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ABSTRACT
EFFECTIVENESS ANALYSIS OF KNOWLEDGE BASE

Shensheng Zhao
Old Dominion University, 1990
Director: Dr. Stewart N.T. Shen

Knowledge base systems (expert systems) are entering a critical stage as interest
spreads from university research to practical applications. If knowledge base systems are
to withstand this transition, special attention must be paid to checking their effectiveness.
The issue of effectiveness analysis of knowledge base systems has been largely ignored
and few works have been published in this field. This dissertation shows how the
effectiveness of a knowledge base system can be defined, discussed and analyzed at the
knowledge base system level and the knowledge base level. We characterize the
effectiveness of a knowledge base system in terms of minimality, termination, complete-
ness and consistency. In order to resolve these issues, we propose a general framework
for checking these properties. This framework includes models KBS and KB for
knowledge base systems and knowledge bases, respectively. These models provide an
environment in which we can discuss and analyze the effectiveness of a knowledge base
system. This framework leads to analysis for rule set properties and a set of problem for-
mulations for each of the following: minimality, termination, completeness and con-
sistency. In this dissertation, we have designed a set of algorithms for resolving these

problems and given some computational results.
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CHAPTER 1

INTRODUCTION

Knowledge base systems are products of social cooperative activities and constitute a
discipline that lies on the boundary of several fields. Knowledge base systems (or expert
systems) store and employ human knowledge to solve problems that ordinarily require
human intelligence. Numerous knowledge base systems, developed or being developed,

have been reported in literature.

The importance of knowledge base systems (or expert systems) has been growing in
industrial, medical, scientific, educational and other fields during the past two decades.
Several major reasons for this are: (1) the necessity of handling an overwhelming
amount of knowledge in these areas; (2) the potential of knowledge base systems to solve
certain problems and to train new experts; (3) the easy implementation by using expert
system shell; (4) the desire to capture corporate knowledge so it is not lost as personnel
change [89]. In medicine, for example, a knowledge base system named HELP is used at
LDS Hospital in Salt Lake City, Utah, where it has proven effective in reducing health
care costs [63]. HELP analyzes patient data when a test order or result is entered into

the system, and it warns physicians about such things as drug-drug interactions and drug
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contra-indications. Studies showed that 80% of HELP’s drug-drug interaction alerts were
used by physicians to change prescriptions, test orders, or other forms of treatment, all of
which resulted in shortened hospital stays and improved quality of care. Examples of
knowledge base systems developed for industrial tasks include PROSPECTOR, which
successfully has been used to locate mineral deposits [21], and R1 (XCON), which is
used to construct computers [47]. In the educational area, GRANT finds sources of fund-
ing for research proposals [15]. GRANT finds funding agencies based on semantic
matches between research proposals and the agencies’ research interests. For example, if
a research proposal mentions hemoglobin, GRANT will find agencies that support
research on blood, even if they do not specifically mention hemoglobin in their state-
ments of interest. GRANT "thinks" that hemoglobin is a component of blood. Today’s
knowledge base systems solve relatively simple problems, give some explanations or
make some construction [90]. The Gartner Study, a report released in June 1988,
reported that the number of deployed expert systems increased from 50 in 1987 to 1,400
in 1988, and the number of expert systems under development increased from 2,500 to

8,500 during the same period [65].

Even though knowledge base systems (or expert systems) are among the most active
applications from artificial intelligence research efforts, the issue of effectiveness
analysis has been largely ignored [9,16,26,33]. The lack of effectiveness analysis for
knowledge base systems could lead to personal and financial disaster if an erroneous or
inappropriate knowledge base system is used in the real world. However, there are very
few published reports which describe analysis for such systems. Exceptions include the
validation of MYCIN’s performance [93,94], and evaluating reports for PROSPECT and
INTERNIST-1 [28,48]. The growing reliance on knowledge base systems in real appli-
cations requires the development of a theoretical basis and methods to check such sys-

tems in order to ensure their effectiveness.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1. Effectiveness of Knowledge Base System

There are many dimensions by which we might observe and judge a knowledge base sys-
tem. These make the effectiveness of knowledge base systems a very difficult problem to
define and deal with. To date, little work has been done in this area
[8,12,16,38,55,64,72].

