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Foreword

My 1965 paper on fuzzy sets was motivated in large measure by the conviction that
traditional methods of systems analysis are unsuited for dealing with systems in which
relations between variables do not lend themselves to representation in terms of differen-
tial or difference equations. Such systems are the norm in biology, sociology, economics
and, more generally, in fields in which the systems are humanistic rather than mechanistic
in nature.

Traditional methods of analysis are oriented toward the use of numerical techniques.
By contrast, much of human reasoning involves the use of variables whose values are
fuzzy sets. This observation is the basis for the concept of a linguistic variable, that is, a
variable whose values are words rather than numbers. The concept of a linguistic variable
has played and is continuing to play a key role in the applications of fuzzy set theory and
fuzzy logic.

The use of linguistic variables represents a significant paradigm shift in systems anal-
ysis. More specifically, in the linguistic approach the focus of attention in the representa-
tion of dependencies shifts from difference and differential equations to fuzzy if-then rules
in the form if X is A then Y is B, where X and Y are linguistic variables and A and B are their
linguistic values, e.g., if Pressure is high then Volume is low. Such rules serve to character-
ize imprecise dependencies and constitute the point of departure for the construction of
what might be called the calculus of fuzzy rules or CFR, for short. In this perspective, The
Fuzzy Systems Handbook may be viewed as an up-to-date, informative and easy-to-follow
introduction to the methodology of fuzzy if-then rules and its applications. A key aspect of
this methodology is that its role model is the human mind.

Although I am not an impartial observer, I have no doubt that, in the years ahead,
CFR will become an essential tool in the representation and analysis of dependencies
which are (a) intrinsically imprecise or (b) can be treated imprecisely to exploit the toler-
ance for imprecision. At this juncture, many of the applications of fuzzy set theory and
fuzzy logic in the realm of knowledge systems fall into the first category. By contrast,
most of the applications in the realm of control fall into the second category. This is espe-
cially true of the applications of CFR in the design of consumer products such as washing
machines, cameras, air conditioners and vacuum cleaners. In such products, the methodol-
ogy of fuzzy if-then rules serves to increase the MIQ (Machine Intelligence Quotient) and
lower the cost of products by making it possible to program their behavior in the language
of fuzzy rules — and thus lessen the need for precision in data gathering and data manipu-
lation. In this context, the use of linguistic variables and fuzzy rules may be viewed as a
form of data compression.

The numerous applications of fuzzy set theory and fuzzy logic described in The Fuzzy
Systems Handbook underscore the unreality of traditional methods in dealing with deci-
sion-making in an environment of uncertainty and imprecision. A prominent flaw of such
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methods relates to the assumption that probabilities can be assumed to be expressible as
real numbers. In fact, most real-world probabilities are fuzzy rather than crisp. As a case in
point, consider the following problem: I want to insure my car against theft. In this con-
nection, I have to know the probability that my car might be stolen. What is it? The answer
is: There is no way for estimating the probability in question as a real number. But what
fuzzy set theory and fuzzy logic make possible is to estimate the probability in question as
a fuzzy number. The fuzzy probability, then, could be used to compute the fuzzy expected
loss and thus ultimately lead to a crisp decision.

Many of the real-world problems arising in the analysis and design of decision, con-
trol and knowledge systems are far from simple. Fuzzy set theory and fuzzy logic do not
replace the existing methods for dealing with such problems. Rather, they provide addi-
tional tools which significantly enlarge the domain of problems which can be solved. Earl
Cox’s Fuzzy Systems Handbook is an important contribution in this regard. Oriented
toward applications, it is certain to have a wide-ranging impact by showing how fuzzy set
theory and fuzzy logic can be employed to exploit the tolerance for imprecision and how
they make it possible to address problems that lie beyond the reach of traditional methods.

Lotfi A. Zadeh
November 1, 1993
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Preface

Understanding comes from doing.
—Mr. Robert Miller
My Twelfth-Grade Physics Teacher
Glen Burnie Senior High, Class of 1964

While several books are available today that address the mathematical and philosoph-
ical foundations of fuzzy logic, none, unfortunately, provides the practicing knowledge
engineer, system analyst, and project manager with specific, practical information about
fuzzy system modeling. Those few books that include applications and case studies con-
centrate almost exclusively on engineering problems: pendulum balancing, truck backer-
uppers, cement kilns, antilock braking systems, image pattern recognition, and digital sig-
nal processing. Yet the application of fuzzy logic to engineering problems represents only
a fraction of its real potential. As a method of encoding and using human knowledge in a
form that is very close to the way experts think about difficult, complex problems, fuzzy
systems provide the facilities necessary to break through the computational bottlenecks
associated with traditional decision support and expert systems. Additionally, fuzzy sys-
tems provide a rich and robust method of building systems that include multiple conflict-
ing, cooperating, and collaborating experts (a capability that generally eludes not only
symbolic expert system users but analysts that have turned to such related technologies as
neural networks and genetic algorithms).

