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Abstract— Fuzzy logic system design has rapidly become orleeoiost successful of today's technologies feeldping sophisticate
logically designs system. Fuzzy logic addressek applications perfectly as it resembles humangieci making with an ality to generate
precise solutions from certain or approximate imfiation. Complex fuzzy logic is a generalizationraditional fuzzy logi, based on complex
fuzzy sets. In complex fuzzy logic, inference ratesconstructed and “fired" in a manner that ely parallels traditional fuzzy logic. Tt
range of these membership functions is extenden e traditional fuzzy range of [0,1] to the uaiitcle in the complexlane, thus providing
a method for describing membership in a set in seofmfa complexumber. Several mathematical properties of complexyf sets, which ser
as a basis for the derivation of complex fuzzydpgre reviewed in this paper. These propertiesuidel basic set theorc operations on
complex fuzzy sets namely complex funiynuand intersection, complex fuzzy relations #air composition vector aggregatic

A large numbers of fuzzy control applications wite physical systems require a I-time operation to interface high speed constrai
higher density programmable logic devices suchigld programmable gate array can be used to integtarge amouts of logic in a single
IC. The fuzzy design starts with an overview of emging in order to get an idea about design architee, and followed y an explanation on

the hardware implementation with both type analogug digital implementation, also ovided in this system design applica.

Keywords—Traditional fuzzy logic; Logic, hardware implemertian; Digital technique;Analog techniquu

1. INTRODUCTION

Many decision-making and problesolving tasks are tc
complex to be understood quantitativelyowever, people
succeed by using knowledge that is imprecise rathan
precise. Fuzzy set theory, originally introducedUoyfi Zadeh
in the 1960's, resembles human reasoning in its af:
approximate information and uncertainty to genedatgisions
It was specifically designed to mathematically repre
uncertainty and vagueness and provide formalizeds téor
dealing with the imprecision intrinsic to many piais. By
contrast, traditional computing demands precisiawrd to
each bit. Since knowleégcan be expressed in a more nal
by using fuzzy sets, many engineering and decipioblems
can be greatly simplified. Most of the fuzzy logipplications
with the physical systems require a rtade operation t
interface high speed constraints gisple and usual way -
implement these systems is to realize it as a softyprogran
on general purpose computers, these ways cannc
considered as a suitable design solution. Highemsite
programmable logic device such as Fuzzy can be ts
integate large amounts of logic in a single

For these systems, are more sufficient than thelsimay
because they can cover a much wider range of adpg
conditions. Semi-custom and fulistom application specif
integrated circuit (ASIC) deviceseaalso used for this purpo
but provide additional flexibility: they can be dswith tighter
time-to-market schedules. Places fixed logic cells on thfer
and the designer constructs more. Complex functioom
these cells [11]. The term field Prograable highlights th
customizing of the IC by the user, rather than Hey foundry
manufacturing the several researchers discussedetsign o
hardware systems. Numbers of these works wereadjzed in
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control application, and were aim to get betteontrol
responses.

In an Fuzzy logic blocks are implemented using ipldg!
level low fan in gates, which gives it a more cowotpdesigr
compared to an implementation with t-level AND-OR
logic. Fuzzy provides its user a way to configurghe
intersectiorbetween the logic blocks and the function of €
logic block. Logic block of an system can be coaf&g in
such a way that it can provide functionality as@amas tha
of transistor or as complex as that of a micropseoe . Fuzz'
logic has been exteled to handle the concept of partial tri
where the truth value may range between complétetyanc
completely false.

2. HARDWARE IMPLEMENTATION TECHNIQUES

The techniques used for hardware implementatioldie
2.1.Analog Techniques

The variablesnr fuzzy systems are analog by nature. T
analog implementation eliminates the need for a-to-
digital and digital-toanalog conversions. The fuzzy syste
also require massive parallelism, making analogudts
particularly suited for their implemtation. Furthermore, the
physical characteristics of transistors can beizetll in
realizing the nonlinear functions required, whethé a fuzzy
operation, or a membership function. Analog implatagons,
however, have typically very restricted pdbilities for
programmability. Analog implementation techniqueslude
voltage mode and current mode realizations, in tamhdito
mixed mode (current and voltage) realizatic