Gaschnig, Klahr, Pople, Shortliffe and Terry [29] point out that knowledge base sys-
tems are unique because they contain human expertise. Since, no one knows how to
evaluate human expertise adequately, this leads to difficulty in comparing and evaluating
a knowledge base with respect to human performance. Hayes-Roth [35] describes
several good features of rule-based knowledge base systems and points out that one of
the key features these systems lack is "a suitable verification methodology or a technique
for testing the consistency and completeness of a rule set." Green [34], Geissman and
Schultz [74] emphasize that formal verification and validation are necessary for accep-
tance of knowledge base system into critical areas. They also point out that vague objec-
tives for knowledge base design make it hard to find testable requirements. This leads
into a vicious circle: "Since we don’t know how to check the knowledge base so we
should check it" [34]. All researchers in this field have indicated that verifying and vali-
dating the knowledge base is a very significant and important problem, but few works
have been reported. Efforts have been made to break the vicious circle. Some research-
ers have worked on this problem, however these works are primitive and leave room for
much improvement. The perfect methodology or technique for analyzing the
effectiveness of a knowledge base does not exist. This dissertation improves upon previ-

ous efforts.

There are many different kinds of knowledge base systems. They can be classified
according to the method of the knowledge representation and the inference mechanisms.
Many knowledge base systems are still in the research phase, such as nonmonotonic rea-

soning systems [43]. In this dissertation, we propose a method for checking a restricted
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class of rule-based systems which are monotonic, non-recursive and propositional with
no certainty factors. The models and mechanism used for such systems will be introduced

later (see Chapter 4).

In this dissertation we say that a knowledge base system is effective if it possesses
the following properties:
e Minimality
e Termination
e Completeness

e Consistency.

By way of introduction, these properties are briefly defined as follows (detailed

definitions will be given in later chapters):

Minimality: The knowledge base system does not contain any redundant rules,
which are classified as self redundant rule, redundant rule and redundant triangle. (see

Chapter 6)

Termination: Considering a knowledge base as a network, we identify three kinds of
cycles: strong apple cycle, semi strong apple cycle and weak apple cycle. The sufficient
and necessary condition for termination of a knowledge base is that it does not contain

any firable cycles. (see Chapter 7)

Completeness: For a particular knowledge domain, the knowledge base should con-
tain all the necessary information about objects and the relationships among these

objects. (see Chapter 8)

Consistency: A knowledge base is consistent if it is evidence consistent, hypothesis

consistent and rule consistent. (see Chapter 9)

In order to discuss these issues, we propose a general framework which contains
models KBS and KB for knowledge base systems and for knowledge bases, respectively.

These models are domain independent and rule-based. Based on these models, we can
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analyze the rule properties and investigate the properties of minimality, termination,

completeness and consistency. Some sample systems are also analyzed.

Considering the definition of knowledge base system effectiveness, there appear to
be two quite different categories in the literature. In the first category, researchers discuss
sufficient conditions for the effectiveness of knowledge base system. For example, Mar-
cot [46] proposed the following criteria : accuracy, adaptability, adequacy, appeal,
availability, breadth, depth, face validity, generality, precision, realism, reliability, reso-
lution, robustness, sensitivity, technical and operational validity, Turing test, usefulness,
plain, validity and wholeness. Another proposed criterion is that a knowledge base sys-
tem should "act like an expert” and demonstrate deep knowledge [45,87]. The
definitions for certain terms in these criteria should be defined precisely. These sufficient

conditions for knowledge base effectiveness are too strong to realize.

In the second category, researchers focus on some necessary conditions for the
effectiveness of knowledge base systems. They check the completeness and/or con-
sistency of a knowledge base system. Checking these necessary conditions for
effectiveness is a realistical job. The definition for effectiveness used in this dissertation
belongs to the second category. We will briefly review previous works in Chapter 3.
There are three major differences between our definition of effectiveness and definitions
stated in previous works: (1) ours is more systematically defined; (2) it contains termina-
tion property, which is ignored in most previous works; (3) it is based on knowledge base

models (see Chapter 4).

In previous decades, quite a few works were done in this field. In this dissertation,
we do not attempt to make a knowledge base system fit the sufficient conditions of its
effectiveness. We propose an elementary framework for checking some necessary condi-

tions of the effectiveness of knowledge base systems according to our definition.
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1.2. Contributions of This Dissertation

The main contributions of this dissertation are:
(1) a model-based methodology for analyzing the effectiveness of knowledge base
systems; and

(2) computational results which check the effectiveness of knowledge base system.

