg, /* go to next level %/

/* ircrement status if end of tree is reached */
i (wr&gvgllll"-tmtt‘-; f €

i status rform

npu PIP_status++; pe

ui'ih validlty(DEFAULT_PERIOD} output(bh PIP_status):

else - ’
bb Avi2_flag = FALSE;

3 X_yield();
3

X yield()‘
Y /¥ forever loop */
} I* inf2_pip() */

Phesemc UBHY()-3msmmsnmsnnnmbnndasemcn s e s e e an e nmn o e .

Check the validit y a by calling predicate fmctinns
a boo ean value to indicate whether

usr_func{), which re
predicate condzt& If all predicates are sat{afied
then return TRUE. ¢1); e turh FALgr E. {0). The returped value

fs an index to the node's idence array {ADD_CF & DED_CF).
The indexed cf valie fa cmmotfnded m:h etmf_renoed :T )

| — - g e e *

int :
uni fy(PREDlI:ATE *assumption, INP_DATA *data)

PREDICATE *curr _assume;
BOOLEAN {*zurr_func)Cint *, real_t ¥, int, INP_DATA *);

curr_assume = assumption;
while {curr assuma) { = -
eurr_funé = curr assume->ust_fune;
1% (Teurr_funceclirr_asaume->Paran_index, curr_assume-»ref value,
curr._pssume->num paran, data)) == TRUE) T
CUrr_aSsume = curr ass:me-:-next,

alse
: r-eturn FALSE;

;)
returr TRUE:
3 /% unffyl) ‘/

P
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[He==== Declgion.c m===c¥ . _
. Decision-maker . : _ _ RS

#includa Bx hit
#include "xtime b
" #include “AkShell.h®

X_TASK decision_maker(vold; ' _ L

f*----v- decision maker r=-v=s=-sseemsmmsessie e ——— * _
Select a dewision besed on the CF results of the i
lavel-2 PIPS. Activates on the negative edge ) ;.
bb ivi2_fleg. Decisfor §s valid if data is !St'l it

valid, — .
e P P A L —— * [ 1

X _TASK -

%Sclsiun maker({void)
real_t mex_cf; :
int ¥ max indax, : : R
BOOLERY v ,
char cf strﬂﬁl.

s:a:e variﬁ%aﬁnzm * thII: t;ee), : o
state variable Fs): : : ioyT
state varlable(PIP'REc'E“n Bb_P1Ps); ' SRS
state_varishle(INPDATA ¥, b5 dnta_spc); : i
state_variabla(S00TEAN, bb_LVI2 flag); - : : . _ E

- BOOLEAM old_Lvl2_flag;

initiatise | blaclr.hoard°
inftialise_time;

sat, ath(system 1, blackboard, sys_J AKshetI),
time_framel f: ree, p),

- time freme(bb_rim PIP : .

get_patfi{system Taa"::lita i% datu iF); o

a s

set;atﬁ(:;i‘::gm ﬁ s;’,‘i p inf1; ' : : TR
Revel s, it : =

oy

set_path(s'

Time frge(bb' {viz_f(ag, b); _

x_create_window(i1, 1, &, 80, 0, ¥, ¥ becision-maker “, X_VISIBLE); .

J* inftialise and ettach to system */
bb_mm_PIPs = 0;

valid = EALSE;

X_write(t, 1 0. nalidity: X*);
x_write(2, 1, 0, YDecision: W);
&uritetB 1 0, W---» CF = )3

input{bb_num_PIPs) and(bb k_tree)
Pt Brdzhb_P i2 af} and{bb _data spc) Perform {
¥ do notﬁing until attached to Syst em *,

ot v

X T{e 3;
} while (bh rum PIPs <= 0);

Ty FOREVER {
{ )\\\ ; old_Lvlz_fiag = bb Ivl2_fleg;

r 1, f* make a ducision on neaative &dge of lovei-2 flag ¥/
1 e 1puttbb ivi2 fla? perform
O i iftoleZaaag&&!hblvlzfl ag) {

_ _ !npu'f(bh ta spc) shb FipPs) perform €

: - * make o det
valld TRUE> ) .
maX_index = bb PIPS[0] , index; R
wax_cf = bb PIPs[03. cf- IR
for"{i = 1;71 < bb nua  PIPS; jaey £ : i
if (max o€ < bb PIPALE].cfy €
max_&. IPsfil.cf; N
max_index = bb y PIPS[{1. Tndex; : T

"}
sprintf(ef_; str, "%1.4f" max_ch‘ . RS
. x_clear roW(2, ) bse 7o
Y ) : ;g,,:{;:;‘{gwg, 11’&: k_treefiax_Index]. speclal.lst nama); SR

S e ©awriteld, 11, 0, ct _str);

7% implement decis{on action here *f ' : 1

e e e i
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© K yleld();
" Y H

elge )
velid = FALSE:

¥
e X_urite char(‘l 1,0, validsiB);
L x ialdt)- .
. f’f .
3 /* decis:on,maknrt) 7 '

e e it s ety
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Fru=mmz YsTRunc.g soemmucad
_ user-defined tunctions “y

#include <stdlib.h>
#inctude uaKShell.h!
#nclude Yerrmeg.ht
Sinclude "usrfunc.h”

PR —— P

™
CF update functich N

Nawntmpmeweeme -

real_t cf _pbde(real_,_t, real_t);

W m sl e P e e e

fnitialise user functions .
usr_fune_profotypelLess_than);
usr_func_prototype(greater_than);
usr_func_prototype(equal_to):
usr_func_prototype(not_equal_tod;
usr_func_prototype(increesing)s
usr_func_prototypeldecreasing};

_begin_usr_func_!ist(5}
define_usr,_Tunc(lass, than?;
define_usr_func(greater, than);
define_usr_func{equal_to);
def ins_usr_func(not_squal_to);
def me_usr_func( increasing);
define_usr_funcldecreasing);.

end usr_fune Tist .

e

jnitialise CF functions .
cf func_prototype(additive);
cf func‘protqtyygeé(associath're);
ef_func_prototype{conjunctive);
ef_func_prototyped{disjunctive);

begin_cf_fune_Llist(4)
defing_cf_Tunc(additiveds.
define_cf_func(asscciative);
. define cf_ fwm{cun}u'tctive);

define_cf func(disjunctived;
end_cf_fune_Tist _
,* ----- -M---.'----ﬁ-bi-----..q-----ﬁ--.----..----.F-I-q‘--.----‘----.-.---‘*
~ user-defined functions
*-qn—------_--u-----a-_—----_---------up--------------.----.---------o------—-‘l
BODLEAN

Legs_than(int ¥x, real_t *ref, int num, INP_DATA *data)
int i3 o
for £i=0; 1 < rum; {++) .
if (v(dataix{ill.valued > reflil) return FALSE:

return TRUE;
3 /% less _than() %/

BOOLEAN . C - )
%raater_than(int *x, resl_t *ref, int mum, INP_DATA *data)
int §; ’

for {{ = 0; T < mm

r_( H ) n; T+ { )

if - (*(datalx (1] .value) < eeffil) return FALSE;
return TRUE; :