2.2. Digital Techniques
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Although fuzzy chips may have limited input/out
capabilities, they have particularly useful applicas in ree-
time control systems. Analog fuzzy values must devertec
to binary digital signals. Analog-tdigital conversion can lee
to quantization errors in both input signals andmiershig
values.Thus, decline in the fuzzy processing may occuani
insufficient number of bits are used to represéet analo¢
signals. On the other hand, using a large numbdaitefcar
slow down the process. This is the tradEbetween precisio
and speed. Fuzajedicated circuits are characterized

*  The number of inputs and outputs.

*  The number and shapes of membership funci

» Inference techniques includingoperators,

sequenceand Size of the premis

» Defuzzification method.

e The number of fuzzy logimferences per seco.

* Physical size.

e Power consumption.

e Software available to support the des

con

3. FUZZY LINGUISTIC VARIABLES CRISFSETS

While variables in mathematicsualy take numerical value
in fuzzy logic applications, the narumeric linguistic
variablesare often used to facilitate the expression ofs
and factsA linguistic variable such as ageay have a value
such as young or its antonym olth classical mathematics v
are familiar with what we call crisp sets. For exdan the
possibé interferometric coherence g values are the satal
real numbers between 0 and 1. From this set X aesub car
be defined, (e.g. all values 0 _to_ 1). The reaspim fuzzy
logic is similar to human reasoning. It allows &pproximate
values andnferences as well as incomplete or ambiguous
(fuzzy data) as opposed to only relying on crispdainary
yes/no choices). Fuzzy logic is able to processrplete dat:
and provide approximate solutions to problems othethods
find difficult to solve. Terminology used in fuzzy logic n
used in other methods is: very high, increasingnesshat
decreased, reasonable The characteristic functiof, di.e.
this function assigns a number 1 or O to each aknmeX,
depending on whether the elemesntin the subset A or nc
logical operations. The elements which have besigasd the
number 1 can be interpreted as the elements tedhdhe se
A and the element which have assigned the numkzes the
elements that are not in the set of logic gesi

4. THEESSENTIALCHARACTERISTICOF FUZZY
LOGICSYSTEMDESIGN

In fuzzy logic, exact reasoning is viewed as atiimgi case o
approximate reasoning. In fuzzy logic everythingaisnattel
of degree. Any logical system can be fuzzifiedfumzy logic,
knowledge is interpreted as a collection of elastic
equivalently fuzzy constraint on a collection ofriahles
Inference is viewed as a process of propagatiorelastic
constraints. The third statement hence, defineddanmologic
as a subset of Fuzzy logic.

4.1. Fuzzy Patches Design
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In a fuzzy system this simply means that all odesiwcan bt
seen as patches and the input and output of thhingacan b
associated together using these patches. Gralyhidfathe
rule patches shrink, our fuzzy subdriangle gets narrower.
Simplest method Yes, because even novices can tarilttol
systems that beat the best math models of cortebry.
Naturally it is mathfree systen

4.2. Fuzzy Control Design

Fuzzy logics control design in which directly ufuzzy rules
is the most important application in fuzzy theddging a
procedure originated by Ebrahim Madman in the Tatg,
three steps are taken to create a fuzzy contraikechine
Fuzzification (Using membership functions to graaliy
describe a silation) Rule evaluation n(Application of fuz
rules Defuzzification (Obtainir the crisp or actual results).

¥ I

Cmler ol

Foll Axis

Yo Hads
+ Rl

Fig. 1Fuzzy based approach to design of Flight Co

As a simple example on how fuzzy controls
constructed, devicesonsider the following classic situatic
the inverted pendulum. Here, the problem is torxadaa pole
on a mobile platform that can move in only two difens, to
the left or to the right. The angle between thefpitat and the
pendulum and the angular velocity of this angledresen a
the inputs of the system. The speed of the platfoemce, is
chosen as the corresponding ou .T here are various points
are given.

