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Chapter 1

Introduction

Zadeh is credited with introducing the concept of fuzzy sets in 1965 as a mathema-
tical means of describing vagueness in linguistics. The idea may be considered as a
generalization of classical set theory. In the decade since Zadeh's pioneering paper
on fuzzy sets [1], many theoretical developments in fuzzy logic took place in the
United States, Europe, and Japan. From the mid-1970s to the present, however,
Japanese researchers have done an excellent job of advancing the practical imple-
mentation of the theory; they have been a primary force in commercializing this
technology. Much of the success of the new products associated with the fuzzy
technology is due to fuzzy logic, and some is also due to the advanced sensors
used in these products.

1.1. FUZZY SETS

The basic idea of fuzzy sets is quite simple. In a conventional (nonfuzzy, hard, or
crisp) set, an element of the universe either belongs to or does not belong to the set.
That is, the membership of an element is crisp—it is either yes (in the set) or no (not
in the set).

A fuzzy set is a generalization of an ordinary set in that it allows the degree of
membership for each element to range over the unit interval [0, 1]. Thus, the mem-
bership function of a fuzzy set maps each element of the universe of discourse to its
range space, which, in most cases, is assumed to be the unit interval.
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One major difference between crisp and fuzzy sets is that crisp sets always have
unique membership functions, whereas every fuzzy set has an infinite number of
membership functions that may represent it. This enables fuzzy systems to be
adjusted for maximum utility in a given situation.

1.2. FUZZY SYSTEMS, COMPLEXITY, AND AMBIGUITY

Zadeh's principle of incompatibility was given in 1973 to explain why there is a need
for a fuzzy system theory. The principle states, in essence, that as the complexity of a
system increases, our ability to make precise and yet significant statements about its
behavior diminishes until a threshold is reached beyond which precision and signifi-
cance (or relevance) become almost mutually exclusive characteristics. This suggests
that complexity and ambiguity (imprecision) are correlated: "The closer one looks at
a real-world problem, the fuzzier becomes its solution" [2].

It is a characteristic of the way humans think to treat problems involving com-
plexity and ambiguity in a subjective manner. Complexity generally stems from
uncertainty in the form of ambiguity; these are features of most social, technical,
and economic situations experienced on a daily basis. In considering a complex
system, humans reason approximately about its behavior (a capability that compu-
ters do not have) and thus maintain only a generic understanding of the problem.
This generality and ambiguity are adequate for a human to perceive and understand
complex systems.

As one learns more and more about a system, its complexity decreases and
understanding increases. As complexity decreases, the precision afforded by compu-
tational methods becomes more useful in modeling the system. For less complex
systems, thus involving little uncertainty, closed-form mathematical expressions offer
precise descriptions of the systems' behavior. For systems that are slightly more
complex but for which significant data exist, model-free methods, such as computa-
tional neural networks, provide powerful and effective means to reduce some uncer-
tainty through learning based on patterns in the available data.

There are virtually no problems for which we can say that the information
content is known absolutely, that is, with no ignorance, no vagueness, no impreci-
sion, no element of chance. Uncertain information can take on many different forms.
There is uncertainty that arises because of complexity, for example, the complexity in
the reliability evaluation of an electric distribution system. There is uncertainty that
arises from ignorance, from chance, from various classes of randomness, from
imprecision, from the inability to perform adequate measurements, from lack of
knowledge, or from vagueness, like the fuzziness inherent in our natural language.

The nature of uncertainty in a system is an important consideration that the
analyst should study prior to selecting an appropriate method to express the uncer-
tainty. For most complex systems where few numerical data exist and where only
ambiguous or imprecise information may be available, fuzzy reasoning offers a way
to understand system behavior by allowing one to interpolate approximately
between observed input and output situations. The imprecision in fuzzy models is
generally quite high.
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Fuzzy logic is based on the way the brain deals with inexact information. Fuzzy
systems combine fuzzy sets with fuzzy rules to produce overall complex nonlinear
behavior. Fuzzy systems are structured numerical estimators. They start from highly
formalized insights about the structure of categories found in the real world and then
express fuzzy if-then rules as some expert knowledge. Being numerical model-free
estimators and dynamical systems, fuzzy systems are able to improve the intelligence
of systems working in an uncertain, imprecise, and noisy environment.

Some of the information available in developing models of physical processes
might be judgmental, perhaps an instinctive reaction on the part of the modeler,
rather than hard quantitative information. Fuzzy reasoning allows us to incorporate
intuition into a problem.

One prevalent way to convey information is our own means of communication:
natural language. By its very nature, natural language is vague and imprecise; yet it
is the most powerful form of communication and information exchange among
humans. Despite the vagueness in natural language, humans have little trouble
understanding one another's concepts and ideas; this understanding is not possible
in communications with a computer, which requires extreme precision in its instruc-
tions.

To illustrate, consider the interpretation of the term short-person. To individual
X a short person might be anybody below 5 ft 1 in. To individual Y, a short person is
someone who is 5 ft 8 in. or shorter. What sort of meaning does the linguistic descrip-
tor short convey to either of these individuals? It is surprising that, despite the
potential for misunderstanding, the term short communicates sufficiently similar
information to the two individuals, even if they are of considerably different heights
themselves, and that understanding and correct communication are possible between
them. Individuals X and Y, regardless of their own heights, do not require identical
definitions of the term short to communicate effectively. A computer would require
a specific height to compare with a preassigned value for "short." The underlying
power of fuzzy set theory is that it uses linguistic variables, rather than quantitative
variables, to represent imprecise concepts.