1.2.1. Models for Knowledge Base System and Knowledge Base

The methodological contributions of this dissertation are in the form of two models: one
for knowledge base systems and the other for knowledge bases. Based on such models,

we can define the effectiveness problem of knowledge base systems.

The effectiveness analysis or performance evaluation has long been a neglected

concern for knowledge base systems. Major reasons for this neglect are:

(1) Most knowledge base system projects have been research or proof-of-principle
oriented. That is, the major concern has been whether a computer system could pos-
sibly be constructed to do a given task. The questions of how well the system per-
formed relative to a human expert or some other performance standard and the cost

of the system were usually of secondary interest and often ignored.

(2) Criteria for measuring the effectiveness of a knowledge base system are very
hard to define. These criteria can be defined only after considering many factors.
Even the same criteria can be interpreted with different meanings for different sys-

tems and for different stages of the life cycle in one system.

(3) There have been no general models available which could be used to analyze the

effectiveness of knowledge base systems. Since knowledge base systems are task or

domain problem oriented, this hampers the construction of general models.

We propose a general framework which contains two models, namely the KBS
model for knowledge base systems and the KB model for knowledge bases. In the KBS

model, we look at a knowledge base system as a product of cooperative and interactive
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activities, resulting from interdisciplinary research. This model is concerned with the
knowledge base system as a whole, together with its environment, such as domain
characteristics, problem features, domain experts, users and Al technology issues. The
primary purpose of effectiveness analysis based on the KBS model is to obtain an over-
view, or a general outline of the significance, performance, functionality, achievements

and limitations of the system.

We define the KBS model of knowledge base systems as a five tuple,
KBS=(U, T,R,F,M).
e U: application domain universe
o T: relational table
@ R: set of rules
@ F: set of functional specifications

e M: mechanism for the knowledge base system

The U is an application domain universe. The application domain universe contains finite
knowledge elements which can be notated as

U={u;uy..ou, }
The T is a relational table. It is articulated knowledge from domain experts, and it
records and describes the expertise (knowhow) of experts in an application domain. The
relational table T contains finite tuples which can be notated as:

T={rt,t5 .1, }
The R is a set of rules. The rules are the encoded expertise of experts about certain appli-
cation domain. The set of rules R can be notated as

R={r,ry..r }.
The F is a set of functional specifications. The functional specifications are derived
from project objectives, user requirements and design specifications. The M is a

mechanism. The mechanism M includes the processor (inference engine) and interface.
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On the other hand, the KB model is concerned with specific, detailed internal struc-
tural properties and behaviors of knowledge base systems. When operating at this level
of analysis, we put a knowledge base system, or some parts of the knowledge base sys-
tem, under close study to observe the details of its effectiveness. In particular, we analyze
and check the knowledge base, which is the kernel component of the knowledge base

system. In order to achieve this goal we view a knowledge base as a formal system.

We define the KB model for knowledge base, which is adopted from Reiter [69]. A
knowledge base is a triple:
KB = (E, H,R ), where
(DE: afinite nonempty set of evidence { e, €,,...e, ]
E represents all observable facts, symptoms, conditions, or askable findings;
(2)H: afinite nonempty set of hypotheses { 4, h,, ..., h,, }
H represents all conclusions, actions, diagnostics or explanations;
(3) R: a finite nonempty set of IF - THEN rules, { 7y, 75, ..., 7}, }.
R represents all associative knowledge, or encoded expertise.
The rules are special mapping functions, there are three types of rules:
Type I : From Evidences to Hypotheses (E — H), notated as R,.
Type II : From Evidences x Hypotheses to Hypotheses (E x H — H),
notated as Ry;.

Type III : From Hypotheses to Hypotheses (H — H), notated as Ry

Based on the KBS and KB models, we examined and checked the minimality, termina-

tion, completeness and consistency problems.

The goal of introducing these models is to provide a well defined problem setting

for the analysis of knowledge base systems and knowledge bases.