(2): First of all, the different levels of output (higpeed
low speed etc.) of the platform are defined by gpieg
the
Membership functions for the fuzzy sets. The graf
the
Function is shown below Similar, the different ax
Between the platform and the pendulum and the an
Velocities of specific arles are also defined
(2): For simplicity, it is assumed that all members
Functions are speed equally. Hence, this explains w
No actual scale is included in the gra
(3): The next step is to define the fuzzy rules. Theyuales
are
Mealy a series of then statements as mentioned ab
These statements are usy derived by an expert to
Achieve optimum resis. Some examples of these rul:
Based system as followir

Rule 1 If angle is zero and angular velocity is zero tepaec
is also zero.
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Rule 2 If angle is zero and angular velocity iw then the
Speed shall be lowhe full set of rules ithe dashes
Are for conditions, which have no rules associ:
with them.

5. FUZZY LOGIC SYSTEMDESIGNSET<S

Fuzzy Set Theory was formalized by Professor Ldfigeh a
the University of California in 1965. What Zadeloposed it
very much a paradigm shift that first gained acaepe in the
Far East and its successful application has enstgradoptior
aroundthe world. A paradigm is a set of rules and retjutes
which defines boundaries and tells us what to dobé&
successful in solving problems within these bouiedal

(W-Hil Warm Hot

.3

5 T T:
1 P&l
Fig. 2Fuzzy logic based define temperature of a r

T

For example, Fig 1 below iktrates bivalent sets
characterize the temperature of a rodrhe most obviou
limiting feature of bivalent sets that can be sekmarly from
the diagram is that they are mutually exclusiveisitnot
possible to have membership of more than one sinion
would widely vary as to whether 50 degrees Fahriéribe
‘cold’ or 'cool' hence the expert knowledge we rieedefine
our system is mathematically at odds with the hustar
world).

Clearly, it is not accurate to define a transitfoom a
quantiy such as 'warm' to 'hot' by the application of
degree Fahrenheit ofeht. In the real world a smoc
(unnoticeable) drift from warm to hot would occurThis
natural phenomenon can be described mraccurately by
Fuzzy Set according to fuzzy logic sy design theory s
that shows how fuzzy sets quantifying same information
can describe this is nature to drift on the terapees of the
room set according to voltage possi

6. FUZZY LOGIC OPERATIONS

The fuzzy logic system design techniques iven below:;
6.1.Union operation

The membership function of the Union of two fuzatssA
and B with membership functions anespectively is define
as themaximum of the two individual membership fuions
The Union operation in Fuzzy set theory is equivalent of
the OR operation in Boolean algelimdogic design circuit:
6.2. Intersection operation

The membership function of the Union of two fuzatssA
and B with membership functions anespectively is define
as the maximum of the two individumembership funions
The Union operation in Fuzzy set tng is the equivalent ¢
the AND operation in Boolean algehiralogic design circuit:
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6.3. Complement operation

The membership function of the Complement of a FisatyA
with membership functio is defined as thfollowing rules
which are common in classical set theolso apply to Fuzzy
set theory.

Fuzzy Logic has been found to be very suitable
embedded control applications. Several manufacturerthe
automotive industry are using fu: technology to improve
quality and reduce development time. In aerospéfuezy
enables very complex real time problems to be &atkking ¢
simple approach. In consumer electronics, fuzzyrawes
time to market and helps reduce costs. In manufagtifuzzy
is proven to be invaluable in increasing gment efficiency
and diagnosingmal functior In fuzzy logic everything is a
matter of degree. Anyobical system can be fuzzifi
in fuzzy logic, knowledge is interpreted as a caitet of
elastic or, eqgivalently, fuzzy constraint on a collection
variables
Inference is viewed as a process of jagation of elastic
constraints.

Aroas whare & A whaos A and B
arrinuaties Ko ore i orent

— Fuzzy number A

Aroas whees B
Fuzzy nismbar B dorminania A

(13

Fig. 3 Fuzzy logic given operations compari

7. TIME DEPENDENTFUZZY LOGIC

The Time Dependent Fuzzy Los system designs are related
to two types of categorized based on requiren

7.1.Crisp

Traditional combinatorial logics a static logic. It provides a
logic output 1 or O based on the binary valueshatitputs.
Sequential logic takes combtorial logic a step further; it
considers events or states in sequential orderis Ita
process/statbased logic that, based ccurrent states and
input/outputparameters, determines the next states may
be encapsulated in an if .then, else statement: if {this
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happens}, hen {do this}, else {do that}. The next stat
merely the next Estela of@ocess that takes place at a le
unspecified, timeThe state diagram in figure (a) substanti
exactly this point: the next state {AB or C} in the stat
diagram depends on the current state{B, or C} and input
{1 pr 0}, whereby the dimension of time is not dfggant nor
explicitly indicated.