Yet the application of fuzzy logic in the areas of information technology, decision
support, and database analysis and mining has been largely ignored by both the commer-
cial vendors of decision support products and the knowledge engineers that use them.
Fuzzy logic has not found its way into the information modeling field due to a number of
factors that are rapidly changing—unfamiliarity with the concept, a predilection for the
use of confidence factors and Bayesian probabilities among most knowledge engineers
(stemming from the early successes of expert systems such as MYCIN, PROSPECTOR,
and XCON), and a suspicion that there is something fundamentally wrong with a reason-
ing system that announces its own imprecision. Fuzzy logic is the essential oxymoron.

Fuzzy logic, however, is a technology that has patiently bided its time. Today, in the
world of highly complex, international business systems, webs of communications net-
works, high-density information overloads, and the recognition that many seemingly sim-
ple problems belie a deep nonlinearity, fuzzy logic is proving itself as a powerful tool in
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knowledge modeling. Fuzzy logic will soon usher in the second wave of intelligent sys-
tems.

I have good reason to believe this prediction.

A little more than 13 years ago, while marketing an enterprise modeling system in the
United Kingdom, I was introduced to the idea of fuzzy logic by my friend Peter Llewelyn
Jones. Peter is the author of REVEAL, the first commercial fuzzy expert system and, with
Ian Graham, the author of Expert Systems: Knowledge, Uncertainty and Decision," one of
the very first books on fuzzy information systems. Sitting one evening in a pub just off
Fleet Street, and tucked neatly into the outskirts of Covent Gardens, about a block from
our office on the Waterloo Bridge, Peter explained in clear and convincing terms just why
fuzzy logic, in the more general form of approximate reasoning, was an important emerg-
ing technology. Like Paul on the road to Damascus, a brilliant light went off in my mind
and I left the pub an eager devotee to the cult of fuzzy logic. Like all naive revolutionaries,
we expected the world to welcome our insights and revealed truths with open arms. How-
ever, in spite of its evident potential and the success of many projects, REVEAL was
shelved by its owners and fuzzy logic remained the arcane study of Lotfi Zadeh and his
ever but slowly increasing circle of believers (usually graduate students who remained
well within the sheltering walls of Evans Hall high on a hill at the University of California
at Berkeley).

In the years since I was introduced to and began using fuzzy logic, I have seen first-
hand the power and breadth that fuzzy decision and expert systems bring to a wide spec-
trum of unusually difficult problems. I have architected, designed, and programmed three
production fuzzy expert systems. These tools have been successfully applied to large, real-
world applications in such areas as transportation, managed health care, financial services,
insurance risk assessment, database information mining, company stability analysis, mul-
tiresource and multiproject management, fraud detection, acquisition suitability studies,
new product marketing, and sales analysis. Generally, the final models were less complex,
smaller, and easier to build, implement, maintain, and extend than similar systems built
using conventional symbolic expert systems.

Nature of This Handbook

You can use this handbook as a guide in evaluating possible fuzzy system projects,
designing model policies, developing the underlying programming code, integrating
model components, and evaluating overall model performance. The book assumes no pre-
vious familiarity with fuzzy logic, first-order predicate calculus, or Bayesian probabilities,
but it does presuppose a moderately deep familiarity with business system analysis, high
school algebra, and C++ programming. In general, the concentration of concepts, exam-
ples, and application code listings is geared toward real-world implementation issues. The
case studies are also drawn from actual fuzzy models in such areas as new product pricing,
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risk assessment, and inventory management. While a few of the examples have been
slightly simplified for illustrative reasons,” I have attempted to retain the flavor of robust-
ness, error tolerance, and thoroughness that are required in actual commercial applica-
tions.

This handbook examines the architecture, function, and operation of rule-based fuzzy
systems in a business environment. In general we will be concerned with understanding
the basics of fuzzy logic and fuzzy systems, selecting the appropriate problems and
domain representation, the design of fuzzy sets, the use of operators, and interpreting
model output. Less attention is paid to the mathematical principles underlying the nature
of fuzzy logic making the handbook a minimally mathematical tour of how fuzzy systems
are designed, built, delivered, and maintained. A comprehensive bibliography provides an
annotated listing of books that can provide a complete explanation of the mathematics
underlying fuzzy logic.

This handbook is conceptually divided into two major parts. The first part, Chapters 1
through 6, deals with the fundamental issues of imprecision, fuzzy sets, fuzzy operators of
various kinds, the handling of fuzzy propositions (also known as rules), and how a final
result is resolved from a fuzzy model. The second part, Chapters 7 through 9, addresses
the idea of fuzzy models and fuzzy systems by exploring the nature of fuzzy models and
how they are represented; the architecture of operation of several fuzzy system case stud-
ies, and the outline of a general methodology for developing a fuzzy system. The hand-
book concluded with a description of the fuzzy modeling software in Chapter 10, a
glossary of terms and a bibliography.

