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Abstract 
A StandarddRequirements Identification Document @/RID) is the set of 
expressed performance expectations, or standards, for a facility. Critical to 
the development of an integrated standards-based management is the 
identification of a set of necessary and sufficient standards from a selected 
set of standards/requirements. There is a need for a formal, rigorous 
selection process for the S/RIDs. This is the first of three reports that 
develop a fuzzy logic selection process. In this report the fbndamentals of 
f i z z y  logic are discussed as they apply to a risk-based graded approach. 
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INTRODUCTION 

Sandia National Laboratories (SNL or Sandia) has submitted an Implementation Plan for 

the development of StandarddRequirements Identification Documents (S/RIDs) for its identified 

Defense Nuclear Facilities. An S/RID is an essential element of standards-based management and 

identifies the set of expressed performance expectations, or standards, for Sandia’s Nuclear 

Facilities. Critical to the development of integrated standards-based management is the 

identification of a set of necessary and sufficient standards. The process of identification 

requires the evaluation of a selected set of standardshequirements. For example, everyone is 

aware of the requirement that procedures “should be stated simply, unambiguously and 

understandably, and should indicate methods to be used and the criteria to be satisfied.” The 

vagueness of the real world imposes very real limits upon this ideal. (Think about terms like 

efectiveness, performance, safity, reliability, critical, etc.) Common sense allows people to 

overcome the vagueness of something being only partially true. Normally, they try to 

compensate for the lack of precision with a grackd apprcrach; but there is a lack of a firm, 

underlying foundation, an uncertainty, that can, and often does, get people into trouble. Luckily, 

a branch of mathematics exists that describes the common sense pictures of an uncertain world. 

It’s called “Fuzzy Logic.” 

This is the first of three reports that will describe a technique for applying a fuzzy logic- 

graded approach to the choice of necessary and suficient S/RIDs. This first report introduces 

the concepts of fuzzy logic and how they may be applied to define necessary and sufficient 

standards and requirements for SNL The second report will expand the technique, including the 

underlying mathematics, for development of those S/RTDs. The third report will present the 

C++ program, and its user manual, for applying the technique at SNL. 
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OVERVIEW OF FUWLOGIC 

A fundamental theorem asserts that any continuous system can be modeled using fuzzy 

logic. The systems faced daily are continuous, with very few exceptions. Armed with this 

knowledge, consider the following, required background. 

In traditional (classical) logic, a member of a set either does or does not belong to a 

specific set; there is no middle ground. A set member cannot be both a member and a non- 

member at the same time. To recall an old adage, “You can’t be a little dead.” However, a person 

can be sick, or even a little sick. Consider performance, for example. If someone is playing a 

game of golf (or doing his job), he can be performing all the way from dead asleep at the tee to 

being completely committed and functioning at peak capacity. There are no clear boundaries for 

the stages between these two extremes. Indeed, just where one is on the spectrum of 

performance depends upon the time of day, the hole being played, the weather, fellow players, 

and almost as many other variables as one might care to name. The point is that a person can be 

a member of more than one set at the same time. That person can be putting very well, but not 

be on the green. 

Another way of looking at this is to say that there is a hzzy boundary between the levels 

of performance. (Great drive, fair approach, lousy putting.) If someone tried to put this into a 

single state, he would miss the subtleties that make golf (life) interesting. Thus, a measure of this 

fuzziness could be characterized by saying that the putting may be at 67% and the driving at 

46%. The fuzziness measure conveys how often something will happen or that some condition 

exists. Remember that performance is somewhere within the spectrum of allowed levels. 

Mathematically, this just says that if one adds up the percentages of all the sets, the sum must 

equal 100%. 
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In addition to fuzzy sets, another advantage of fuzzy logic is that it allows a person to 

say that an answer to a question can be partially true and partially false. The statement, “Your 

performance on the golf course is excellent,” can be 400! true. In classical systems, the degrees of 

set membership are normally all-or-nothing. However, fuzzy systems and concepts are not all- 

or-nothing. The classical set for a Fair golfer could be graphically represented by an all- inclusive 

box, as shown below. 
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When dealing with a fbzzy set, there is no longer an all-or-nothing requirement. A partial 

membership in a set does not exclude partial membership in the set’s complementary sets. For 

the golfer who is referred to as Fair, there is partial membership in either the Poor or Good 

complementary sets, depending upon which side of the Fair category (set) the golfer happens to 

be when the description is made, as shown below. 
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The relationship of the set Fair to its complementary sets could be drawn as: 
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L 30 
t 20 

10 
0 

--- Poor 
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------ Good 
---- Great 

Poor Fair Good Great 

So, if the golfer is midway between Fair and G d ,  the membership would be 50% in the 

set Fair and 50% in the set Good. Notice that the total of the two memberships must be 100%. 