Fuzzy systems have been shown to be capable of modeling complex nonlinear
processes to arbitrary degrees of accuracy. They have attracted growing interest of
researchers in various scientific and engineering areas. The number and variety of
applications of fuzzy systems have been increasing, ranging from consumer products
and industrial process control to medical instrumentation, information systems, and
decision analysis.

1.3. FUZZINESS AND PROBABILITY

Fuzziness is often confused with probability. The newcomer to the field often claims
that fuzzy set theory is just another form of probability theory in disguise. Fuzzy set
theory provides a means for representing uncertainties. Probability theory has been
the primary tool for representing uncertainty in mathematical models. As a result, all
uncertainty was assumed to follow the characteristics of random uncertainty.
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Basic statistical analysis is founded on probability theory or stationary random
processes, whereas most experimental results contain both random (typically noise)
and nonrandom processes. One class of random processes or stationary random
processes exhibits the following three characteristics:

1. The sample space on which the processes are defined cannot change from one
experiment to another, that is, the outcome space cannot change.

2. The frequency of occurrence, or probability, of an event within that sample
space is constant and cannot change from trial to trial or experiment to
experiment.

3. The outcomes must be repeatable from experiment to experiment. The out-
come of one trial does not influence the outcome of a previous or future trial.

However, fuzzy sets are not governed by these characteristics.
The outcomes of any particular realization of a random process are strictly a

matter of chance; a prediction of a sequence of events is not possible. For a random
process it is only possible given a precise description of its long-run averages.

As can be appreciated, not all uncertainty is random. Some forms of uncertainty
are nonrandom and hence not suited to treatment or modeling by probability theory.
In fact, one can argue that the predominant amount of uncertainty associated with
complex systems is nonrandom in nature. Fuzzy set theory is an excellent tool
for modeling the kind of uncertainty associated with vagueness, with imprecision,
and/or with a lack of information regarding a particular element of the problem
at hand.

The fundamental difference between fuzziness and probability is that fuzziness
deals with deterministic plausibility, while probability concerns the likelihood of
nondeterministic, stochastic events. Fuzziness is one aspect of uncertainty. It is the
ambiguity (vagueness) found in the definition of a concept or the meaning of a term
such as comfortable temperature or well cooked. However, the uncertainty of prob-
ability generally relates to the occurrence of phenomena, as symbolized by the con-
cept of randomness. In other words, a statement is probabilistic if it expresses some
kind of likelihood or degree of certainty or if it is the outcome of clearly defined but
randomly occurring events. For example, the statements "There is a 50-50 chance
that he will be there," "It will be sunny tomorrow," and "Roll the dice and get a six"
demonstrate the uncertainty of randomness.

Hence, fuzziness and randomness differ in nature; that is, they are different
aspects of uncertainty. The former conveys "subjective" human thinking, feelings,
or language and the latter indicates an "objective" statistic in the natural sciences.

From the modeling point of view, fuzzy models and statistical models also
possess philosophically different kinds of information: Fuzzy memberships represent
similarities of objects to imprecisely denned properties, while probabilities convey
information about relative frequencies. The quest for a method to quantify non-
random uncertainty (imprecision, vagueness, fuzziness) in physical processes is the
basic premise of fuzzy system theory, for to understand uncertainty in a system is to
understand the system itself. As understanding improves, the fidelity in modeling
improves.
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1.4. WHEN IS A FUZZY FORMULATION APPROPRIATE?

Whenever precision is evident, for example, fuzzy systems are less efficient than
more precise algorithms in offering a better understanding of the problem.
Requiring precision in engineering models and products translates to requiring
high cost and long lead times in production and development. For other than
simple systems, expense is proportional to precision: More precision entails higher
cost. When considering the use of fuzzy logic for a given problem, an engineer or
scientist should ponder the need for exploiting the tolerance for imprecision. Not
only does high precision dictate high costs but it also entails low tractability in a
problem.

On the other hand, fuzzy systems can focus on modeling problems
characterized by imprecise or ambiguous information. The following are situations
where it is appropriate to formulate system problems within a fuzzy system frame-
work:

1. In processes involving human interaction (e.g., human descriptive or intuitive
thinking)

2. When an expert is available who can specify the rules underlying the
system behavior and the fuzzy sets that represent the characteristics of
each variable

3. When a mathematical model of the process does not exist, or exists but
is too difficult to encode, or is too complex to be evaluated fast enough for
real-time operation, or involves too much memory on the designated chip
architecture

4. In processes concerned with continuous phenomena (e.g., one or more of
the control variables are continuous) that are not easily broken down into
discrete segments

5. When high ambient noise levels must be dealt with or it is important to use
inexpensive sensors and/or low-precision microcontrollers.

The ability to use fuzzy system tools will allow one to address the vast majority of
problems that have the preceding characteristics. Fuzzy formulations can help to
achieve tractability, robustness, and lower solution cost.

Any field can be fuzzified and hence generalized by replacing the concept of a
crisp set in the target field by the concept of a fuzzy set. Therefore, we can fuzzify
some basic fields such as graph theory, arithmetic, and probability theory to develop
fuzzy graph theory, fuzzy arithmetic, and fuzzy probability theory, respectively.
Moreover, we can also fuzzify some applied fields such as neural networks, pattern
recognition, and mathematical programming to obtain fuzzy neural networks, fuzzy
pattern recognition, and fuzzy mathematical programming, respectively. The advan-
tages of fuzzification include greater generality, higher expressive power, an
enhanced ability to model real-world problems, and a methodology for exploiting
the tolerance for imprecision.