1.2.2. Results Concerning the Complexity of Checking KBS(KB) Effectiveness

Effectiveness checking of KBS(KB) implies finding deficiencies in the system with
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respect to minimality, termination, completeness and consistency. Systematical analysis
of the complexity of checking KBS(KB) effectiveness has not been carried out. Based
on the KBS and KB models, our main results about the complexity of checking

KBS(KB) effectiveness are summarized as follows :

(1) At the KBS level:

The minimality problem, termination problem and consistency problem are very hard to
define at the KBS level. For the completeness problem of KBS, we have identified func-
tional completeness and relational completeness. The functional completeness of a KBS
requires that the KBS satisfy functional specifications, and the relational completeness
requires that the rule set of the KBS exactly cover the relational table of the KBS. The
functional completeness of the KBS is provable or testable for restricted domain. The
Minimal Exact Rule Cover Problem (MERC problem) of the KBS belongs to NP-

Complete.
(2) At the KB level:

Based on the model KB, we have formulated the minimality problem, termination prob-
lem, completeness problem and consistency problem. A KB is minimal if it does not con-
tain any self redundant, redundant, subsumed redundant and redundant triangle rules (see
Chapter 6). A KB is terminated if it does not contain any strong, semi strong, and weak
cycles (see Chapter 7 for detail). A KB is rule complete (r_complete) if all the evi-
dences are defined and all hypothesis are satisfiable or reachable (see Chapter 8). A KB
is consistent if it satisfies the conditions for evidential, hypothetical and rule consistency
(see Chapter 9). According to these definitions, we have designed a set of algorithms for
solving such problems and also presented some computational results. Before we present
our computational results, let us introduce some notations and assumptions:

ITI =T : The total number of tuples in relational table.

Rl =K : The cardinality of rule set R.

IR;! = K, : The cardinality of rule set R,.
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IR;;| = K , : The cardinality of rule set Ry;.

IRy ! = K5 : The cardinality of rule set Rpy.

|El = N : The cardinality of evidence set E.

IH| = M : The cardinality of hypotheses set H.

L : The average size of rule r, r € R, the average number of knowledge ele-
ments in the rule r.

L, : The average number of evidences in the ruler,r e R.

L, :The average number of hypotheses in theruler,r e R.

LHS(r) ( or RHS(r) ): The set of knowledge elements in left (right) hand side
of ruler.

q : The number of groups of rules, which are partitions according to the size

of LHS(r),r € R.

We assume the existence of the following operations:
e membership checking, e.g., e € LHS(r),r e R.
e intersection operation, e.g., LHS(r;) " RHS(r j)’ rsr; € R
o subset checking, e.g., LHS(r;) < RHS(rj), T r; € R.
e instance checking, e.g., a tuple ¢; is an instance of rule r; or is covered by

ruler..
ule 7;

Also we assume that the costs of the operations above are constant or polynomial time.
If we store the information of all evidences E and all hypotheses H in two arrays respec-
tively, these operations (membership, intersection and subset checking) can be efficiently
executed. We assume the existence of a mechanism which can be used to check instances
quickly. The development of that mechanism is of research interest in itself. In the fol-
lowing discussion, we will use the term tractable to refer that the order of computation is
polynomial and intractable to refer that the order of computation is exponential. Also we
will assume that the operations above use unit time. We desplay our results in Table 1.1

and compare these results with previous works in Table 1.1.
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Model Problem Complexity

KBS Minimality Hard to define

KBS Termination Hard to define
Functiconal
Completeness Restrictedly Provable/Testable
Relational

KBS Completeness O( T2 x> )
Minimal Exact
Cover Rule Set NP-Complete

KBS Consistency Hard to define
Minimality
Self Redundant Rules O(KxL)

KB Redundant Rules O( VK q)
Subsumed Rules O( %K 2/q )
Redundant Triangle O(K ; )
Termination
Strong Cycle Rules O(K ; )

KB
Semi Strong Cycle Rules O(K,xL)
Weak Cycle Rules O((K,+K3)xL)

KB Rule Completeness ON+M+K)
Consistency
Evidence Consistency O(K, x L? )
Hypothesis Consistency O(K x L? )

KB Rule Consistency
Directly Conflicting O( Y%K 2 )

Rule Consistency
Potentially Conflicting O(K 12 +K xK3)

Table 1.1 Summary of the computational results of checking KBS and KB
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Model Problem Suwa Nguyen Cragun Ginsberg Zhao