For instance, state A will change to state B onthen
the input will be 1; when the input willlcome 1, however,
not known.Combinatorial or sequential logic does not add
many knowledge intensive and reihe processes whe
temporal reasoning plays an important role. Thacldpat
extends the traditional logic and predicate cakutuinclude
the notion of time is dked temporal logic. Howeve
combinatorial, sequential, and temporal logics @isp anc
the parameter and variable vasutrue/false, exactly bina
values (1 or 0).
7.2. Fuzzy
Fuzzy logics may be considered a generalized caoatduiial
or sequentia logic; however, the passage of time is
necessarily of the esnce. In fuzzy control an if then, else
approach is also followed, where again the pasehgiene is
not of the essenc
As with combinatorial and sequentiptocesses. here are
real-ime fuzzy processes where temporal reasonin
important. However, existing fuzzy control approastare no
result related, they are algorithmically over sigyphnd the)
do not reflect reatime evaluation of the cotol objectives. To
overcome this dffculty, different approaches have be
proposed but agatime is not explicit in these approact

8. FUZZY LOGIC EXAMPLE

Fuzzy Logicsimplifies design complexity Fuz logic lets you
describe complex systems using your knowledge
experience in simple Englidike rules. It does not require a
system modeling or complex math equations goverirg
relationship between inputs and outputs.. It tyihictakes
only a few rules to describe systems that may regsgvera
of lines of conventional softwaréds a result, Fuzzy Logi
significantly simplifies design complexi Fuzzy Logic
improves time to market Commerciagpplications in
embedded control require a significant developnedfart a
majority of which is spent on the software portioh the
project. As we explained above, a fuzzet theory define
fuzzy operators on fuzzy sets. The problem in applyhis is
that the appropriate fuzzy operator may not be kmdvor this
reason, fuzzy logic usually uses THEN rules, or construc
that are equivalent, such &szy associative matric. Rules
are usually expressed in the form: V&riable IS property
THEN action .For examplea simple temperature regula
that uses a fan might look like this:

IF temperature IS very cold THEN stop
IF temperature IS cold TEN turn down fa
IF temperaturéS normal THEN maintain lev
IF temperature IS hot THEN speed up f.
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cold WArm kot
i 3
|:|.-----.|.- -
temp eratirs =

Fig. 4 Fuzy logic usuallyIF-THEN rules

There is no "ELSE™- all of the rules are evaluated,
because the temperature might be "cold" and "ndreatathe
same time to different degre The AND, OR, and NOT
operators of Boolean log&xist in fuzzy logic, usually define
as the minimum, maximum, and corrment; when they are
defined this way, they are called tZadeh operatorsSo for
the fuzzy variables x and y:

NOT x = (1- truth(x))
X AND y = minimum(truth(x), truth(y]
X OR y = maximum(truth(x), truth(y

There are also other operators, more lingt in nature,
calledhedgeshat can be applied. These are generally ady
such as "very", or "somewhat", which modify the meg of

a set using a mathematidormula.

9. HOWDOESFUZZY LOGIC WORK

In order to illustrate some basic concepts in Fukogic,
consider a simplified example of a thermostat adliig a
heater fan .The room temperature detected througgnsor it
input to a controller which outputs a control foto adjust the
heater fan speed conventional thermostat works like an-
off switch if we set it at 780F then the heateadsivated only
when the temperature falls below 750F. When itlea@B1oF
the heater is turned off. As a result the desirednr
temperature is eidr too warm or too hc

A fuzzy thermostat works in shades of gray wheee
temperature is treated as a series of overlap@nges. Fo
example, 780F is 60% warm and 20% hot. The costradl
programmed with simple ihen rules that tell the heatemn
how fast to run. As a result, when the temperathanges th
fan speed will continuously adjust to keep thmperature at
the desired levelOur first step in designing such a fu:
controller is to characterize the range of valumstfie input
and output variables of the controller. Then we asdapels
such as cool for the temperature and high for #re dpeec
and we write a set of simple Engllike rules to control the
system. Inside the controller all temperature ratyudy actions
will be based on how the current room temperature falls
these ranges and the rules describing the systbavioe. The
controller's output will vary continuously to adjment of the
fan speed.

