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ABSTRACT

                           Fuzzy has become a key word for marketing.  Fuzzy Logic uses an imprecise but very descriptive language to deal with input data more like a human operator. It is very robust and forgiving of operator and data input and often works when first implemented with little or no tuning. FL was conceived as a better method for sorting and handling data but has proven to be a excellent choice for many control system applications since it mimics human control logic. It can be built into anything from small, hand-held products to large computerized process control systems. Household and entertainment electronics, diagnosis systems and other expert systems are implemented using fuzzy logic.

                    FL does not require precise inputs.  It uses simple, plain-language IF X AND Y THEN Z rules. It accommodates two input variables and expresses their logical product (AND) as one output response variable to describe the desired system response in terms of linguistic variables rather than mathematical formulas. The number of these is dependent on the number of inputs, outputs, and the designer's control response goals.

                      There is a unique membership function associated with each input parameter. The membership functions associate a weighting factor with values of each input and the effective rules. These weighting factors determine the degree of influence or degree of membership (DOM) each active rule has. By computing the logical product of the membership weights for each active rule, a set of fuzzy output response magnitudes are produced. All that remains is to combine and defuzzify these output responses. 

                   A firing strength for each output membership function is computed. All that remains is to combine these logical sums (combining active conclusions) in a defuzzification process to produce the crisp output. The logical product of each rule is inferred to arrive at a combined magnitude for each output membership function. Max-min, max-dot, averaging, RSS, or other methods can do this. The "fuzzy centroid" of the composite area of the member functions is computed and the final result taken as the crisp output. Tuning the system amounts to "tweaking" the rules and membership function definition parameters to achieve acceptable system response. 

                       Application of fuzzy logic is far beyond our expectations. They can be implemented in control system, which requires human intelligence. It is also used in the implementation of automatic washing machine, microwave ovens, average speed control of the car, temperature control at the weather stations, control of non-linear systems, automatic light adjustment and focusing in cameras, etc. Above all the NASA space agency is engaged in applying fuzzy logic for complex docking-maneuvers. 

FUZZY LOGIC
WHAT IS FUZZY LOGIC:

           It is basically the superset of conventional Boolean logic and is extended to handle partial truth. Fuzzy logic (FL) is a problem-solving control system methodology that lends itself to implementation in systems ranging from simple, small, embedded micro-controllers to large, networked, multi-channel PC or workstation-based data acquisition and control systems. It can be implemented in hardware, software, or a combination of both. 

             “FL provides a simple way to arrive at a definite conclusion based upon vague, ambiguous, imprecise, noisy, or missing input information. FL's approach to control problems mimics how a person would make decisions, only much faster.”

                 It is a departure from classical two-valued sets and logic, which uses "soft" linguistic (e.g. large, hot, tall) system variables and a continuous range of truth values in the interval [0,1], rather than strict binary (True or False) decisions and assignments.

It basically has a rule base, membership functions and the inference procedures.

WHERE DID FUZZY LOGIC COME FROM:

                 The concept of Fuzzy Logic (FL) was conceived by Lotfi Zadeh, a professor at the University of California at Berkley, and presented not as a control methodology, but as a way of processing data by allowing partial set membership rather than crisp set membership or non-membership.  Notions like rather warm or pretty cold can be formulated mathematically and processed by computers. This approach to set theory was not applied to control systems until the 70's due to insufficient small-computer capability prior to that time. Professor Zadeh reasoned that people do not require precise, numerical information input, and yet they are capable of highly adaptive control. If feedback controllers could be programmed to accept noisy, imprecise input, they would be much more effective and perhaps easier to implement. 

DIFFERENCE BETWEEN CONVENTIONAL CONTROL METHODS AND FL:

              FL incorporates a simple, rule-based IF X AND Y THEN Z approach to a solving control problem rather than attempting to model a system mathematically. The FL model is empirically based, relying on an operator's experience rather than their technical understanding of the system.

HOW DOES FL WORK:

              FL requires some numerical parameters in order to operate such as what is considered significant error and significant rate-of-change-of-error, but exact values of these numbers are usually not critical unless very responsive performance is required in which case empirical tuning would determine them. For example, a simple temperature control system could use a single temperature feedback sensor whose data is subtracted from the command signal to compute "error" and then time-differentiated to yield the error slope or rate-of-change-of-error, hereafter called "error-dot". 