Adapting and Using the C++ Code Library

The C++ code included in this handbook has been compiled and tested under Bor-
land’s C++ 3.1 and Microsoft’s Visual C++ 1.0 compilers. Although C++ is emerging as
the standard language of choice for workstation-based systems, the exclusive use of
object-oriented constructs would have unnecessarily restricted the handbook’s audience.
The code in this handbook is provided in “flat” C++, that is, without object encapsulation.
Reader’s familiar with the C++ CLASS organization should have little difficulty in con-
verting the code into a form compatible with their own applications. The larger audience
of readers using C or recently moving into C++ should find the modeling code easy to
understand, modify, and integrate with their own code. In nearly all cases, when given a
choice between self-documentation and “efficiency” or “compactness” a decision to write
simple, straightforward code was always made.

Since this fuzzy logic code is extracted from a larger library of modeling software
used to build production decision and expert systems, the code in the handbook also con-
tains some functions not directly associated with fuzzy logic (such as the error message
handler, the line entokeners, string managers, etc.).
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The Graphical Representation of Fuzzy Sets

The code libraries included with this handbook contain several programs that draw
fuzzy sets. In keeping with the general principle of maintaining platform independence,
these programs write character-based graphs to a specified file. An individual fuzzy set,
when plotted, will appear as the following:

FuzzySet: near 2*MfgCosts
Description:
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own character symbol. A legend following the graph indicates which fuzzy set is repre-
sented by which symbol. The following shows a PI (bell-shaped) fuzzy set and the new
fuzzy set created by applying the hedge somewhat.
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To extract a table of domain values with their corresponding fuzzy membership val-
ues for use in graphical tools such as Mathematica, MatLab, or for use in Microsoft’s Win-
dows environment, the FzyExtractSetdata program should be used.

Icons and Topic Symbols

Throughout the handbook you will encounter a series of “sidebars” covering a wide
variety of special topics. Each topic is set off from the main text and is introduced by a
specific icon.

Code Discussion and Cross-reference. The diskette icon indicates that
this section deals with code models, programs, and software in general.
This icon usually means that a concept discussion is being tied back to the
actual supporting code in one or more of the libraries.

System Internals. The plumbing icon indicates that this section discusses
system internals. System internals refer to the data structures, control
blocks, interprogram linkages, process flow, and other details associated
with the way fuzzy modeling systems work.

Key Topics. A key icon indicates a detailed discussion on some important
aspect of the system. The nature of key topics covers a broad spectrum:
from hints and techniques that may not be obvious to detailed and off-line
explorations of concepts and philosophies.

System Construction. The hammer icon represents discussions centered
around the construction of models, applications, and high-level software
systems.This topic is not specifically concerned with function code or data
structures.

Practical Hints and Techniques. The wingnut (“nuts and bolts™) icon
indicates a discussion about the practical considerations of the current
topic. This includes programming techniques, system design consider-
ations, methodology approaches, etc.

Mathematical Topics. The ruler icon indicates a discussion of mathemati-
cal, logical, or algorithmic topics. This includes the underlying mathemat-
ics of fuzzy set theory, technical computer algorithms, topics in stability
and verification, as well as discussions of performance metrics. The icon is
only used for detailed discussed outside the main manual text.
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Danger! Warning! The lightning bolt icon indicates a topic that could be
potentially dangerous to model integrity, validation, or data. The danger
icon is also used to highlight harmful side effects that are not obvious. You
should read every danger topic carefully.

Reminders and Warnings. The reminder icon indicates a discussion of
important, but generally not obvious, points that the user must consider
when exploiting some portion of the fuzzy modeling technology.

Symbol Use
~ set NOT (also complement or inversion)
N set AND (also intersection operator)
U set OR (also union operator)
S higher dimensional fuzzy space
[x,x,x] indicates a fuzzy membership value
€ member of a set (general membership)
poss(x) the possibility of event x
prob(x) the probability of event x
{x} crisp or Boolean membership function
. dyadic operator
E(x) The expected value of a fuzzy region

M< > U Q® 8EFE R F
>

fuzzy membership function
proportionality

membership or truth function in fuzzy set
element from domain of fuzzy set
Cartesian product or space

empty or null set

implication

logical AND

logical OR

summation

Preface
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NOTES

1. 1988. Published by Chapman and Hall, London.

2. I wanted to say “for pedagogical purposes” but resisted the temptation to slip into unnecessary jar-
gon. That’s another characteristic of the handbook: unnecessary and pointedly academic jargon has
usually been replaced with straightforward English. A complete polysyllabic glossary is included for
academic readers who are able to actually read the handbook and thus have been bewildered and dis-

oriented.
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