Membership functions of a variable are usually chosen so that there is an overlap with adjacent 

membership functions. This produces a smoothed response, regardless of the level. Of course, 

this can be made as complicated as needed (or wanted) by imposing a mathematical (functional) 

curve to the boundary between sets. In this paper, the simple, linear relationships shown are 

more than adequate for even the most demanding situations. (A non-linear relationship would be 

necessary only in extremely compIex cases.)' 

The application of fuzzy sets relies upon incorporating human knowledge and experience 

into a set of IF-THEN logical statements. The success or failure of the hzzy logic process is 

established at this level. To illustrate the process, consider how one would establish whether a 

process, service, etc., has quality. Start with the definition: 

QUALITY: The degree to which an item or process meets or exceeds the 

user's requirements and expectations. 

To illustrate how fuzzy logic might be applied, rewrite this so that there are only two groups of 

fuzzy sets with which to deal: 

Refer to Practical Neural Network Recipes in C++, by T. Master, Academic Press, 1993. 



QUALITY: The degree to which an item/process (Set 1) meets or exceeds the user’s 

requirements/expectations (Set 2). 

Further, restrict the focus to the process of listening. The group of fuzzy sets describing the 

process of listening might be: 

ignoring the speaker (Ignoring), 

looking at but not hearing the speaker (Looking), 

hearing but not paying attention (Hearing), 

listening but not carefully (Awake), 

listening and understanding what the speaker is saying (Understanding), and 

hanging on every word (Hanging). 

(Of course, there are extenuating conditions; for example, the instructor who announces that there 

will be a test over the material that is being covered.) This can be graphically displayed: 

Ignoring Looking Hearing Awake Understand Hanging 

A person’s attention level places him somewhere along the axis of the process of listening 

when attending a lecture, business meeting, etc. For example, if someone is a fourth of the way 

between Looking and Hearing, then he is 75% in the Looking set and 25% in the Hearing set. 

This produces the IF part of the IF-THEN logical statement. The rules will consist of this 

Premise block (called the antecedent or “IF” block) and a Conclusion block (the consequent or 

“THEN” block). One rule that might apply here could be stated: “IF a person is looking more 

than hearing, THEN that person will not understand what is being said.” 

attention level, if ambient noise exists as an antecedent, it will also have a membership function. 

In addition to 
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The span of the level of the noise could be characterized as being from dead silence to a total 

uproar, with as many sets as needed to cover the spectrum. For illustration, consider a simple 

example in which the scale is from Silence (say, 20 dB) to TohZ Upran (120 dB), in five bands 

of 20 dB each. (At the silence level, one can easily hear what is being said because the only 

sound is the speech. At the uproar level, though, speech could not be heard because it is 

. 

drowned out.) 

100r 
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0. 

Silence 
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Quiet Normal Loud Uproar 

-Silence 

- = = Normal - - Loud 

Quiet -- 
---- Uproar 

The inputs from each of the antecedents in this example are compound, requiring the 

additional structure of IF...AND...THEN, as illustrated in the following table on conclusion d e s :  

Conclusion Rules 

Rule Premise Block I Conclusion Block 
IF ignoring or just looking AND the THEN the listener doesn't comprehend 
noise is anv level I the information 

2 

3 

4 

IF hearing AND noise is normal or 
less the information 
IF awake AND noise is normal or 
less 
IF awake AND noise is loud 

IF understanding AND noise is 
quiet to loud 
IF hanging AND noise is quiet to 
loud 
IF hanging AND noise is at uproar 
level 

THEN the listener will get very little of 

THEN the listener will comprehend 
about half of the information 
THEN the listener will comprehend 
much less than half of the information 
THEN the listener will comprehend 
most of the information 
THEN the listener will comprehend 
almost all of the information 
THEN the listener will comprehend 
almost nothing of the information 

5 

6 

7 
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To determine the extent that one will comprehend requires two variables for each rule: Attention 

and Noise, linked by ANDs. Although there are numerous ways that the variables can be 

combined if all levels are in play, a little reflection suggests that good coverage of conditions 

likely to occur can be covered by the seven rules given in the table above. There could be many 

more rules. However, this example calls only for those that are essential to understanding a given 

situation. (More rules can be added later, if needed.) 