3 /* grester_than() */

BOOLEAN- . _

equal_to(int *x, reel_ t *vef, int = IHP_DATA *data)
int i3 S
for ¢f = 0; 1 < num; i+ {
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if (*(datalxCill.value) != refil} return FALSE;

raturn TRUE;
3 /* equal_tot) */

BOOLEAN _
?ot_eql.mt_to{lnt #x, real_t *ref, int num, INP_DATA *data)
int i3
for {1 =0; 1 ey {
if t*(éta[x[ﬂ] .value) == ref[i]) return FALSE;

return TRUE;
3 /* not equal tol) */

BOOLEAN - . :
En:reas‘ln'g({nt *x, real_t *ref, int num, INP_DATA “data)

int i; _

for ¢ == 1: 17 f-~3 & . _
N if (*(datarxif-111.value) < *(dataix[i1]1.value)) returi FALSE;

return TRUE;
} /* increasing() */

DOLEAN
genreaéingﬂnt %, real '.' *raf, {nt nim, TP _DATA *data)
int ‘l'

fo r 1: -3 (€

1F (*(datatxti -131.valuey > *{datafxli]1].valued} return FALSE:

return TRI.IE, )
Y} /* increasing() */

. ,*.n--.q------n [ P R ——— PP SN R ———

user-deﬂned ef- update fmctmns

L S - ————

L R Y L L LT T e PP PP PP T T e

User-defined ¢f modes:
Inputz- olg cf: value of current CF
Ouplitz- gu CF as mndifi'ed by wat.

befault functions to modify cf:~
additive; sddition
asgociative: multiptication
conjunctive: choosea max
dlsun:twe. chonses min

- :,{s‘%ﬁ I*' _______________________ ._...-...-_*J

real_t L
additivalreni_t old_ef, real_t cf_weight)

return old cf + of_wefght;
7% additivety >/

resl_t _ : n
%SSOciative(real t old cf, resl_t cf meight)

. return old _of * cf_weight;
1 ¥ J* associative() =/

real_t : '
conlﬁncti‘vi'e(rsat t old_cf, real_t cf_weight}

\' J X return (resl_t) minold cf, cf_weight);

7 conjunctive() *7

real t
disjunctivetreal_t otd cf, real_t cf weight)

£

....... ...--e--.l‘/
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< -
}- return (redl_t3 max

{otd cf, cf_wetght);
J* disjinctive(y */ vetghts

- __j.{.
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] . Jru=s==n 6 mmsssamesE

XB,
AKSHELL ﬁcguYedge compi ler__l

.

#idefine DEBUG

nclude <stdio.h>
neclude <stdlib.h>
nclude <akiloc.h>
melude «w?e.ﬁv
nelude <string.h>
nciude <math.h>

ginclude *x.hv
#inciude "xtime.h"

] #include “AKShell.h¥

., e nelude "erFunc.h®

neluda wbats IF.hY

nciude “ErrMsy.h"

,. ' Zdefine LABEL LEN 20
' ' #define NUM_LEN 20

#define High_token “high!
#define Low_Token "Low"

TR I

At

'-_...‘----*
zokens
[ .
#define Begin data “BESIN_DATA:®
#define End_data "END DATA:" .
#define Eﬁgm_lvu “BEGIN LYL1:¥
ne End_LVLT VEND_LVLT:®
#define Bg&m_lvlz UBEGIN_LVLZ:"
ne End_L¥L2 "END_LVLZ:¥
#idefine Datd_toker WDATAI" .
#define Data_set token YDATA SET:®
¥define DeciZion_token "DECISION:®
#define CF welghT _token VCF WEIGHTz®
gdefine CF_mode tcken VCF MOOE:"
fidefine Node_token “NODE:
#idefine Parent_token “PARENT:®
fdefine Pred_token VPREDICATE:"
#define Param_token “PARAM:Y
- #define Ref _val_token VREF_VAL:®

#idefine Begin_comment ;' /* marks start of comment %/

. ik

N real rumber defines .
#define DEC_POINT '.*
#define EXPBNENT E?
fcefine POS_SIGN '+
#define NEGSIGN '-'

S I P

. global varisbles . _

extern int rum_data, rem_lvi2, num_Lvl1, num pips; _
extern INP_DATR *data_spe: : AN
. : exgern EE%E?EEL{:ST '*lvli__rul.es; o
N extern ree; :

i ""h . extern real_t of threshold:
extern fune_rec_T “usp_func_Llist;
_ extern cf_¥og_rec_t *of func 'ist; .
: . extern if data t 7f datd_list;
el extern int mum_if_ data; b

NODE_STACK “node_stack = NULL, *stack_top = NULL;

PV SRR

functien prototypes
: int kb_compile(char *};
BE : int data deciare(FILE ‘, fnt *}
1 ' : int {vl1 declare(FILE ¥, int )
o int 1vi2 daclare(FILE *, int *)

ErErL

real_t *sttach_detalint, char *3:

int get_token(FILE *, int ¥, char *);
int get_lebel(FILE *, int %, char *);

O fnt_count *"en{FILE *, cher *, char *); :
NODE *furmaparmt(int char *3;
_ int match_ atagin , char *9z
: $nt match_special¥st(in%, char *);
N2 int attach usr_functint, PREDICATE *);
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int get_real t(FILE *, int ¥, real t *);
int gei"int(FILE *, int %, int *3¢

int skip_white space(FILE *, int ¥);
BOOLEAN 1s_white space(char, Int *);
BOOLEAN is_bad char(char);

void skip Word(FILE *, int *);

void echo_errortint, int, char *);
char *errmsg(int, char b H

int push_noda(NODE *);
NODE p_node(void;;
void cleaT_stack{vaid);

#7fdef DEBUG
vold debx 1{Int);
vg}d det (int);
1

,*-_-—-- kb_cmfle() - e m s A - L]
Rule copiler: returns NO_ERR jf successful, else it
calls Yecho mssﬂ to print out an error massage ap

. defined in Errfeg.THT, and returhs the error code. y

int '
I{:b_coﬂpi Le{char *name)

FILE *aks_file;

char token _stri10};

int ere, i; : .

int line ho = 1; /* Line nutber of fnput file ¥/

if ((aks_file = fopen{name, *r»)) == NULL) {
pr!i;l%'f%‘;could not open file %s\n", name);
axi1ti~1a; ’

printf{™n<< AKshell Knowledge Compiler >»\n\n®);

2 initialise global variables */

nunt data s nue Lvle = pum tvl] = m.mtpips = 07
dat®_spe = MULD: ivl{_rules = NULL; K tree = foe;
cf_threshold = b;

/* _compile date definition ¥/
?rmtf("conpil‘ina data declaration ... "%- o
¥ ((err = nun_date = data_declavetaks_file, &lina_no)) < NO_ERR) {
echo_error(ery, Line_ho, name);
return arr;

/* compfle level-two tree definition %/
grintft“cumpilins Level-tuo declaration ... )i .
 ((err = pun_tvlZ = Lvi2_declaretaks, Sile, &lina_no)) < No_ERR} ¢
echo_error(err, line_ho, name);
return ore}

7* comile level-ona rute definjtion */

printf(iCompiling level-one declaration ... ")

3% Cletr = mm_Lvl1 = ivi1_declaretaks_file, &line_no) < Ho ERR) {
echo_orror{ers,  {fne_no, name};
retufn ere;

fclosetaks_filed;

printf("\nSn);

da £ .
printf(u>> Enter nupber of P1Ps (1 <= mum <= %)z ¥, num_Lvl2);
gcanf("kd*, Ps);

£ trun_pips < 1 m_pips > num_tvlz
_ prin ftBE::::i mumbér &stt o?un‘-l’énaal{n\n"):
3 while {oum pips < 1 || mumpips > mm_Lvi2);

do € )
printftis> Enter OF threshold ¢0 <= mm < 13: ");
Ecanﬂ"xlf“, &cF threshold); ¢ i
{f (cf threshold™e 0 || cf threshold >= 1}

priftf(YEntered ot of rangel\n\n*);
3 while (hum pips < 1 || num pips » num lvi2);
Tty T I o pips > V1237
#”gﬁngs‘%ﬂl\ln Compiled information:\o\n®)
Y d 1nTo on: nei:
debugumn,tvu‘)’?p ’
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dewzmlvlz:l
Serdl y2( i

© o peturn err;
3 /% kb _compiie() */

l Y data_declape() =--=-rvrem-aaans *
bata declaration. Returns the nusber
of data compiled, or en error coda.