Functional

Completeness No No No No Yes
KBS Relational

Completeness Yes Yes Yes No Yes

Minimal Exact

Cover Rule Set No No No No Yes

Minimality

Self Redundant Rules No No No No Yes
KB Redundant Rules Yes Yes Yes Yes Yes

Subsumed Rules Yes Yes Yes Yes Yes

Redundant Triangle No No No No Yes

Termination

Strong Cycle Rules No No No No Yes
KB

Semi Strong Cycle Rules No No No No Yes

Weak Cycle Rules Neo No No No Yes
KB Rule Completeness No Yes Yes Yes Yes

Consistency

Evidence Consistency No No No No Yes

Hypothesis Consistency No No No No Yes
KB

Rule Consistency

Directly Conflicting Yes Yes No Yes Yes

Rule Consistency

Potentially Conflicting No No No Yes Yes
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1.3. Significance of This Dissertation

The fundamental importance of knowledge base systems is their potential for many
applications. The major stumbling block preventing further use of knowledge base sys-
tems is a lack of methodology or technique for their effectiveness analysis. We illustrate

the problem significance from operational and theoretical views.

From an operational point of view, knowledge base systems will not be used for
critical applications (such as manned space missions, medical diagnosis, on on the battle
field) until we can prove that they are free of catastrophic errors. Effectiveness analysis
can guide the development of a knowledge base system, find the bugs in the system dur-
ing the early phase of system development and improve the quality of the knowledge
base system. This problem has attracted more and more attention from researchers and
companies. At the ALVEY Conference (1987), many researchers and companies
emphasized that the evaluation of knowledge base systems is an urgent task for further
development and application [1]. In 1987, NASA held a special workshop on knowledge
base system verification, at NASA/Ames Research Center, Mountain View, Calif. In
March 1990, the TEST TECHNOLOGY SYMPOSIUM was sponsored by Advanced Test
Technology Concepts Division U.S. Army Test and Evaluation Command at the Johns
Hopkins University. This symposium concentrated on artificial intelligence/expert sys-
tems and robotics development of methodologies, test beds and software relating to the

testing of systems incorporating Al technology.

From a theoretical point of view, effectiveness analysis of knowledge base systems
is a new field. There has been much interest recently in this problem, and many elements
of test, verification and validation exist in current knowledge base system methodologies;
however, because of the infancy of knowledge base technology, these elements have not
yet been assembled and standardized. There is a need for theoretical, systematic con-
sideration and formal treatment for the knowledge base effectiveness analysis problem.

This situation was challenging in that we faced a problem which is different from "tradi-
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tional" ones (such as algorithm analysis, operating system evaluation, or software
engineering).
This situation also gave us the opportunity to explore and develop new concepts,

models and techniques for effectiveness analysis of knowledge base systems.

Karp [26,39] said,

"I realize that certain areas in computer science have to be dom-
inated by empirical investigations, but that doesn’t relieve us of the
responsibility of thinking very hard about what it is we’re measur-
ing, what it is we’re trying to achieve, and when we can say that
our design is a success. And I believe that a certain measure of
scientific method is called for. I don’t buy the idea that simply
because you’re simulating the somewhat unknowable cognitive
processes of humans you are relieved of the obligation to have pre-

cise formulations of what you’re doing."

Yes, we do have the obligation to think very hard and try to formulate precisely

what we are doing in the field of knowledge base systems.

1.4. Organization of This Dissertation

Chapter 2 discusses some background issues: we compare the knowledge base system
development life cycle with the software development life cycle, and compare the
characteristics of knowledge base system analysis with traditional algorithm analysis.
Our work is a part of knowledge base system analysis. Chapter 3 surveys the related
work in effectiveness analysis of knowledge base in past decades and summarizes our
research direction. Chapter 4 introduces our model KBS for knowledge base systems
and model KB for knowledge bases. We also introduce the tool Knowledge Base Net