What is needed now is knowledge of how to use the rules and the consequence blocks to 

describe the level of understanding for a specific situation. This is done by applying the rules to 

obtain a consequence membership&nction. The resulting membership hnctions are chosen to 

reflect the conclusion of each rule, as shown in the following figure: 

Antecedent Membership Functions Consequence Function 
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THEN IF 

1 .o 
0.0 0 l h  
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IF AND THEN 
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1 .o 
0.0 
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0 
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IF AND THEN 

RULE 4 
1 .o 
0.0  I 

I J 0 l u  

I L H A U H  S Q N L U  0 Yo 

IF AND THEN 

RULE 5 
1 .o 
0.0 

1 

0 
1 

0 
I L H A U H  

AND 
S Q N L U  

THEN IF 
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1 

0 0 l&LL 0.0 lsO * 
I L H A U H  S Q N L U  0% 25% 50% 7 5 %  100% 

IF AND THEN 

I L H A U H  S Q N L U  0% 25% 50% 75% 100% 

IF AND THEN 

The logic that is often applied to describe the action of the inputs values on the 

consequences is a set of rules and their associated consequence membership finctions. Applying 

this logic requires a procedure that defines how much importance (weight) is given to each of the 

consequence memberships functions. The Logzcal Prociucr is used to describe the weighting. 

The basic logical operations of NOT (negation), AND (conjunction), and OR (disjunction) can be 

used to define the logical product. Most applications involve conjunction; that is, taking the 

minimum of two values. The logicalproduct is calculated by setting the consequence (THEN) 

member function at the level of the lowest value of the antecedent (IF ... AND) membership 

functions. For example, if one antecedent function is set at 0.4 and another is set at 0.6, then the 

consequence membership function for that rule will be set at 0.4. 

0.4 

I L H A U H  S Q N L U  0% 25% 5 0 %  7 5 %  100% 

IF AND THEN 

If the lowest value is zero, then the consequence membership will also be zero. Another 

approach, that is more logically consistent, is to take the product of the weights as the weight of 

the consequence function. 
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LOGICAL SUM 

Now the question is, what is to be done with the shaded area in the consequence 

membership function? Of course, in the real world, there is never a condition where only one rule 
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(one consequence) applies. What usually happens is that a person will be somewhere on the 

scale describing a variable important to the process in which he is interested. In this example, the 

variables would be the person’s attention level and the loudness of the noise of his environs. As 

an example, consider that a person is about half-way between Looking and Hearing on the 

attention scale and that the noise background is normal. Ethe axes and scales have been carefully 

aligned, a vertical line can be drawn through all of the antecedent hnctions, as shown in the above 

figure. Using the rule that the minimum value of the antecedent function is the weight factor, the 

consequent hnctions are formed as shown. Note that only rules one and two make a 

contribution. What is to be done with t h i s  information to establish the “Total” consequence? 

Obtaining the “Total” consequence (the overall system response) requires establishing a 

way to use the information contained in the consequence membership functions. First, review 

what has been done up to now. A - rule has been used that infers a conclusion. In terms of the 

above discussion, premises have been established that are statements of conditions contained in 

the antecedents. Using the process described above, the premises lead to conclusions, which are 

called consequences; that is, 

premise e-> antecedent, 

conclusion e-> consequence. 

When describing a set of conditions in premises that must be met before something can happen in 

the consequent set, fuzzy knowledge has been translated into a mathematical statement (the IF . .. 

AND ... THEN function). Thus: 

membership in the “conclusion fuqy set” is conditional on membership in 

the ‘ fprertlise f u z y  sek ’’ The “premise f u z y  set” alters membership in the 

‘%onelusion fuqy set,” based on the truth of the premise. 