------------ s

int
gata declare{FILE *i_file, int *iine)

int index, err;

J int num_date = 0;
int num_jf_data
char dimiy_ str[éﬂ].

/% initialise interfaced data */
if {(err = nun_if data = if_data declaret)} < HO_ERR)
return {nur_if_data == 0Y ? KJ_IF_DATA : err;

' o /* find sterting label */
| if ({err = get_token({ fil.n. Line, Begin_data)) 1= NO_ERR)
: . return err}

£* find mumber of data */
1f ({err = num data
COunt iteml:l file, End data, Data_tokend) <= 0)
returh (mnuﬁta = T) .2 ﬁo DATA & err;

reture HEM ERR;
for {imux = U; index < um data; ind x++)
3 ({err = get_tokenti_file, Line, Data_token)) 1= #0_§RR)
return err;
$£ CQarh = got_Labal(i_file, Uine, dumiy_str)} 1= NO_ERR)
return err;
strepy(date_spelindex] .name, duinmy_str};

{f ((data_spelindex].value =
attach_data(mum_i+ data, dummy_str)) f= HULL) {
ol mterf" ced data */
f {(ea;r ;ogggh_geal t¢i_file, line, Edata_spc[index].LOW_LIM})

turn
1f (oot = geb_real_t(i_file, line, &data spotindext HIGH_L 1K)
1= NO_ERK) return err;

21“ £
ot
s _speli
(reé pc ) mlloctstzeof(raal £))) == HULL}
return

if ((err ; ge&ml tii_file, line. data_spe[index] Jvaluel)
return err;

dat index] . W LIN = date spe[Index] HIGH LIM
n.spolindexd L = *(daFa spcLindex] vaTue);

i
" . B 7* resd definition
F - _ -1 ccdatagpe s uap DATA *> oot Lactumn  data, aizeof(INP_DATA)))

>

/% find end label */
S I : if {Cerr = get_ token(i _fite, lme, Endd_data)) §= NO_ER"
Q return err;

oy,
return &}
3} /% data, declare\) */

PN _. 3

| E JHauina Lvl1 declare{} i A S ARG S AN UM AR *
i i Level-one declaration. 1f succossful, returns the m.lrber of
level=one rules compiled (num_Lvil), ‘else return Bn error cods -

c’ : I *-f?u?ffi?fgui?.frfﬁg:-.-----.....nu----q_- ---------- dr-oo-u-------'---*,

int
kvu dectare(FILE *i_fila, int *line)

\\--- ")_- int !I'Idall., i. el‘l“',
. int rum ivl1 ¢ 0;
int specialist_nimber;
int nim_sympteins;




KB_COMP.C : " saturday, January 5, 1991 12:08 pm

int *symptoms;

char dumny_ str[B0I;
1_t duriy_real t;

num.Tn' *qualities;

7% $ind start lebel %/
if {terr = get_| token(! _file, line, Bagin_lvi1)) 1= NO_ERR)
} return err;

/% count munber of level-1 rules ¥/
if ({err = num_Lv
= coniit_ftem(i_file, End Lvli, Decision_token)) <= 0)
return (rum_| l.vl.1 wa J) 7 NO_LVTY : arr;

' /* read definiticn */
if ((lvH rules = (DEC!SIUH LIST *}
) calloc(mam Lvl1, sTzeof(DECISION_LIST))} == HULL)
return MEH_ERR:
for s‘index = 0; fhdex < num lvl‘l. index++) €
get rule’ Label "
1f {lerr = get token(i_file, line, Decision_token)} I= HO_ERR)
. . return err
! ' - if ({err = get label¢i ﬁl.e, Line, dummy _str)} i= HO_ERR)
return err;

£* match specialist mumber */
1f ¢terr = spacialist_number
. s match specTal.ist(mn__lvla dunmy_str)) < O
’ retury e
vl rulesxmdex:l.special‘lst fndex = special ist_nhumber;

7% get Initial COF uei?h
iF (Cerr = gat token{i_file, Lin~, CF ue‘[ght tcken)) 1= KD ) ERR)

turn err
if E?erpn- geg' »al_t(i_file, line, &dumy real_t)) 1= NO_ERR)
Ivli_rulesfinds .cf = dumy_real t;

return err;
/* count number of predicates */
if ((err = get_ takeﬁu file, Line, Data_set_token)) 1= RO_ERR)
raturn erry’
o if (index <rm vt - 13 ¢

return err;
elre {

raturn err;
%um”symptoms /= 2;

1" redicate */

ivi ru es [index] .num_symptoms = num_symptoms;

if (Ts oms = Lvl1_Tules[index].symptoms = tint #)

Loc¢nian symptoms, sizeof{int))} == NULL)

return MEM_ERK;

§f ((qualities = Lvl1 rules]:index] uality = (QUALITY *)

cal loe¢num symptoms, sizeof(QUALITY})) == HULL)

return MEM_ERR;

for('l'-ﬂ 1¢mms tomsy 1++) {
I*spec%fyda vmp !

PR if {(err = get_ ‘abet(i _file, line, dummy_str)) I= HO_ERR)
[0 return err;
t if ((err = svuptans _ .
t | data(mm_data, dumy_str)) < NO_ERR)
o ] return arr. .
4
. ' /% apecif * : .
1f I(Eﬁrnz g:t__ta L{i_fite, Line, dummy_str)) f= NO_ERR)
err;
it Cistrcmptdummy,_st tr, High_ token))
{ qu?‘léigegll_:{l E;m tr Low_token))
nlge 8 str,
13 q.lalities[%gp- t’é'u""v
als . T
; s qualitles[i] = NORM_VAL; /¥ default = normal quality %/
O 1 3
1 . 7% find end Label *7f
: Jif (terr = get_token{i_fite, line, End _Lvl1}) 1= HO_ERR)
\_) return err;
R | printfookwng
retuin

Y o lvl.l d&clara{) */

if ((err = num_symptoms = count_ jtom(i _file, neclswn token, "M))
< NO_ERRY veP

if {lert = nun__swptums = count_jtem(i_file, End_lvli, ")} < NO_ERR)
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,*-.--... lvlz_declapet) [y ——— [Py— [ — U ———— [y
Build level-two knowledge trees. Returns the number level-two
special jsts compiled ( Ivl2) {# successful, else returns
an arror code as defined in errmsg.

L T e e T vematf

int
Evlz_declare(FlLE *j_file, Int *{ine)

int num_Lvi2, indax;

int node_cnt, pred_cnt, param cnt;
}n: num i f_f

nt num_usr_fune, num ef_func;

int nuw_nodes, ram preds, num_param;
NODE *clirr_noda, *parent, ¥a_paode;
PREPICATE ¥curr_pred = 0;

char dummy str[B0];

rezl_t dummy_real_t;

£* initialise user/CF functions %/
1f ({(err = num_usr_func = usr_func_declare()} < NO ERR) ||
¢Cerr = pum_cf_Tunc = cf_func_declare{)} < NO_ERR))
return {mm usr_func == 3 || mm_cf_func == 0) 7
NULL_FUNC_LIZY 2 err;

/% £ind start labol #/
ff t{arr = get_token(i_file, Line, Begin_Lvl2)} 1= KO _ERR)
return err;

/* count yumber of level-2 specialists */
if ({err = num_Lvi2 )
= count_item(i _file, End _Lvl2, Decision_tokem}} <= 0)
return (rum_Lv12 2= T) 7 NO_LVL2 : err;

/* read definition %/
if ((k_trae = (K _TREE ) callos(num_lvl2, sfzeof(K_TREE))) == HULL)
retiarn MEM_ERR;