WHY USE FL:

              FL offers several unique features that make it a particularly good choice for many control problems. 

1) It is inherently robust since it does not require precise, noise-free inputs and can be programmed to fail safely if a feedback sensor quits or is destroyed. The output control is a smooth control function despite a wide range of input variations. 

2) New sensors can easily be incorporated into the system simply by generating appropriate governing rules. Any logical system can be fuzzified.

3)FL is not limited to a few feedback inputs and one or two control outputs, nor is it necessary to measure or compute rate-of-change parameters in order for it to be implemented. It would be better to break the control system into smaller chunks and use several smaller FL controllers distributed on the system, each with more limited responsibilities. This allows the sensors to be inexpensive and imprecise thus keeping the overall system cost and complexity low.

4) FL can control nonlinear systems that would be difficult or impossible to model mathematically. As in fl everything is only a matter of degree. This opens doors for control systems that would normally be deemed unfeasible for automation.

HOW IS FL USED:

1) What is the system all about? What am I planning to do? What the system accepts as input? Answers to these questions paves the way to FL.
2) Determine the input and output relationships and choose a minimum number of variables for input to the FL engine (typically error and rate-of-change-of-error).

3) Create FL membership functions that define the meaning (values) of Input/Output terms used in the rules.

4) Create the necessary pre- and post-processing FL routines if implementing in S/W, otherwise program the rules into the FL H/W engine.

5) Test the system, evaluate the results, tune the rules and membership functions, and retest until satisfactory results are obtained.

                                                  Assume that a person gives a target speed to the control system and decides to get the car run using fuzzy logic. Now the system model is as shown below.       
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                       Assume a person wants to buy a car at a cheap rate. Then the word cheap can be represented as a fuzzy set on a universe of prices and depends on his purse. Cars below $3000 are considered as cheap even though the user’s eye has no difference. A price variation exists between $3000 and $4500 and b/w 4500 and $6000 it is a clearer variation. And anything above $6000 is costly.   

                           MEMBER FUNCTION OF CAR FUZZY
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Figure 7. lustration of a simple fuzzy cruise control
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 The graph shows three areas:
1. The region at the location marked 1 is for certain decision.

2. The region 2 stands for the clearer variation.

3. The region 3 stands for costly area.

LINGUISTIC VARIABLES:

             In 1973, Professor Lotfi Zadeh proposed the concept of linguistic or "fuzzy" variables. Think of them as linguistic objects or words, rather than numbers. The sensor input is a noun, e.g. "temperature", "displacement", "velocity", "flow", "pressure", etc. Since error is just the difference, it can be thought of the same way. The fuzzy variables themselves are adjectives that modify the variable (e.g. "large positive" error, "small positive" error,"zero" error, "small negative" error, and "large negative" error). As a minimum, one could simply have "positive", "zero", and "negative" variables for each of the parameters.

AN EXAMPLE OF RULES USING FUZZY LINGUISTIC VARIABLE

                                                                    IF

an undergraduate's GPA is high AND their GRE score is high,

THEN

an undergraduate student will make an excellent graduate student,

OR, IF

their GPA is high AND their GRE score is fair,

OR

their GPA is fair AND their GRE score is high.

THEN

an undergraduate student will make a good graduate student,

OR, IF

their GPA is fair AND their GRE score is fair,

THEN

an undergraduate student will make an average graduate student,

OR, OTHERWISE,

the undergraduate student will make a poor graduate student.

A MORE COMPACT VERSION OF THE ABOVE RULES:

IF (GPA is H AND GRE is H ), THEN E ,

OR IF [(GPA is H AND GRE is F),

OR (GPA is F AND GRE is H)], THEN G

OR, IF (GPA is F AND GRE is F), THEN A

OR, IF (GPA is P OR GRE is P), THEN P

NUMERICAL INTERPRETATION OF THE ANTECEDENTS:
IF (½ AND ¾), THEN E,
OR IF [(½ AND ¼), OR (½ AND ¾)], THEN G,

OR, IF (½ AND ¼), THEN A,

OR, IF (0 OR 0), THEN P .