(KBNet) which is used later for analyzing some properties of rule set, minimality and
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termination problems. Chapter 5 explores the properties of the rule set of a knowledge
base and introduces Rule Dependency Graph (RDG). We formulate and discuss the
problems for minimality, termination, completeness and consistency of knowledge
bases in the remaining chapters. These four problems comprise the basis for the
effectiveness of knowledge bases as we defined. Chapter 6 discusses the minimality
problem. Chapter 7 is concerned with the termination problem. Chapter 8 focuses on
the completeness problem. Chapter 9 discusses the consistency problem. In each of
these chapters, we provide some algorithms for checking corresponding issues and also
give some computational results. Chapter 10 gives a summary and conclusions, fol-

lowed by a brief discussion of future research directions.
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CHAPTER 2

BACKGROUND

In the previous chapter we said that a knowledge base system is effective if it satisfies
the following properties: minimality, termination, completeness and consistency. In
this chapter we discuss some background issues as we compare the knowledge base
system development life cycle with the software development life cycle and the charac-
teristics of knowledge base system analysis with traditional algorithm analysis.
Knowledge base system analysis is related to the KBS life cycle and affected by many
factors, namely, model, human beings, domain, implementation, criteria and methods.
To avoid confusion, here we use the term knowledge base system analysis (or KBS
analysis) instead of effectiveness analysis. The effectiveness analysis of a KBS is a part

of KBS analysis.

2.1. Knowledge Base System Development vs Software Development

We can see that knowledge base implementation is a software development process.
They have much in common: The two are more alike than they are different [71].

Therefore, we can take advantage of the effort and methodologies that have been
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developed in the study of software engineering. However, there are significant
differences between the traditional software development process and that used for

knowledge base systems.

2.1.1. Software Development Life Cycle

The formulation of software engineering concepts started with the identification of the
following two basic problems:
(1) programming was considered a black or semi-black art;

(2) complex programs were very hard to understand.

In order to solve these problems, software engineering focused on developing metho-
dologies and tools to make programming activities more scientific. A formal methodol-
ogy is intended to provide visibility to the process and to force discipline into it. The
hope is to involve more people in the activity and manage the process by using formal
methodology to develop a plan and check ongoing status against the plan. Tools were
developed to assist the developer in managing the complexity and performing routine
tasks. The key concept of software engineering is a software life-cycle model. A simple

life-cycle model is shown in Figure. 2.1:
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Requirement Analysi%

Design

Implementation

Test

Maintenance

Figure 2.1 Software development life cycle model

This model defines the basic phases of a software development project and describes the

output of each phase. The life cycle describes the process as follows:

It begins with the expression of user needs. A system analyst works with the user to
analyze the task and define the functional requirements of the proposed systems. These
requirements are formally described in a requirements specification. Following a review
and approval of the specification, a design, which is described in a design specification, is
developed to meet the requirements. Testing strategies also are outlined at this point. The
design is implemented by using a representation ( a particular programming language ). It
is then verified through testing. After the test phase, the system is released to the custo-

mer and a long period of maintenance begins.

The use of the life-cycle model is supposed to reduce the software crisis, but there

are still several fundamental problems. Problem 1: The traditional life-cycle model is
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linear. "linear" means that each step in the model could be completely and correctly
implemented before moving onto the next, which prevents parallel activities. Problem 2:
The traditional life-cycle model omits the iterative complexity in the software develop-
ment process. The "iterative complexity” means that iteration is inevitable in any large
software development project. The software development life cycle in Figure 2.2 is

closer to real activity :

}Requirement Analysi%

Design

Implementation

Test

Maintenance

Figure 2.2. Iterative software development life cycle model

2.1.2. Knowledge Base System Development Life Cycle

Knowledge base system development generally follows a model ( shown in Figure 2.3 )

that is similar to the iterative version of the software development life cycle model. The
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knowledge base system life-cycle model is based on a recognition of the evolutionary
nature of software development. That is especially true of knowledge base system
development because knowledge base systems deal with problem areas that initially are

relatively poorly defined and not well understood.

Problem selection KBS analysis

Iterative growth and refine KBS analysis

Test KBS analysis

Rapid prototype > KBS analysis

Maintenance > KBS analysis

Figure 2.3 Iterative KBS development life cycle model
Stage 1: Problem selection.

The first step in a knowledge base system development project corresponds to the
requirements analysis stage in traditional software development. The major objective is
to ensure that the project will satisfy a real need and be technically feasible. The major
work is to survey problems, select candidate application and task, and consider existing

knowledge base technology ( expert shell, algorithm, or creative view and ideas ). From
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the effectiveness analysis viewpoint, this stage is the most important step for both
research and application. This stage decides the direction for developing future
knowledge base system. This stage produces the statement of potential knowledge base
system, functions, methods and knowledge base requirements. This forms the basis of a
requirements document. The requirements are derived from hign level effectiveness
analysis, even though they may not be very detailed at this point, but they will help focus
later development and its corresponding KBS analysis.