/* build knowledge trees %/
for {index = O: index < num_lvl2; index++) {
/* match decision name *7 o
it {(err = got_token(i_file, lina, Dacision_token}) 1= NO_ERR)
return ere; )
if ((err = get _label(i_file, line, d str)) 1= NO_ERR) raturn err;
if {(a_node"ULf)E“treeImdex].root = (HODE™*) calloc(t, sizeof(HODE)))
return MEM_ERR;

strepy( =>name, dummy_str);
str%tk‘_trael:indexi.speclalist_name, dummy_str);

/* attach CF function */
if :(:rr = get_token{i_file, Line, CF_mode token)) 1= NO_ERR)
_ return err;
if t{err = get_label(i_file, Line, dumy_str)) != MO_ERR} return err;
strcpv(kwtraeﬁndex].c'f_le'lE_name' dl.lll!ll stryy |
if C(:rr_' L] attach_cfﬁfunc(nt.m_cfjmc, K_treelindex]}) I= NO_ERR;
raturn err;

/* count number of nodes */
1f ¢({err = num_nodes R
= count_jtem(i_file, Decision_token, Node token)) <= 0)

return (num ncdes == 0) 7 NULL_NODE : err;

/* link nodes */
for {node_cnt = 0; nods_ent < ranodes: node_ent++)
if {tgrr =eget tokenli_file, line, Mode_token)) |= NO_ERR)
return err

if ((err = get_label(!_file, Line, dummy_str)) I= HO_ERR)
return err;

if {{a_node = (NODE *} calloc{l, sizeof(NODE))) == NULL)
retlrn MEM_ERR;

strepyla_node->name, dummy_str);

/* define CF weignta */

if {(err = get_token(i_file, line, CF weight_token)) I= HO_ERR)
return errp :

if ({err = get_resl_t¢i_file, Line, &a_node->ADD_CF)) 1= NO_ERR)
Feturn arr;

if (fabela_node->ADD_CF} > 1)
raturn TNVALID_CF;

it ¢lerr = get_real_t(i_file, line, &a_node->DED_CFY) 1= HO_ERR)
retuyrp err;

it {fabs(e_node->DED_CF) > 1)

. return THVALID_CFY

H* find parent node */
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if (t:.-rr = Qet token(i_file, line, Parent_token)) != N0_ERR)
return err

if {Carr = get label{i_file, line, dummy_str)) I= KO_ERR)

if E?tum :rr.ﬂnd 144 tr)) NULL)

i rent = rent{index, dunmy_str)) ==
return WULL_N Epa '

J* link current node to eurrent tree */
if tparent =-offspr rig} {
parent->offspring;
ld'llle (curr__node >sibling) curr_node = curr_ncde-»sibling;
curr_noda >aibling = a_node;

parent-boffspring = a_node;

/* count rumbar oedpred‘cates ws
if ({err = mm_pr
= count_{tem(i_file, Node token, Pred token)) < KO _ERR)
return err;

/* Link predicates */
r(predcnt=0- pred_cnt < mm preds; préd cnté+)
{(grr = get tnkan't'i file, Tre, Pred toEenJ) 1="HO_ERR)
return
if ({erpr = get label(i_file, Line, dummy_str)) 1= NO_ERR)
return err;
if tn node-:-assw:tion
f(teur ~onext = (PREDICATE *)
calToc{1, sizeof(PREDICATE)}) == NULL)
return HEM_ERR;
curr_pred = guire _pred-:mxt-

else if (tcurr_prad = a_node->ass umgtion =
calloct1, s{zeGF(PREDICATE)}) == KULL}
return MEM_ERR;

f* attach to user-functions %/
strepy(curr_pred-»usr_func_name, dummy str);
f ((err = attach_usr_func(num usr_fung, curr_pred)) = NO_ERR}
return err;

I* read parameter nemes and set data indices in predicate */
if ((:ll;r' = get_token(i_file, Line, Param_token)) 1= NO_ERR}
return err;

J* count number- of parameters L7
{F ({err = num_parani
= pount_item(i_file, Ref_val_token, ")} < NO_ERR)
return err;

il placedpredlcates */
curr >nreuc1|r_pn _param;
if (Teurr = ram_index = (fnt %)
cal c(nw‘l T eun, sueof(lnt))) = RULLY
return MEM_ERK;
1 ((t:urrlprea-:ref value = (real_t *}
ram, si:eof(real _£33) == HULL)
return HEM_ERN}

- /* attach data to parameter list %/
forr Cparam ent = 0 gram €nt < num_parem; param _ent++) {
if (CerF = get_ {abat (i “file, line, durmy 8tr)y 1= HO_ERR)
if E?tum St ed-> index [ nt}
apr = curr ~>param_j r
= mate! data(pr:m_ ta, dl:!awaﬂ?r)) < NO_ERR)
return err;

/* read reference values "/
if (terr = get_token(i_file, line, Ref_va! token)) I= NO_ERR)
f rregrgner;i 0; nt < ) {
(v rem cnt = 0; param g num_param rED_tn
if (terr = got_ fabl HCT ile, LiRe, Adummy reAL £2) 1= NO_ERR)
return err;
curr _pred~>re% valuelparam_cnt} = dummy real t;

3 l red cnt Logp *,
. nodgcntlocpg?,
3 I mdexloup

/* find end label */
f {(err = got_token{i_file, Lina, End_Lvl2)) I= NO_ERR)
return arr;

freefusr_fune tist);

frealcf Tune Tist);
printf(TOK\NT);

vy =TT
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return_num_lvl2;
3 o/ wvlg dectare() wf

/* --------- e A Y e *
—eeen o Spport Functions
f*h-u--ﬁ count Itﬂ'ﬂ{) --u..-u.unun.nln.uun-\-vquuuwnoﬁu ----------- "

counts and returris the riwber of specified ftem. If no { t&m
is apscified (when item = ¥)_ thenh the number of words
(labels} wl.nted is returned. Comtlng contimes until “end"
labal 13 found. At the end of count, the file polinter
ni_file™ {s reset to where counting started. An error tode
is retumed if caunting is unsuccessful,

L 2 T [ — ﬁ,

int .
%uunt :_Ttem({FILE *i_file, char *end, char *item)

int 1, eer, num = 0

char buffer[801;

long pos = 0;

int Line = 0} /% dumey Line rmber */

pos = ftell{i_file);
' é; count number of ftem %/

{
if (feofﬁ fiie)) return IS EOF,
iet Label(T, ﬂle. uline, buffer);
Ttat and, ers) break,
else if {* tem o= HULL:I
elsa §Ff ¢ lstrm;tltem, buffer) numk-+;
3} uhile (feofCi_filed);

fseek({i_{ile, pos, SEEK SET);
return num;

3 /* count_item() %/

fRuveae find parent{) «ovsscoccaruviasertnvmvavusrretmnannuonak

Fird and return the parent node In the current tree. If not
foured, NULL is returned. (Breadth- first search)

-I--’------------ﬂ----.-,-----. ------- i .‘---*’

NOBE *
finc[_parent(int Tndex, char *name)

NODE *curr _node;
int err;

curr_pode = k_treelirdex].root;

uhile (curr nodey {
while (curr_node) {
if (latrempleurr ) nod&-:-name. name}) €
clear_stack();
returh curr_node;

3

APl g gas s Y memory fulLin;
err n arnings: r m

curr_node = crr_) mﬁg-bsi bling; no Y !

3

while (icurr_node 8% node_stack) {
tupr_node = pop_node()
CUIF_Noae = CUrT node-:-offspnrrg,

3

clear_stack();
teturn HULL;
Y I~ fintl,,parent() */

[*we-~v match data() ---=--- memae e ———— e “mmemmrese e =k
thecks if date exists. Returns ihdex to the date List if found,
else returns an error code (INVALID DATAY.