Evaluation of the rules:

IF min (½, ¾) = ½, THEN E,
OR IF [max {min (½,¼), min (½,¾)}] = ½, THEN G,

OR, IF min (½,¼) = ¼, THEN A,

OR, IF max (0,0) = 0, THEN P .

THE RULE MATRIX

            The fuzzy parameters of error (command-feedback) and error-dot (rate-of-change-of-error) were modified by the adjectives "negative", "zero", and "positive". To picture this, imagine the simplest practical implementation, a 3-by-3 matrix. The columns represent "negative error", "zero error", and "positive error" inputs from left to right. The rows represent "negative", "zero", and "positive" "error-dot" input from top to bottom. This planar construct is called a rule matrix. It has two input conditions, "error" and "error-dot", and one output response conclusion (at the intersection of each row and column). In this case there are nine possible logical product (AND) output response conclusions.

             Although not absolutely necessary, rule matrices usually have an odd number of rows and columns to accommodate a "zero" center row and column region. This may not be needed as long as the functions on either side of the center overlap somewhat and continuous dithering of the output is acceptable since the "zero" regions correspond to "no change" output responses the lack of this region will cause the system to continually hunt for "zero". 

              It is also possible to have a different number of rows than columns. This occurs when numerous degrees of inputs are needed. The maximum number of possible rules is simply the product of the number of rows and columns, but definition of all of these rules may not be necessary since some input conditions may never occur in practical operation. The primary objective of this construct is to map out the universe of possible inputs while keeping the system sufficiently under control.

STARTING THE PROCESS

Step1:    What is to be controlled and how?

Example:        we want to design a simple proportional temperature controller with an electric heating element and a variable-speed cooling fan. A positive signal output calls for 0-100 percent heat while a negative signal output calls for 0-100 percent cooling. Control is achieved through proper balance and control of these two active devices.

Linguistic variables for this matrix are:

"N" = "negative" error or error-dot input level

"Z" = "zero" error or error-dot input level

"P" = "positive" error or error-dot input level

"H" = "Heat" output response

"-" = "No Change" to current output

"C" = "Cool" output response
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All the nine rules for the matrix are got from the given linguistic variables.




            Figure 2 - Typical control system response

            Figure 2 shows what command and error look like in a typical control system relative to the command setpoint as the system hunts for stability. Definitions are also shown for this example.

Input 1: "Error", positive (P), zero (Z), negative (N)
System Status

Error = Command-Feedback

P=Too cold, Z=Just right, N=Too hot

Input 2: "Error-dot", positive (P), zero (Z), negative (N)

System Status

Error-dot = d (Error)/dt

P=Getting hotter Z=Not changing N=Getting colder

OUTPUT:

Conclusion & System Response:

Output H = Call for heating - = don’t change anything C = Call for cooling

SYSTEM OPERATING RULES

          Linguistic rules describing the control system consist of two parts; an antecedent block (between the IF and THEN) and a consequent block (following THEN). Depending on the system, it may not be necessary to evaluate every possible input combination (for 5-by-5 & up matrices) since some may rarely or never occur. By proper selection these kinds of rules can be eliminated.
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                        Additional degrees of error and error-dot may be included if the desired system response calls for this. This will increase the rulebase size and complexity but may also increase the quality of the control. Figure 4 shows the rule matrix derived from the previous rules.

MEMBERSHIP FUNCTIONS:

                   This deals basically as to how to apply the rules to the RULE MATRIX. The membership function is a graphical representation of the magnitude of participation of each input. It associates a weighting with each of the inputs that are processed, define functional overlap between inputs, and ultimately determines an output response. The rules use the input membership values as weighting factors to determine their influence on the fuzzy output sets of the final output conclusion. Once the functions are inferred, scaled, and combined, they are defuzzified into a crisp output, which drives the system. There are different membership functions associated with each input and output response. Some features to note are:

1) SHAPE -triangular is common, but bell, trapezoidal, haversine and, exponential have been used. More complex functions are possible but require greater computing overhead to implement. 

2) HEIGHT or magnitude (usually normalized to 1)

3) WIDTH (of the base of function),

4)  SHOULDERING (locks height at maximum if an outer function. Shouldered functions evaluate as 1.0 past their center) 

5) CENTER points (center of the member function shape) 

6) OVERLAP (N&Z, Z&P, typically about 50% of width but can be less).
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                 The degree of membership (DOM) is determined by plugging the selected input parameter (error or error-dot) into the horizontal axis and projecting vertically to the upper boundary of the membership function(s).