Now that the conclusion has been established, how is it used? 

The process of turning the consequent membership functions into a useful result is called 

de-fuzzflcution. The simplest de-kification, and the one that is appropriate to the level of 

complexity of our system, is to sum all of the conclusion membership sets into one grand, logical 
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conclusion membership set. Following common practice, we will call this the ZogicuZsum, which 

is the graphical sum of the areas in the conclusion membership sets. 

To illustrate the steps outlined above, consider the case of the example on Understanding. 

As seen, if the attention variable is about half-way between the Looking and Hearing and the 

noise level is normal, only rules one and two contribute. Their sum, the logical mm, is shown at 

the bottom of the consequent membership column. To de-fuzz this, one can take either the value 

of the comprehension variable at the maximum height of the logical sum or the value of the 

centroid of the area of the conclusion logical sum membership set. 

For a domain, D, of a fuzzy set's membership hnction, @(x)), the centroid, <x>, is given by: 
jw(x)La 

~ ~ ~~ 

In this case, the value is X, for both the maximum height and the centroid methods. The question 

now is, how to interpret this value? This could be associated with the fraction of the information 

presented that is retained by the listener or it could be the probability of the listener 

understanding what was said. This is where an expert enters the picture. It is the expert who 

will give the best interpretation. Of course, experts can disagree. 

Naturally, if one of the antecedent variables changes, then the process is recomputed and 

a new comprehension level is found. In practice, the fuzzy processing could be occurring 

hundreds of times a second, and an average over time would be needed to give an overall estimate 

of comprehension. 
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FUZZY LOGIC OF A RISK-BASED GRADED APPROACH 

Often a graded approach is needed to define when standarddrequirements should be 

applied to a situation at Sandia to insure that a criterion is met. In the simplest case, one must 

have a lower level of a requirement (for example, the failure rate of a component), below which 

the itemlprocess is acceptable. Ifthis is the only requirement, then the graded approach 

degenerates into the simple "gdno-go" logic of a computer-like decision. More often, though, the 

situation involves a critical itedprocess that is probabilistic. As a first illustration, consider the 

case in which the probability is a member of the fuzzy sets described by low, medium, and high. 

Of course, one must use the expert knowledge of specialists to define these membership 

fbnctions. This might be assigned an antecedent membership functional of the form: 

low med high 

However, the use of the item/process can result in consequences that will affect the success of a 

program. These consequences are an additional antecedent membership fbnctional. Again, 

consider this to be a three-level fbnction of low, medium, and high. To illustrate a type of 

premisehtecedent that might require evaluation, consider the health risk of using a defective 

part, such as a bolt. Depending upon where and how the bolt is used, injury from using the bolt 

might be classified (with examples) as: 

low -a cut finger, 

medium - loss of function, 

high -death, 
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with a form of: 

low med high 

These antecedent membership functions are the IF...AND part of a set of rules. In terms 

of a program objective, there are probably three types of consequences. They arepersonnel 

injury, cost impact, and confaminution o. Each will have a consequence that affects the 

program’s successful completion. A possible membership function for personnel injury was 

described above. A similar set of membership functions for cost impact and ES&H could be: 

cost impact: 

low 

medium - a few percent of the amount of the contract 

high 

- a few pennies or dollars 

- greater than 10% of the amount of the contract 

E S M  (contamination): 

low 

medium -less than acceptable (legal?) levels 

high 

-from no contamination to very minor 

- greater than acceptable (legal?) levels 

or 

low 

medium -greater than acceptable (legal?) levels up to twice 

-less than acceptable (legal?) levels 

the acceptable (legal?) levels 

high -greater than twice the acceptable (legal?) levels 
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The next step is to establish the consequence membership functions, that is, the THEN in 

the IF..AND... THEN rules2 Return to the example of suspect bolts. The two antecedent 

hnctionals are failure rate and injury. One set of rules might be: 