Meubuavunamann SR MR~V TR AR SRRy
int
rgatchf_data(int raw,_data, char *target)

int i;

for i=0; 1 < numdata; f++)

1 ¢
tlstrt:lq'a(data_,spc[h .hame, target)) €
return
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3
3

return INVALID DATA,
¥ /% match_data() *

F L CET T match 9| ialist() o M M M S N MR A EmEEE - -k
Matches level-one decision name with those in level~two. Returna
{ndex to the knowledge tree if a match ig found, else an error
code 13 returned.

[ TSP e o el o A S *’

int
n{:atch_specialist(int wan_Lvi2, char *specialist_name)

int i;

Fid lmear gearch k_tree to check 1 specialist exists */
for €7 = 0; 1 < mm_Lvl2; i++) €
it (lstraw(k treekil] specmhst name, specialist_nai'})
ratu

return UI«HJEFIHED ACTION:
3} /% match_specialist{) *7

JE-r-nw attach usk_func) ensmmemoresecsere e e dptahiad
Searches in the user-function List for the ohe spec! f‘ler.l If found,
the function is attached to node; else an error code is returned.

*;...u--s-----------.a---.--.¢-u~--u---.. ........................... ek f

int
gttach_usr_func(int h, PREDICATE *curr_pred)
int §;

. /* gearch and match tha function List */
for {1 = 0; 1 <y TH) { ,
if (lstrurptcurr red->usr_ furu: name, usr_fune - l.j.named) €
/* attach matched function ¥
curr_pred->ugr_fune = usr_func_tist[il.fur;
return HO_ERR;

3

/* not matched, return error %/
return UNDEFINED_! USR FUNC;
} /% attach_usr_func) v/

f-mmee pttach_ef_func{) ===--=-==em=w=mcmmmmonsemeoeoas it
Searches in the cf-function List fof- the one specified. If found,
the function s attached to node; else an arror code is returned.

*a.nn‘nquuuu-ua.----------d-------- --------------- i [Er e upeper ,

int
Ettach_cf_func;int n, K_TREE *turr_tree)
int i;
/* search and match the function list */
for (f=0; § ¢nj i++) {
if (lstrcmtcurr tree->cf _func neme, cf func_List[il.name)) €
/* attach matthed funcEion ¥/

cure_tree->cf_mode = cf_func_listli}.func;
return NO_ERRT

3

/* not metched, return error */
return UHDEFINED CF_, EUNc-
3 /v attach_cf fun€()™

f¥--~= attach dataf} --=-----~ T LTI S SV LRV P I *
Searches in the data-list for an existing interface variahle.
lf found. returns address of data; else returns 0.

-------- -uwn---um-nn----uu-u-n.n-.-n--q-n-—n—-—q-------------u*l

zaal_t *attach_dataCint n, cher *ver)
int i;

fur_$1 =0; § 3 €
lstrnm?tif data List[§1.name, var))

i
return if_data_1Tst[i} .data_loc;
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>

return HULL;
} /* attach_data() */

fo-cne- get_token() =--=-=-=-cmcmomocmodcmcmcmomcaocmm oo *
Given @ Token, this function att 9 to find it in the
rule file. If found, 0 is return. If the next string
in the file is not the desired token, 2 is returned. 1 s
returned if the token is not found by the end of file.

T e e T

int
get _token(FILE *{_ffle, Tnt *Line, char *token_str)

char ch;
int index, tokan_ien;

token_len = strlen(token_str);

/% skip white spaces */
if (skip white_space(i_file, line) == IS_EOF) return I15_EOF;

for (index = J; index < token_ten; index++) {
ch = faetet file);
if (feof(i_file)) return 1S EOF;
if (ch ¥= Token_str[indax]) retirn NO_TOKEN;

{* delimit token by white space */
= fgetc(i_file);
lf (feof(i_fTle)) return IS | ECE;
if (1is_white_specetch, ling)) return O )_TOKEN;

return MO _ERR:
3 /* get toRen() */

Jlownce gat labal(} =wmw====- Cetmsemanis et a gy —————— >
Gat the Name of o token label. If fourd, return 0 else return
an error code. Hote thet mLy alpha-mmeric characters, s and

Tt Mt S ——

int
get Label{FILE *i_file, int *line, char *label_str)

int count dummy;
char ch
char hu?fer _str[LABEL_LEN + 1]1;

I* ski[i: white spaces */
if (skip_white space(i_file, ifne) =1 IS _EOF) return 15 _EOF:

for {eount = O; count < LABEL_LEN; count++} {
ch = fgete(]_filed;
if (feo{(i file))

i E}sz‘?“’a'ﬁ:"‘“” Cch, acumm))
8 a gpacelch,
i o TspSsed to avold double count of line number */
eakK;

eing
return BAD CHAR;

buffer_stricount] = ch;

}
buffer_strlcomnt] = 0; /% NULL termination %/
strepy{ Label str, buffer - str);

/* Read until deliaited by white spece, Extra chars are ighored. %/
while (1feof(i_vile} && 1is_white_space(ch, line))
ch = fgete(i_file);

.
.,

return NO
3 /% get_ laEel{S */

I*-o-un get reat () ke [ —— [EE—— ]

Reads in & word (delimited by white space) then use strtod() to
convert it into a to a real number. Returns an error if a bad
character or an werfluu =ondi tlon is encounter

o - - *I

int : :
%et_real_ttFILE *i_file, int *iire, real_t *value) .

Page 117




N\,

o

e s = g —

XB_COMP.C Saturday, January 5, 1991 12:08 pm
int i;
char c¢h, real_t_strINUM_LEN], ¥str;
char *endptr:
*vatue = 0.0; M initislise value */

* skip white spaces */
if (skip_white_space(i_file, line) == I5_EOF) return IS_EOF;

/* read in a string */
for (1 = 0; 1 < NUM_LEN; i+¥) {
ch = fgete{i_file); .
if (is_white_space(ch, line)) {
real_t_strl[il = 0;
break;

)
real_t_strLil = ch;

I* convert string to real number %/

*value = strtod{real_t_str, &endptr);

1f (*value == HUGE_VAL™[| %endptr 1="NULL)
raturn BAD_REAL_T;

return HO_ERR;
} /¥ get_real_t() */

I*--‘--- t-int() T ——
Read 1n an integer value,

e e e e

int
%at_inttFlLE *i_file, int *tine, int “valte)

int count; :
char ch, fntﬁatr.mﬁLENJ;

*valie = 0; 7% jnitialise value %/

il ski|': white spacas */
1f (skip_white_space(i_ffle, line) == IS_EOF) return IS_ENF;

,*-----.------------.‘ ---------------- [

Read in & word (delimited by white space)
then use atoi{) to convert.

emhdmenaEmEMGAsEeEmemesmEEamAbEse=.mn —Y
count = 0;

ch = fgete(i_ file);
while (isdfgTteen)} £
if {count < HUM_LEN}
int_stricownt] = ch;
else break;

COUNtH+;
ch = fgeteli_file);

¥ (lis._uhite_,sﬁace(ch, Line})
return BADINT;

3
i

*value = atol( fnt_str);
return HO_ERR;
3} /* get_int) */

fhmnan- skip white_space() ---=-=-=-c-usraneunmsnarnromdonone e *
Advace file poifiter until end of white spsce is reached. If the
comment marker ja found on a line, skip to rest of the line.