Here the linguistic variables cool; warm, high,.edce
labels wtich refer to the set of overlapping values show
figure 2. These triangular shaped valuere called
membership functionsA fuzzy controller works similar to
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conventional system: it accepts an input valuefopers some
calculations, and generates aantput value. This process
called the Fuzzy Inference Fuzzification whereigpcmput is
translated into a fuzzy valuBule Evaluation, where the fuz
output truth values are computed, and © Defuzifice
where the fuzzy output is translated te@risp value.During
the Fuzzification step the crisp temperature vati@8oF is
input and translated into fuzzy truth values. Hos example
780F is fuzzified into warm with truth value 0.6 @0%) anc
hot with truth value 0.2 (or 20%).

During the ole evaluation step the entire set of rule
evaluated and some rules may fire up. For 780F thdylas!
two of the four rules will fire. Specifically, ugirrule three th
fan speed will be low with degree of truth 0.6. Eanhy, using
rule four the &n speed will be zero with degree of truth
During the Defuzzification step the 60% low and 2@&o
labels are combined using a calculation methodedathe
Center of Gravity (COG) in order to produce thesgroutput
value of 13.5 RPM for the fan speed.

10. WHY USEFUZZY LOGIC

An Alternative Design Methodologihich Is Simpler, Faste
fuzzy Logic reduces the design development « Fuzzy
Logic simplifies design complexityFuzzy Logic improves
time to market A Better Alternativeofition To Nor-Linear
Control Fuzzy Logicimproves control performance Fuz
simplifies implementation Fuzzy Logic reduces hardwe
costs
Fuzzy Logic is a paradigm for an alternative de:
methodology which can be applied in developing Hotear
and non-linear systesrfor embedded control. By using fuz
logic, designers can realize lower developmentsgastperio
features, and better end product performance. Eumibre,
products can be brought to market faster and mow-
effectively.
An Alternative Design Methodofsy Which Is Simpler, An
Faster In order to appreciate why a fuzzy based de
methodology is very attractive in embedded cor
applications let us examine a typical design fl

Using the conventional approach our first stepoi
understand thehysical system and its control requireme
Based on this understanding, our second step d&velop ¢
model which includes the plant, sensors and aatsiafthe
third step is to use linear control theory in orttedetermine
simplified version of th controller, such as the parameter.
a PID controller. The fourth step is to developadgorithm for
the simplified controller. The last step is to slata the desig
including the effects of nolinearity, noise, and paramel
variations. If the pedrmance is not satisfactory we neec
modify our system modeling, esign the controller, -write
the algorithm and re-try.
10.1. Fuzzy logic system behavior
With Fuzzy Logic the first step is to understandd
characterize the system behavior by using our kedgé anc
experience.
10.2. Fuzzy logic control algorithm
The second step is to directly design the conttgbraghm
using fuzzy rules, which describthe principles of th
controller's regulation in terms of the relatiomsbietween it:
inputs and outputs.
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10.3. Fuzzy logic simulates and de:

The third step is to simulate and debug the design. If
performance is not satisfactory we only neeimodify some
fuzzy rules and réry. Although the two design methodolog
are similar, the fuzzpased methodology substantie
simplifies the design loop.

10.3. Fuzzy logic methodolo

The laststep is to results in some significant benefitghsas
reduced development time, simplersign and faster time to
market.