                           In Figure 6, consider an "error" of -1.0 and an "error-dot" of +2.5. These particular input conditions indicate that the feedback has exceeded the command and is still increasing.
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ERROR & ERROR-DOT FUNCTION MEMBERSHIP:

                Degree of membership for an "error" of -1.0 projects up to the middle of the overlapping part of the "negative" and "zero" function so the result is "negative" membership = 0.5 and "zero" membership = 0.5. Only rules associated with "negative" & "zero" error will actually apply to the output response. This selects only the left and middle columns of the rule matrix. For an "error-dot" of +2.5, a "zero" and "positive" membership of 0.5 is indicated. This selects the middle and bottom rows of the rule matrix

rules in the 2-by-2 square in the lower left corner (rules 4,5,7,8) of the rules matrix will generate non-zero output conclusions. The others have a zero weighting due to the logical AND in the rules.

         They rule base is checked using the antecedent and the consequent and finally        the conclusions are combined to form logical sums. These conclusions feed into the inference process where each response output member function's firing strength (0 to 1) is determined.
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       Figure 7 - Degree of membership for the error and error-dot functions in the current example

INPUT DEGREE OF MEMBERSHIP:

"Error" = -1.0: "negative" = 0.5 and "zero" = 0.5

"Error-dot" = +2.5: "zero" = 0.5 and "positive" = 0.5

           ANTECEDENT & CONSEQUENT BLOCKS (e = error, er = error-dot or error-rate)

Now referring back to the rules, plug in the membership function weights from above. "Error" selects rules 1,2,4,5,7,8 while "error-dot" selects rules 4 through 9. "Error" and "error-dot" for all rules are combined to a logical product. Of the nine rules selected, only four (rules 4,5,7,8) have non-zero results. This leaves fuzzy output response magnitudes for only "Cooling" and "No Change" which must be inferred, combined, and defuzzified to return the actual crisp output. In the rule list below, the following definitions apply:
(e)=error, (er)=error-dot.

1. If (e < 0) AND (er < 0) then Cool 0.5 & 0.0 = 0.0

2. If (e = 0) AND (er < 0) then Heat 0.5 & 0.0 = 0.0

3. If (e > 0) AND (er < 0) then Heat 0.0 & 0.0 = 0.0

4. If (e < 0) AND (er = 0) then Cool 0.5 & 0.5 = 0.5

           5. If (e = 0) AND (er = 0) then No Change 0.5 & 0.5 = 0.5

6. If (e > 0) AND (er = 0) then Heat 0.0 & 0.5 = 0.0

7. If (e < 0) AND (er > 0) then Cool 0.5 & 0.5 = 0.5

8. If (e = 0) AND (er > 0) then Cool 0.5 & 0.5 = 0.5

9. If (e > 0) AND (er > 0) then Heat 0.0 & 0.5 = 0.0

         We see that in the previous outcome certain rules are fired with the possibility of 50% whereas some are not at all fired that is the one with 0% possibility. Hence these should be taken care of before defuzzification.

           The MAX-MIN method tests the magnitudes of each rule and selects the highest one. The horizontal coordinate of the "fuzzy centroid" of the area under that function is taken as the output. This method does not combine the effects of all applicable rules but does produce a continuous output function and is easy to implement.

            The MAX-DOT or MAX-PRODUCT method scales each member function to fit under its respective peak value and takes the horizontal coordinate of the "fuzzy" centroid of the composite area under the function(s) as the output. This method combines the influence of all active rules and produces a smooth, continuous output.

                    The AVERAGING method is another approach that works but fails to give increased weighting to more rule votes per output member function. For example, if three "negative “rules fire, but only one” zero rules does, averaging will not reflect this difference since both averages will equal 0.5. Each function is clipped at the average and the "fuzzy" centroid of the composite area is computed.

                 The ROOT-SUM-SQUARE (RSS) method combines the effects of all applicable rules, scales the functions at their respective magnitudes, and computes the "fuzzy" centroid of the composite area. This method is more complicated mathematically than other methods, but was selected for this example since it seemed to give the best weighted influence to all firing rules.