*nnba.-.----t.-nv---nd~...0.----Un-----------—_—--------'-----'--'----.-*,
int .
zkip_uhita_space(FlLE wi_fite, int *Line)
" char ch;
do € :
if (feof(i_file)) return 1S _EoF;
ch = fgetc{i_file);
{; }fhconmgnt% skip toti;egt of Line */
if {ch == Begin_commen
while (ch l:"'\n‘}
3 ch = fgeteli_file);
} while (is Mhite_space(ch, Lined);

/* push back the last non-spase character ¥/
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ungetc(ceh, i_file);

return MO _ERR?
3} /% skip Whi te,  space() */

F el white_space{) -==========remcmeaax *
Detemine if ?iven char is a white space.
wline, Tncirement line count.

BOOLEAN
:':s_uhi te_space{char ch, int *line}

suitch{ch} €
cage \n':

(*é;ne)ﬂ}* .
case ce
cage 931 /% :Eg wy

return TRUE;

return FALSE;
3 /* 15 _white space() f

fh-=--- is_bad char() ~~=-~-=e=emeven ---k
1f an iTlegal character is detected,
return 1; elge return 0.

‘*-—--.nuno-’nw---d---- -------- - *I

BOO . )
is_t bad char(char ch}

¥ {fsal a(ch) 4& isdigittch} {| (ch == 1_%} || (ch == 1:1))
return F

else return 'I'RUE- : .
} /* ia_bad char() */

void
%kip_uord(FILE *i_file, int *Line}
char ch;

do
ch = fgetc{i_file);
3 Hhile (Iis uﬁite sp«::-(ch, tine) && 1feof(i_file));
Y /% skip w-2) ¥

/*--- ----- P Y L L LT LT mEammssuma A ARMRAR ARt EAR LA R Ad AR A LSS *
. . ~ Error messagsy fmctiuns

*-------, ........... i *f
fH-oem= echo_error() <------------ i

Echoes compiler error message.

AR R I

void
gcha_error(int err, int Lline_no, char *filename}
char msy[803;
printft“ nl xs(xd:l z error %d: v, filenama, lina_no, -arr);
printf(" errmsglerr, msg) % wsg : "no error message);
Y /* echo errorf)

,* ..... arrms () T L]
Returns the error message corresponding to the input error number.
Returns NULL if the error messege is not found.

---no.Iuwhab--nn.ﬂt-----a------.na-n--u--u-.-.—.u..u-u-u------q---h-*l

char *
Errmsg(int arr_ne, char *arrstr)

int i:
FILE *errfile;
char ch, *str = 0;

113 ((arrfile = fopen(“ernnsg.txt" hpnyy == 0)
return @;

while (ifeaflerrfile}) ¢
{=0 :

<
ch = fgetelerrfile);
3 uhile (ch 1= 180 28 ifeuf(errfuen.
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if (feoflerrfile)) {
. fclose(errfile);
return 0;

th = fgeteclerrfile);

while (isdigit(ch) && 1feof(erefile)y ¢
{ = {0 + ch - 48; F* convert ch to integer */
¢h = fgetclerrfile);

W

str = fgats{errstr, 80, srrfile);
1f €1 == -err_no) {
fclose(errTile);
return str;

}
felogseterrfiled;
return NULL;

¥ /% errmsg() ¥/

,ﬁ.---.-----;---. ................................................. e m

mde-atack push and pop functions

W e e o e e e e AR AR AR A .- ———— */

_hode(NODE *node)

if (stack topy {
op-rhext = {NOD _STACK *) calloc(1, sizeof{NODE STM!K)),
stack_,_t = stack top-shiext;
if {stack_ = WULL) return MEM_ERR;

}

alse {
stack tcg node stack = (NODE STACK *) caltoc{1, sfzeof(NODE_STACK});
if (stack_top =="NULL) return FEM_ERR

} .
stack_top->node = node;

return HO_ERR;
3 /% pushy nade} */

HODE =
?p_node(void)
NODE *tog node;
NODE_STACR *evrr;

if tstack top)
top node 4 stack_top->noda;
else return NULL;

eyt = noda_stack;

if (curr =="stack :_top)y {
free(curr).
stack_top = node stack = NULL;

else {

Hhil.e Ccurr &% curr->next = stack_top)
CUPrr = gurr-»next;

fres{curr->next);

cure->next = NULL;

stack_tup = curr;

return top_node;
3} /% pop nctd-r| {) */

void
clear_stack{void)
while (node stnck)
PP
3 7+ ocledr stacf:() ®f

I* ------ Mmaramasa L R e bl L L LT *I

#ifdef DEBUG

void

gebug‘ltint rum_Lvl1)
int *g
-uum.:rv’ Vqualitiss;
int i, I;

printf("\n%d data found.\n%, num_data);
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for {i = 0; i < pum data; i) {

printf(h %10s: W daeta spciil. %

printF{R10.41F 11041 .6lf\n“ ¢data_spelil.value),
N data_spel[i].LOM LIM, data spc[ﬂ HIGR |_LIM);

printf(min");
printf (" Llevel one rules fomd \n?, rum Lvl1);
for(1-0,1<m.l1!lv ) {
toms = ivLi rulesh].synptm,
qua jties = IviT ruleslil. ity:
printf(" Special Yst rumbe qg:\n ivi1 rulesh:l.spaciahst i.xlex);
printf{" ndmber of predlcate gymptoms:\n¥,
ivl1_rutesfil.num s oms);
for {j = 0;7) < lvl1_rules 13 rum synptms° )
prmtf{" symptom: %d -- X3d\nn, symptoms(ijl, (mt) qualities{jl);

3 printf(® CF welght = ¥1.4f\n¥, Lvli_rules[il.cf);
¥ /* debugi(y ¥/

void :
céebug!{‘lnt num_fvi2)

NODE *éurr_node;
PREDICATE *eurr, _pred~
int i, err;
for (i =07 §f < num lvlz. 1+4) {
clear stack();
prmt?("\nxs\n“ k_treefil .specialfst_heme);
tree'ﬁ:l .root;
'Hh‘i le (curr mode) {
while (:urr_hmde) f )
err = Rode cupr_nodel;
if {ergu?- 0_ERR)
printf{"larning: memorz fullivan);
eurr_rotde = curr_hode->8ibling;

3
uhll.e ¢lcurr_; mde &% node_stack) €

eurr_node gg p node()7

printf(i--» \ﬁ“ eurr_node->name);

curr_pred = curr nde-»assmptlm,

while Ccurr pr

printf(" f = Xs()\n", curr pred->usr func_name);
curr_prad = curr_pred->riext;

curr_node = curt_node->offspring;
3 b
» }* debug2{} %/
#endif

/t....'...............-..-.. ........ - —————————— L L L L -

T T B e ¥ T
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Jromzua buftnkif.c *

_ bata interface to buffer-tank smulatlun (buftank.cy

#include <stdlib.h>
#{nclude <math_h>
#include <xX.h>
#include <xtima.h>
#include “AKShell h?
#include “buftank.h*
#inzlude “data_if.h
#include *errméy.hn

#dafine NUM_IF DATA 11 /* number of interfaced data */
#define IF_DELTA 50 /* interface period */

* receive data macro *f

afine recewe  data(d) \

l*

dummy = d; \
mput(d} perform \
bb_new everit_flag = (exceed threshold(d, dummy, threshold)) ? %
TTRUE : bb hew_event_flag; \
aelse d = durlw

interfaced data */

real. X if tank,,hﬂ]‘ * tunk level */f
real”t if setpt[3 /* set-point */
real_t if_tan u[3:|: /* valve control sfgnal */
real_t if_Ke, Tf_TL; J* controller constants */

r*

ratotype of support functions %/

BOOLEAN exceed threshold(real_t, real_t, real_t);

Vo

fd quslify_data(INP_DATA *, int);

----------------- dmAnrmm s sen. ol

neclare intarface data usiva the

,_iacros provided in data_ if.h.

