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PREF ACE

Thie handbook is intended as a guide for determining
rsliability of functioning characteristics of weapon
components by testing to failure.

Component reliability of weapon systewms is basically
a function of engineering design. Margins of safety used
in engineering design to create high reliabilities must
be measured by testing tu failure techniques to obtain
unbiased estimates of reliebility.

The author does not hoid that the concepts and prin-
ciples presented herein are final. Revisions will
inevitably be made as the state of the art advances.
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SUMMARY

1. The following are set forth:

a. The concept of reliebility of functioning characteristics of
weapon components in terms of stress and strength.

b. The operating engineering definition of reliability.

¢c. The complex nature of reliability.

d. Ulcvimate reliability in terms of safety margins.

e. The relationship between test and use conditions.

f. The limitations of reliability determinations imposed by
testing facilities, information and cost.
2. A two-phase testing procedure which meets the need for demonstrating
high reliabilities with small sample sizes is described in a rational,
objective manner, The first phase involves use of fractional-factorial
experimenta. '~signs to survey effects of important environments. The second
phase is a test-to-failure procedure (using the environment found most severe
in the first phase) so conducted that reliability-in-use can be calculated
from test results,
3. The need to plan experiments in advance of data collection and, to test
to failure are emphasized. The requirements of a good experiment are treated.
4. Several useful fractional-factorial test plans are completely laid out in
the form of treatment procedures. Tests of increased severity most useful in
testing to failure are.described. Examples are given for applying these
methods,
5. Useful statistical tables, a glossary of terns, and a list of references are

included.



I INTROLUCTIGN

This manual has been prepared for thosc engineers and scientists
conducting reliability experiments who would like to use statistical
techniques to improve the efficiency of theilr experiments. However, it is ..
advisable, especially in the planning stages of testing programs, to supple-
nent the information in this manual by occasional consultations with a
statisticien,

Plenning experiments.in the modern statistical sense compels the ex-
periuenter explicitly to formulate his objectives and the procedures re-
quired to attain them. This often leads to the recognition of fallacies
ané other difficulties in advence of data collecting.

The statlsti~al aspects of relisbility are not new. All of the necesr

sary concepts are adequately treated in modern statistical literature. The

lack of information about measursble characteristlics of the missile system
and the environment it experiences 1in use, as well as the high cost of test
specimens,have created the current problems.

The techniques described in this manual are the most efficient known.
They erxe designed to maximize the amount of information obtainable from a
given somple size. Very high reliabilities (0.9999 and higher if they exist)

can be demonstrated from very small srmple sizes (25 to 30 items.) In addition,

PRECEDING PAGE BLANK



these techniques are definitive enough to serve as standard procedures
throughout the same or different organizations over extended periods of
time.

Uniform application of these techniques is as importent as their
efficiency. A large part of the value of experimentally determined re-
lisbility data is the scope of applicability. Reliability data collected
by means of standardized procedures are cumulative in the mathematical sense.
Hence, the precision with which reliability values are known can be improved
with time as additional data are collected. This makes it possible to ac-
cumulate a reference file of religbility data on a variety of standard
components.

For those readers not thoroughly familiar with statistical terms a
glossary of these terms has been included in Appendix 2.

1. RELIABILITY CONCEPT

It is assumed that for every missile component there exists a true but
unknown "strength" created by the particular (pats) design developed and
used by the engineer in building the component. It is further assumed that
the true "strength®” is a constant and not a random varisble for any particular
design over short periods of time.

An item will not fail until the applied stress exceeds the items "strength .m
If the "strength" is much greater than the stress expected to be experienced

in use, the chance (probability) of failure in use in very small, and the chance



of success (reliability) is very high. It is in this sense that "high
reliability"” is defined. That is, high reliability meens high probability
of successful functioning under actual use comditions; it does not mean high
reliability under the test conditions.

2. RELIABILITY DEFINITION

The accepted statistical definition of reliability is that reliability
is "the probability of successful functioning in use." This is a general
definition that i1s applicable to any operating system. However, to define
reliability from un operating engineering point of view, the general def-
inition mist be modified to include:

4. The environmental conditions under which successful
functioning is required.

b, The characteristics that are required to function
successfully.

6. The length of time or the number of times successful
functioning is required.

d. When successful functioning is required.

This means that every component can have as many relisbilities as a
number equel to the possible combinations of environmental conditions,
measurable characteristics and functioning times.