Stage 2: Rapid prototype.

The major objective of the rapid prototype stage is to quickly demonstrate the
technical and economic feasibility of the intended knowledge base system. Domain
experts and users evaluate an early prototype as a way of stating system requirement
relatively precisely and providing a testbed for knowledge base development. The initial
prototype is typically concerned with only a subset of the problem and may not have a
sophisticated interface. In this stage, the KBS analysis of this prototype will give prelim-
inary analysis of the knowledge base system, both positive and negative. Based on the
prototype, more detailed requirements and specifications will be derived.

Stage 3: Iterative growth and refinement.

Following the initial prototype and project approval, the objective of the iterative
growth and refinement is to develop the range of functions needed to deal with the full
complexity of the specific problem. At this stage, the improvements include expansion,
rewriting and checking of the knowledge base system. The iterative growth and
refinement phase produces the more detailed statements of requirements and functional
specifications.

Stage 4: Test.

Once the knowledge base system is performing well in most of the cases with which
it is developed, it is appropriate to turn to a more structured KBS analysis of its perfor-

mance. The principal objective at this stage is to show that the system is acceptable to the
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users for whom it is intended. From the literature, only a few knowledge base systems
have reached this stage of KBS analysis. The principal examples are the PROSPECTOR
[28], MYCIN [93,94], R1 (XCON) [47] and INTERNIST-1 [48]. The positive results
from this stage will convince the end users of the competence of the system, any negative
results will guide new research activity or improvements, and the system development

will return to previous stages for additional refinement.
Stage 5: Maintenance.

At this stage we should have firm plans for maintaining the knowledge base system,
monitoring its performance and finding problems (bugs). The system’s credibility is
largely dependent on previous stages. The solid performance data will support claims
about the quality of the system’s performance. The deficiencies of the system’s perfor-

mance will suggest further refinements and modifications.

Between October 1987 and June 1988 O’Neill and Morris {56] sent a short ques-
tionnaire to 52 software houses specializing in knowledge base work, asking for informa-
tion on tools, projects and staff. They reported some results from their survey about the
current state of the knowledge base development methodologies. Table 2.1 below shows
that the rule-based paradigm still appears to be the most prominent form of knowledge

presentation, although more organizations are starting to use other techniques.
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Form of representation %o
Rules 56
Everything 17
Frames 10
Semantic nets 7
Decision trees 5
Object-oriented programming 5
100

Table 2.1 Forms of representation used

Table 2.2 indicates the nature and degree of user consultation, interactive process of the

knowledge base system development cycle.

When users consulted %

At outset and throughout project 35

During and after system development 30

Varies according to project 23
Did not consult users 12
100

Table 2.2 User consultation

Table 2.3 shows that most companies used some form of human expertise in the develop-
ment of their knowledge base systems, although it varied according to the nature of the
problem to be solved. In many technical areas, expertise was readily available in the
form of rule books and manuals, and some systems were designed to replace inadequate

human performance or to co-exist with process control procedures using no human input.
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Number of experts consulted %o
One 59
Multiple 22
Varied 15
None 4
100

Table 2.3 Consultation with experts

These tables give us some solid data about characteristics of knowledge base sys-
tems. To summarize our discussion, we point out several unique characteristics of the

knowledge base system development cycle:

e The domain experts and users are involved throughout the entire process. This
is much different from the traditional software development, in which the users

specify the requirements and then walk away and wait for the final products.

o Change and modification at each stage are viewed as normal. Specifically,
change is strongly encouraged during the problem selection and prototype
stages [38,79]. Feedback from the user and domain expert is the main source

for making system improvements.

o Frequent demonstrations of work at each stage of development are
encouraged. These demonstrations allow the user and domain expert to check
and visualize the functionality of the knowledge base system and to propose or
request changes.

e The knowledge base system is truly a product of social cooperative activities
and a discipline that lies on the boundary of several fields: particular technical

domain, computer science and human-machine interface.
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e The production rule, or rule-based paradigm, still appears to be the most
important form of knowledge representation for developing knowledge base

systems or expert systems.