e ET e ARG . ——— - */

begin_1£ data_tist{NUM_IF_DATA:

deFine_if _data(tank hU, 1f_“ank
define_if _data{xahk 1 ‘If_ tank-h[
define_if_ data{tank"h.., i tank_h
define_{f data{setptd, if setpti0])
define_{{ data(setptl, if' setpt [11),
define 1§ datalsetpt?, 1f_ setpt2])
define_if data(tank_uD, iT_tank_ufDd
def{ne_i{_data( tank ) ul, if tank Y3
define_if data(tenk uz, if_tank_ul
define_if_data(tank Kc, 1f Ke):

define_if_data(tank 1, 1£T1);

"\"’:E

[~ T=ITL TR ]

B

erd_if _datfa_Tist()

X
-

----- data_if(} O
bata-interface: reads in new data vaiues at
regular intervals.

data ri]uahty defined by:
high' = H!th‘ll"l to 173 of data ronge
'normal' = midd 3 of dsta range
'lou mthm bnttom 1/3 of data range

.................. ..........-..-pp-----.--_--..---*l

TASK data_ff(void)

/* prdcess state varizbles */

state_varisble{real_t, tank_hgtl; I* tank helght */
state_variable(real” t, tanx_setpt). /% tenk he:ght sat-point */
state_veriable(real”t, ul: /* valve control signal 0 - 1V %7
state_varfshble(real_t, tunk cs I* proportional gain */
state_variable{real_t, tank"‘l’l), /% integral time constan:t %/

£+ interface stste variahlee *!

state_varisblaf{int, bb ﬂull_bh 1" numbar of system data */
state_variableCINP, ATA data spc), I* ptr to system data area */
state_variable(int; bb date_peri * validity perlod of data */
state varlable(BMLEAH bb _nesw i event _flagd; /% new event flag *

/* kb~compiler prowded variables *I

extern int num data number of {iled data */
extern INP_DATA *data _spe; ["‘ f* physical l.ocagim of data area %/
F* Internal varfables “J . )

time_t time I* interface scen timer */

real_t thresftold- /* new event threshold */

el — N T E b T e A L
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BYTE bufferi20l;

Initialise hlackboard,
initialise_time;

set th system 2 buftank buftahk);
ramettanf: hgt f),
tlme —frame(tank u, f);
set gatﬁ(system 2 'buftank, monitor);
me_freme(tank Ke 3;
tlme frame(tank'Tl f)-
tima frame(tank_ setp
th(syatem 1, data if "hata 162
t me_frameq nun_ d}.
tima_ rame(bb  data spcl p),
time_frame{bb _data period, d);
tima_frame(bb_new_event_flag, b);

%x_create_window(i7, 1, 9, 60, 0, 0, " Data Interface ",

!* initialise and attach to system ¥/
* § inftislise interfaced date */

‘lf tank_hi0F = if_t h[1'.| = if_tank_h[2] = tank hgt =
tiZ] = tank setpt = G,
[3] tank u = 0;

PR, ey T
ank_ul0] = B, b =7
iKe = tank_Ke = if_TI = tank iT =

bb_new event_flag = FALSE;
bb_rwm data = mam data; .
bb_dats_period = U7

bb data_spc = date

with vaTid:ty(DEFAULFf'Eulmj outpt.:t(bb rum_data);
with_vaiidity(0) output(bb data_period)}
with_validity(D} output(bb data_spc);

* gstabhsh ned event threshold */

x_pr!ntf("Entar threshold for new event:

x_read{buffer

threstold = atof(buffer},

if (threshold <= 0) x_yietd();
} whilie {threshold <= 0); ,

é* ?tablish data validity Length */
x_printf("Enter dats validity period: #);

*_read(buf
bb_data riod = atoi(buffer):

i (bh rind <= 0) x_yield();

} vhile tEb da a period <= 0);
F* kick off data interface ¥/
X

reset, timer(timer'), {* reset sampling period */

x_timer(ktimer, IF DELTx\),
FOREVER {

f* recefve datas check if new event threshold exceeded */

recei - _data{tank_hgt);

-ﬁq’ . _ receive_dataltank setpt);

receive data(tank_u);
receive_data(tank c)'
recelve_data(tank_1 D;

tank_hgt, ta
1 Chb_new_event_Tleg} f__prlntf(“

/* cyele historlcal data */
jf_tank _h k_!
if"'se EZ] = f setp HR

if‘tan 0] = taﬁk i3
if" setk'i'l:ﬂl = taak Eggpt,
uf0] = tank uz
if K tank Kc; $£7T1 = tank_TI:

ey = e 4 b T s e

J* user-input buffer %/
real_t dummy; I* used for receiving data %/

e:éth validity(DEFAULT_PERIOD) output(bb_data period};

x_printft"nlevel = X141, sp = m.uf, u= X1.4LF 1,
nk_setpt, tank u);
‘ ll)-
m‘ 'uf tank hEfd : it tank pLol;

w2} = iT_tenk ul:‘ll. lf tank ut‘l:l = if gank _ul0l;

quslify_datalbb datz spe, bb fium data),
{ ) Fad update bleckboard at set intervals */
. %_begin
with_validity(bb data_period) output(bb « data s
: k-)  with wlidigcnerwl. ERIC0S qutput(baum
with_validity(DEFAULT_PERIOD) outpxst(bb datn _pennd)
with_val fdity(DEFAULT PERIOD) output(bb_new_event flaz);

/* verify data */
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X end _
J* reset event flag {F set »/
if (bb _new _avent _flag) {

»_bes ‘In ] :
= event_flag = FALSE: : : P
ui'ﬂ'l_vatiditytDEFAULT PERTOD) output(bb new_event_flag); - . s

) . ) %
#* wait for interface time ¥/
before(timer, IF_DELTA) perform {

*_yield();

resst_timer(tiner); ' : ' . e
X_timer(&timer, 1F DELTA); . :

oo 3 7 data 360

S S A quel§fy_data{) --= = * . : : P
- o checks data Tange and defines data litv . : : -
S ki KBz pange == £ implies that the
m? checked is a mr»cumtmtlvariable,
s therefore alnays valid.

*--- A T A -----,-----.ﬂ,

\é'ci d m.ml.'lfy_data{ll'!P_DATR' *data, int n : o :

real_t range, Fill;
int T3 - 9 '

for Shge q'd;t‘:'i‘i o N - dat £i1.LOM_LIM;
range & data ati ) :
datalid. validitv u (¥(datall].value) »= data[i}.LOW_LIM B& _ R
*(dntnti].value) <= datalil.HIGH_LIN) || : LF

t-' Ce e fill = *(data:i] value) - dai‘a[t! LOW_LIN) / range; _ o o

Do . S iF (L THIRD)
o . : . ita 1]. aTit = LOW VAL :
elee if ;ﬁtl < TWO_THIRDY - : . : o :
datafi} quallty = HORM_VAL; .

R datatii.quality = HIGH_VAL; : _ 3
o ' 2 7% qualify_detaq) #7 ' ' -

‘f* ----- axceed thresholdt) -’-—---.---&uannna.un-'--—--------*
Returns TRUE $f SCintérfaced data) » threshold, nhere
threshold (>= 0) {s expréssed ss fractional cha

- from previcus data vatue, eg 0.1 for 10X change. Returns

L FALSE 5 & 19 less than the expressed threshold. . _ ' "

r. IR _ %OOLEAH exceed_threshold(real_t new_val, real_t old_val, real_t threshold)
‘ ' real_t divisor;

1f tlold val) ¢
i 1f Cinew val)
- raturi FALSE,

o . else
e _ dl-vlsnr £ naw_val;
-(.‘_ W . . 3 .- ¥

else )
divisor = ol:Lval.-

4 @ it (fabsltn \ml ~ old vat) / dwiso") > threshold) return TRUE;
SRR ¢ : - else return
I T B _ 3 /% exceed threshald() =F
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Compiler error messages

R I O e

=
[ =

[
w

-IND
=

ot of me,rﬁory. '

| unexpected end of file,
token/label expected.

bad character in label.
illegal floating point.

| invalid data. .

undefined action.
failed to link node.

function list overflow.
data undefined.

level;-one undefined.