DEFUZZIFICATION - GETTING BACK TO CRISP NUMBERS:

              The RSS method was chosen to include all contributing rules since there are so few member functions associated with the inputs and outputs. For the ongoing example, an error of -1.0 and an error-dot of +2.5 select regions of the "negative" and "zero" output membership functions. The respective output membership function strengths (range: 0-1) from the possible rules (R1-R9) are:

             The defuzzification of the data into a crisp output is accomplished by combining the results of the inference process and then computing the "fuzzy centroid" of the area. The weighted strengths of each output member function are multiplied by their respective output membership function center points and summed.

Strengths and Limitations of Fuzzy Logic:
· Strengths of Fuzzy Logic:

· Linguistic variables

· Partial truths

· Approximate reasoning

· Limitations of Fuzzy Logic

· Fuzzy concept

· Dualistic thinking

· Membership functions

TUNING AND SYSTEM ENHANCEMENT:

                Tuning the system can be done by changing the rule antecedents or conclusions, changing the centers of the input and/or output membership functions, or adding additional degrees to the input and/or output functions such as "low", "medium", and "high" levels of "error", "error-dot", and output response. These new levels would generate additional rules and membership functions, which would overlap with adjacent functions forming longer "mountain ranges" of functions and responses.

Application of fuzzy logic:

           Today many household appliances have fuzzy logic built into them to make their use easier. You can find fuzzy logic in shower heads, rice cookers, vacuum cleaners, and just about everywhere. Above all the NASA space agency is engaged in applying Fuzzy Logic for complex docking-maneuvers. Fuzzy systems are now used even in cameras as to perform the light adjustments and focusing just as a human. They are also used in microwave ovens and other household appliances. So you can get an idea how these machines work, we'll look at this simplified model of a fuzzy washing machine. Like a real fuzzy washing machine would, our model first tests how dirty the laundry is. Once it knows how dirty the laundry is, it can easily calculate how long it should wash it. To calculate this it uses the graph above.

         First it always takes a base of 10 minutes. It does this so that people are happy with its work even if they put completely clean laundry in to wash. It then calculates to what degree it is dirty. If it is 100% dirty it adds two minutes per piece of laundry. Of course a real washing machine would just do these calculations in the end, but our model does it for each individual piece so you can keep track of what is going on easier. So if you now add a piece, which is only 50% dirty, it will add 50% of 2 minutes; it adds 1 minute instead of 2 minutes to the base of 10 minutes.

             Our washer, however, doesn't only check for dirt but also for grease. Laundry, which is greasy, has to be washed longer too. Since the laundry can be greasy and dirty at the same time, we have to put them on the same graph. When we do this, we get a graph like the one below:



                     On the right side graph above, you can see once more the base of ten minutes. The point 0,0 is where the laundry is completely clean; non-dirty and non-greasy. The point 0,1 is where the laundry is non-greasy, but dirty. The point 1,0 is where it is greasy but not dirties and 1,1 is greasy and dirty. The washing machine adds 2 minutes per piece for 100% dirty or 100% greasy and 4 minutes for 100% dirty and greasy.

           So now if you have a piece of laundry which is 100% dirty and 50% greasy, you first go to the point 0,1 (100% dirty) and then go halfway towards point 1,1. If the cube would contain more information, you could now see that the washer has to wash it for 3 minutes more than the base of 10 minutes. These are only two aspects a fuzzy washing machine might take into account when washing. A real one would also check to see how much soap it needs, how much water to add, how fast and    which direction it should spin, etc. If we wanted to graph every calculation a fuzzy machine makes, we would need a pretty complex hypercube. 

A demonstration on how this FL is implemented in washing machine can be viewed by following this hyperlink: demo on washing machine
CONCLUSION:

       The employment of Fuzzy Control is commendable... 

· For very complex processes, when there is no simple mathematical model 

· For highly nonlinear processes 

· If the processing of (linguistically formulated) expert knowledge is to be performed 

   The employment of Fuzzy Control is no good idea if... 

· Conventional control theory yields a satisfying result 

· An easily solvable and adequate mathematical model already exists 

· The problem is not solvable .
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