Rule 
1 

2 

3 

4 

5 

6 

7 

8 

9 

Premise Block Conclusion Block 
IF failure rate is low AND possible THEN the consequence is low 
iniuxv is low 
IF failure rate is low AND possible THEN the consequence is low 
injury is medium 
IF failure rate is low AND possible THEN the consequence is medium 
injury is high 
IF failure rate is medium AND THEN the consequence is low 
possible injury is low 
IF failure rate is medium AND THEN the consequence is medium 
possible injury is medium 
IF failure rate is medium AND THEN the consequence is high 
possible injury is high 
IF failure rate is high AND possible THEN the consequence is medium 
injury is low 
IF failure rate is high AND possible "EN the consequence is high 
iniurv is medium 
IF failure rate is high AND possible THEN the consequence is high 
injury is high 

These rules can be represented graphically as: 

0.: f\ , 
0 

0.: , 
0 

RULE - 

0.0 

low med high low rned high low rned high 

IF AND THEN 

o.;\ , 
0 

RULE 2 

0.0 

low med high low med high low med high 

IF AND THEN 

We are considering only the case of two antecedent functionals. However, it is possible to 
have three or more. In a later report. this will be considered. 
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o.: I 
0 

low med high 

IF 

0.: p, 
0 

low rned high 

IF 

0.: by?, 
0 

low med high 

IF 

0.: b/?\ 
0 

low med high 

IF 

o q  , 
0 

low med high 

IF 

o.; 
0 

low med high 

IF 

0.: f ;;: 
0 

low med high 

o.:f 
0 

low rned high 

AND 

o.: , 
0 

low med high 

AND 

0.: j/:, 
0 

low med high 

AND 

0.: f ;,.; 
0 

low med high 

AND 

0.: f\. I 
0 

low med high 

AND 

0.: p\ 
0 

low med high 

AND 

low rned high 

THEN 

RULE 4 

E I 
0.0 

low med high 

THEN 

RULE 5 

0.0 

low med high 

THEN 

RYLE 6 ;::i 
0.0 

low med high 

THEN 

RULE 7 

0.0 

low med high 

THEN 

RULE 8 

0.0 
low med high 

THEN 

0.: f ;,e; 

0 

low med high 

RULE 9 ::: f 
0.0  

low med high 

IF AND THEN 
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The advantage over a simple application of an off/on set of rules now becomes a bit 

clearer. Continue the example. If, in a specific application, the failure rate of the suspect bolt is 

determined to be a fourth of the way between medium and high, and the possibility of injury is 

Low to Medium, the result would be the logical sum shown below. 

1.4 1 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

low med high 

If low is given a value of 0.0, medium a value of 0.5, and high a value of 1 .O, one can find 

an average value. The average vaIue3 of 0.4 is a reflection of the real world. A simple, bipolar 

odoff analysis would have been ambiguously placed, either in the low or medium consequence 

bin, depending on how membership in the failure rate and injury categories is assigned. This 
value, 0.4, allows evaluation of needed action with much greater confidence. It provides the 

decision makers with an estimate of the consequences of their action. This estimate reflects a 

careful consideration of those aspects, within a structured and analytic framework, that are 

considered deterministic for this specific case. If desired, a larger and expanded antecedent 

membership functional base can be added easily. The people actually using the system are the 

ones who should be making the decision to expand the base. Note that, once the system is set 

up, it guarantees that the same basis is applied to each case. This helps to eliminate one of the 

major problems of the graded approach, namely, an inconsistent judgment caused by different, 

individual  evaluation^.^ 

Be careful. Using peak values will give a different value. This value is obtained using the 
centroid method. 

* Currently, I am working on a program that will be universally available to the worker in the 
field. The concept of it is that by answering a few simple questions, a field worker will be able 
to compute the fuzzy logic and an answer that will be automatically documented. 
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CONCLUSION 

The technique introduced in this report has considerable power and could be made to be 

rather complex, but the actual application at SNL to the selection of a set of necessary and 

suficient standarddrequirements is relatively straight forward. 

All one needs to do is identity the input variables, establish their membership 

functions, use expert knowledge to construct consequence rules and their 

associated consequence membership functions, acquire the bgical sum and de- 

fuzz it by finding the centroid 

The entire process can be summarized by the following simple diagram: 

Fuzzy Logic 

The next report will discuss the mathematical foundations of this approach and expand 

the technique to include more general premise blocks. The third report will present software for 

simple use of this technique at SNL. 
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