' l'evél-twq undefined.

undefined user-function.

empty fﬁnction_ list.

g of value out of range.
| endefined CF-function.
interface-data list overflow.

empty interface-dafa list.

Error code . Message ]

invalid knowledge base déda.ration. .'
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Appéndix‘ C

Derivation of ._the buffer tank

simulation

A schematic disgram of the  ffer tank modelled here is shown in Figure C.1.

1. Rate of act;uinulation of the buffer tank (m3/s):

g _
'EfAh— o “Qﬂ

@z & pgh
' Thus, for constant p, :
| @= 01\/:’;
where Oy is a constant, Therefore,- |
| A'd’h =q - Civh
hEn /
For laboratory sfstem,_ @1 2 2 litres in 64 seconds, therefore,
g =31%10°5

Put & =0, . | o
| G JBXWTE e

8o, an estimate for €3 is C1 =1 x 1074,
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EA Saiet s secie NS

| cross-sectional diameter _.l]_.2. m
| max, level (hmao) ~ |1m | | |
| cross-sectional area (A) [0.03m? | -

control signal () | 0-1V | |
| max. input fiow (q1) 1| 3.1% 105 m?/s |.

a,

.
pe
1

Figure C.1: Schematic dlagram of the buﬂ‘er—fan.k

me e
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3. Linearized model:

Therefore, -

ie

. - ’ - d _ B ) .
y o _ . _ o 1‘-&-’3 + &k = gain(g:)
QAV'IT = 42440 _ 2hs _ 2403

[5Y 1 To10mt

Th‘us, T= = 424 seconds (7 :mmutes) and gain = 1.4 x 10* m/m:”/s
4. Forward dlﬂ‘erence (Euler) approxxmatmn: For. dx_glta.l simulation, if D = &,

D(t) a:(t + A) m(t)

l LR - =_Alm(t),t—m | | | ]

SO o | | = 8a(t) | e
Implementation:

_ _ _ o et

S . =Rt

. e ~ y(B)=9(k - 1)+ Az(k - 1)

&

R _ 5. Valve: _
B oo - - o . q;[‘_——(ﬁ)(lﬂ"s/l)ﬂ _

6. Tank plus value:

d _ 6y =
10} o | | q1-5x10“5u_

Put in s-domain: | : o I R | Foo
8h= ;11-(5>< 10“51:&0_\/};) _ b '-(

Therefore,

W(R) = A — 1) ..g.;s X 10~Su(k ~ 1_j - Oy il ~ 1))
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7. P1 controller:

8. Digitize:

e= hl;f —h
. 1
‘u(a} = Ilc(l + T—ISE(S)

uﬂng'e

8-

u1=%e '

(k — 1) = ha(k ~ 1) — bk ~ 1)

. ﬂl(k)i =

129

B0

wr(k~ 1)+ A%‘e(k ~1)
e(k) = ha(k) — h(k)

. (k) = 2 (k)'+ K.e(k)
B(K) = Bk - 1)+ (5 x 10-5u(k ~ 1) — Cy/a(k 1))

[E
,'-—v-'v-"r"---—-—-.-----‘ - a

Y i 1 g i s e =

._-:__'".“g-“.j_
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Appendix D - o A

KnoWlédge declaration for

buffer tank simulation s

BEGIN_DATA: -
DATA: tank_ho
DATA: ‘tank_hi
DMM:tmﬁJﬁ'
DATA: tank.u0

0 tank level @ t
0
0
0
- DATA: tank_ui 0
¢
0
0
0

-

tank level @ t-1

tank level € t-2 _ _ J

valve control signal € ¢

-

: _ valva -conﬁrol signal @ t-1
N DATA: tank. u2 ; valve control signal €@ t-2

DATA: setptO set-point € &

DATA: setptl set-point @ t-1

-

P O N . T
L 1]

-

P . ' _ BEGIN_LVL2:

ol DECISION: leak

1 5 © CF_MODE: additive
HODE- not_encugh 3 not reached set-pt yat

. crwr-:mnr.es-oz- |

el |  PARENT: leak

we

leak in thae tank
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['_ .I 3 © DaTA: setpt2 : aet-poinf- Q¢ -2
: o ' . END_DATA: '
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PREDICATE: equal_
PARAM: seatpt0 satpti sefptZ
REF_VAL: 0.5 0.5 0.5

PREDICATE: less.than
PARAM: tank L0 tank _hi tank_h2
REF_VAL: 0.5 0.5 0.5

NODE;: dscreasing ; level is dropping
CF_WEIGHT: 0.3 =0.4
PARENT : not_encugh

PREDICATE: decréasing '
PARAM: tank _hO tank_ hl tank_h2
REF_VAL: 0 0 0 3 dummy values

DECISION: stuck_valve
CF_MODE: additive
NOBE: too.much
CF_WEIGHT: 0.5 ~0.4
PARENT: stuck_valve

PREDICATE: equal_to
~ PARAM: setpt0 setptl setpt2
REF_VAL: 0.5 0.5 0.5

PREDICATE: greater_than .
PARAM: %ank_hO tank_hi tank_h2
REF_VAL: 0.5 0.5 0.5

HODE: flooding
CF_NFTGHT: 0.3 -0.2
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PARENT: too_much

PREDICATE: - incressing
PARAM: tank _hO %ank _hl tank h2
REF_VAL: 0.0 0.0 0.0 ; dumny values

NODE: cannct_empty
CF_WEIGHI: 0.5 -0.5
PARENT: stuck_valva

PREDICATE: equal,_to
PARAM: setpt0 sotptl setpt2
REF_VAL: 0.0 0.0 0.0

PREDICATE: greater.than
PARAM: tank_hO tank_hl tank h2
REF_VAL: 0.0 0.0 0.0

DECISION;: faulty.comtroller
CF_MODE: additivs

NODE: no_response

CF_WEIGHT: 0.4 -0.4
PARENT: faulty.controller

PREDICATE: equal_to
PARAM: sBetpt0
REF_VAL: 0.5

PREDICATE: less_than -

 PARAM: ‘tank.hO
REF_VAL: 0.5
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PREDICATE: less_than
PARAM: tank_u0
REF_VAL: 0.8
END_LVL2: '

BEGIN_LVL1:
DECISION: leak
| CFWEIGHT: 0.1
DATA_SET
tank _h0 low
tank _hi low
tank_h2 low

DECISION: stuck._valve
CF_WEIGHT: 0.1
DiIA_SET:

tank _ul low
tank. ul low
tank_u2 low

DECISION: stuck_valve
'~ CF_WEIGET: 0.1
DATA.SET:
tank_ul normal
tank_ul normal
tapk_uZ normal

DECISION: stuck_valve
CF_WEIGHT: 0.1
DATA_SET:

tank_u0 high
tank_ul high
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tank_u2 high

DECISION: faulty_comtroller
 CP.WEIGHT: 0.05
DATA_SET:
_ N tank u0 low
', | tank_u0 high
tank_ud normal.
 END_LVL1:

Y

¢ e 4 o e e

1 et e < e g i Ripm
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Appendix E

Knowledge declaration

- syntax diagrams
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AKShell Knowledge. Declaration

Syntax Diagrams

Legend

o b i -ty m—

P

-

1

keyword entry
(reserved word)

‘user entry
(argument)

| syntactic flow

-
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BEGIN._LVL2:

BEGIN_DATA?

daia
IdardifTor

s |

— oonglant [ .

END_DATA:

J |

DECISION:

~ x>
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