Fuzzy Logic reduces the design development ¢
with a fuzzy logic design methodology some timestoning
steps are eliminated. Moreover, during the debupgind
tuning cycle you can cinge your system by simply modifyir
rules, instead of redesigning the controller. basksign
methodology addresses both issues very effect

Moreover, due to its simicity the description of a
fuzzy controller not only is transportable across de teams,
but also provides a superior media to preserventaiai, anc
upgrade intellectual property. As a result, Fuzaogic can
dramdically improve time to marketA Better Alternative
Solution To Nonktinear Control Most real life physical
systems are actually ndimear systems. Conventional des
approaches use different approximation methods adle
nondinearity. Some typical choices are, linear, pieise
linear, and lookup table apprmations to trade off factors of
complexity, cost, andhoweve it tends to limit control
performance and may be costly to implement in @e
applications. A piecewise linear technique worksttdye
although it is tedious to implement because itroftequires
the design of several linear controll

Fuzzy logic povides an alternative solution to r-linear
control because it is closer to the real world. -linearity is
handled by rules, membership functions, and therémfce
process which results in improved performance, Bn
implementation,Fuzzy Logic impoves control performance
In many applications Fuzzy Logic can result in &ettontrol
performance than linear, piecewise linear, or Igokable
techniques. For instance, a typical problem astetiavith
traditional techniques is tradi-off the controller's response
time versus overshoot. For the simple -input temperature
controller
The first linear approximation for the desired @igenerate
a slow output response with no overshoot, whichlissghat
the room would be too cold for a while. Thecond linear
approximation results in faster response with agrghvoot ant
subsequent fluctuations, which implies that the gerature
will  be uncomfortable for a period of tin
With fuzzy logic we can use rules and membershigtions
to approximate an continuous function to any degree
precision. Figure 6 illustrates how we can appr@tanthe
desired control curve for our temperature contrallging four
points (or four rules). We can also add more rtbemcreast
the accuracy of the approximon (similar to a Fourier
transform), which yields an improved control penfiance.
Rules are much simpler to implement and much easi
debug and tune than piecew
Rules are not like a lookup table because the fazithmetic
interpolates the shapef othe nor-linear function. The
combined memory required for the labels and furdgrence
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is substantially less than a lookup table, esplgdiat multiple
input systems. As a result, processapged can be improvt
as well.

Another example of robusiontrol that can be achiev

with Fuzzy Logic is the classical problem of thevérted
pendulum. A conventional controller for the pendnl
depends on system parameters such as length, weigd
mass. If the parameters change, then we neec-design our
controller. With fuzzy control this is not necessaecause
fuzzy system is robust. Aptronix has demonstratecactual
device where we can vary the weight or length of
pendulum and the system is still stable using tigiral set of
rules.
By using a more natural rulgased approach which is clo:
to the real world, Fuzzy control can offer a supe
performance and a better traofé-between system robustne
and sensitivity, which results into handling -linear control
better than traditional methods.

11. CONCLUSION

Fuzzy logic is a powerful problesslving methodology witl
a myriad of applications in embedded control arfdrination
processing. Fuzzy provides a remarkably simple tagraw
definite conclusions from vague, ambiguous or irojse
information. In a sense, fuzzy logic resembles hurhecisior
making with its ability to work from approximatdata and
find precise.Unlike classical logic which requires a de
understanding of a system, exact equations, andisp!
numeric values, Fazy logic incorporates an alternative way
thinking, which allows modeling complex systemsngsia
higher level of abstraction originating from ourodkviedge
and experience. Fuzzy Logic allows expressing
knowledge with subjective concepts such ary hot, bright
red, and a long time which is used.

Fuzzy Logic has been gaining increasing acceptaheciang
the past few years. There are over two thousandraroially
available products using Fuzzy Logic, ranging framshing
machines to high speed itta. Nearly every application ci
potentially realize some of the benefits of Fuzngic, suck
as performance, simplicity, lower cost, and prouhitgt
Fuzzy Logic has been found to be very suitableefobeddec
control applications. Several manufactgrin the automotiv:
industry are using fuzzy technology to improve @uaind
reduce development time. In aerospace, fuzzy esalaey
complex real time problems to be tackled using rap
approach. In consumer electronics, fuzzy improve® tto
market and helps reduce costs. In manufacturing, fus:
proven to be invaluable in increasing equipmeniciefficy
and diagnosing malfunctions.
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