The traditional life-cycle model of software development and maintenance
presumes that problems are relatively well specified. An alternative model for develop-
ing knowledge base systems is an exploratory model, in which problem definition,
knowledge representation, problem solution and methods employed are mutually rein-
forcing. The process of developing knowledge base systems is a very complicated,
highly iterative and evolutionary process. As Table 2.3 indicates, KBS analysis can point
out shortcomings at all stages. Thus, as development progresses, there are usually

changes in requirements, concepts, specifications, organizing structures and rules.
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2.2. KBS Analysis vs Traditional Algorithm Analysis

The characteristics of traditional algorithm analysis are much different from knowledge
base system analysis. A brief discussion of the differences between KBS analysis and

traditional algorithm analysis may be useful.

2.2.1. Characteristics of Traditional Algorithm Analysis

We discuss the characteristics of traditional algorithm analysis in terms of computational
model, human factor, domain, implementation, analysis criteria and analysis methods. It
is clear that computational theory deals realistically with the quantitative aspects of com-
puting and develops a general methodology, which measures the complexity of comput-
ing functions. In order to analyze the complexity of algorithms, the theory must define
some notations and concepts of complexity, then discuss the difficulty of a given problem

by the existence or absence of an efficient algorithm for that problem.

Computational model : In the field of traditional algorithm analysis, we use the Turing
machine (TM) model to determine upper bounds on the space and time necessary to
solve a given problem. And usually, we also focus on some particular operations, such as
comparison and addition, whose execution time in the computational model can be

bounded by a constant.

Human factors : Traditional algorithm analysis is human independent in the sense that
we are only interested in analyzing the particular algorithm. Based on the Turing
machine model and predefined elementary operation, we can analyze and derive some
results from the performance of the algorithm, which is totally independent of those who
developed this algorithm. In short, the conclusion of traditional algorithm analysis does

not depend upon who designed it, who used it and who analyzed it.

Domain : Traditional algorithm analysis is domain independent. For example, the bub-
ble sort algorithm can be used in any application domains without affecting its complex-

ity. The characteristics of particular domain do not influence the result of algorithm
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analysis.

Implementation : Algorithm analysis is implementation independent, meaning that it
does not require particular hardware and software for implementation. For instance, the
result of sorting algorithm analysis does not depend on machines or programming

languages.

Criteria : The two major factors are used to judge the goodness of an algorithm are time
complexity and space complexity. In each case, it is common to consider average and

worst case performances.

Method : When we analyze the efficiency of an algorithm, we define and use the asymp-

"

. . " 2 2 . .
totic notation, such as "the order of n™" notated as O( n” ), operations on asymptotic
notations and asymptotic recurrences and so on. Then we employ quantitative
mathematical methods to give exact or probabilistic numerical values for estimating

algorithm performance.

2.2.2. Characteristics of KBS Analysis

Computational model : The intended models of knowledge base systems are cognitive
computational models. Cognitive computational models should capture some characteris-
tics of intelligent cognitive behavior, which are discrete, symbolic and qualitative.
Besides, the cognitive computational model is characterized by a collection of general
strategies that use encoded knowledge in such a way that the complexity of computation
inherent in certain tasks is minimized. A variety of cognitive computational models
which are implemented in knowledge base systems. In diagnostic knowledge base sys-
tems, for instance, there are certainty factor model from medicine [77], subjective proba-
bilistic model [21, 22], general set covering model [66], and model for diagnosis by using
"First principles” [69] and so on. These models are much simplified cognitive models, or
just attempted cognitive models. A typical cognitive model should be a mental model

which is composed of basic data sources, motivational concepts, conscious experience,
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unconscious material, external stimuli and a socio-cultural context.

Human factor : KBS analysis is human dependent. The evaluators could be domain
experts, knowledge engineers, end users and researchers. The KBS analyses vary,
depending on who is making them. Funding agencies may wish to see a KBS system per-
forming in the best possible light. Knowledge engineers probe for deficiencies and ways
want to convinced that the knowledge base system represents an improvement over pro-
cedures they currently use. And researchers in AI and knowledge base systems are
always analyzing and comparing alternative systems and techniques, which help them
test new ideas, both their own and th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>