Under the definition that an item cannot fail until the stress exceeds
its strength, the reliability with respect to any environment can be deter-

mined only if the tect specimens are stressed by that enviromment until



failure is obtained. This means that successively higher levels of severity
rust be used until failure is obtained; as in the applications of succes=
sively greater loads wntil failure is obtained in a tensile test. When the
magnitude of the stress at the point of failure cannct be directly observed,
then an exploratory type test such as the Bruceton up-and-down method is
required. This procedure generates the failure rate curve from which the
average (ultimate) strength (the point at which the stress equals the strength)
can be obtained by finding the stress at which 50 percent of the items fail.
In any case the ultimate strength of an item is determined in such a manner
that the reliebility-in-use can be predicted from the test results.
3. LIMITATIONS

A. Isboratory Testing

In lsboratory testing, it is difficult to reproduce the conditions
which components will experience operationally. In use, several environ-
ments occur simultaneously; in the laboratory, the environments usually have
to be applied in sequence. As a result, the envircnment experienced in use is
more severe than tbat applied at comparable levels of severity in the labora-
tory. Furthermore, interactions among environments and among components raise
the level of severity experienced in use by an additional amount. The extent
to which the level of severity is increased in these cases is usually not known.
To cope with unknowns of this kind, engineers use "margins (or factors)
ot safety"” to assure successful functioning in use. As a rational consequence,

testing procedures used to test components must, to be of any value, determine

S



the actual margins of safety the engineers have succeeded in building into
the new item. To accomplish this, with the limitations imposed by cost
considerations, careful planning pxior to data collection is required.
Useful and realistic component reliability values cannot be obteined by
accident or as a by-product of a testing program designed for some other
purpose, such as controlling quality. However, reliability values can
supplement but not replace quality control and other engineering information.
B. Informaticn
A complicated system of any kind cannot Le fully characicrized or de-
scrived by 2 sincle-rumrericel value. Just as the "viole man" cannot be fully
described by an intelligence quctient, a whole missile system cannot be fully
descrived or characterized by a single reliability value. Fully Lo cheracter-
ize the expected performance of & missile, all possible reliabilities should be:
a. Determined and weighted in accordance with:

(1) Their engineering importance,

(2) Probability of occurrence of the various
environments,

(3) Duration and intensity of the environment,

(%) Presence of interaction among environments
and among components, and

b. Mathemetically combined:
(1) In accordance with the way the environments

occur (i.e., simultaneously, in combination, or in sequence),



(2) 1In various ways to predict the probability
of successful functioning of the major and minor subassemblies,

(3) In accordance with the system circuitry to
predict the reliabilities of the over-all system.

C. Cost

The cost of messuring the magnitude and interaction effects of the
mltitude of veriables affecting performance of complex missile systems is
prohibitive, as is the cost of determining all of an item's possible relia-
bility values, or even a large number of these values. These costs will per-
haps remain prohibitive as long as there is a reasonable alternative.

L, SAFETY MARGINS

The use of safety margins to assure successful functioning undexr un-
predictable conditions is not new. Currently, reliance is placed on the
"safety factor"” or the "margin oif safety” as an alternative for information.

If the expected nominal "stress"” (or load) in use is 100 units, designing

an item with the "strength” to withstand several times this "stress" glves
intuitive assurance that the item will function successfully without failure.
(:l..e., be relimble). Such an item will surely withstand 100 units of "stress"
(be highly reliable under this condition) and has a good chance of functioning
successfully even when the applied "stress" varies widely, the quality of the
matexrial is substandard, or the workmanship is poor. A large margin of safety,
then, is a means of assuring successful functioning in the presence of un-
controlled and indeterminate variations in environment, materials, and work-

menship. This concept of "stress™ and "stxemgth" can be used as a corollary
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to the definition of reliability given above: An iten cannot fail until the
stress exceeds 1ts strength. The point at which the stress equals the strength
neasures the average (ultimate) strength. At this point the relisbility equals
50 percent. To raise the reliability above this level, the strength must ex-
ceed the expected in-use stress. High strength relative to the stress means
high reliability, since the higher the strength, the less likely a failure is
to occur.

Construction engineers design an item to withstand several times the
load expected in use (for the sbove reasons), then evaluate the design by
measwring the safety factor of a few representative specimens. This can
only be done by applying a load until the specimens break, or fail in some other
menner. The breaking load is a measure of the ultimate strength. The "safety
factor" is the ultimate strength divided by the load expected in use. The

"margin of safety" is the difference between those two loads divided by the

expected load in use. Calculating either of these values is as far as con-
struction engineers usuelly go; they do not calculate a numerical value for
the probability of success in use (reliability) created by the safety factor.
If the safety factor is large, they feel confident in concluding (predicting)
the item will not fall in use.

Missile engineers also use safety margins. They design margins of safety
into missile components in many subtle ways and for the same reasons: to
assure successful performance in use under uicontrolled and unpredictable
conditions. Here, too, the "margin of safety" designed into an item can only
be determined by testing to failure. The "stress" required to cause failure

can also be termed ultimate "strength "



5. ULTIMATE RELIABILITY

The reliablility obtained by testing to fallure is the ultimate

(maximm) reliability, whether a margin of safety is used or not. This
is the only unbilased meacure of the true reliability created by the design
of the item.

Testing without failure demonstrates reliability only in proportion
to the number of test specimens used. This is a biased estimate of the
ultimate reliability. This means that the ultimate reliability cannot
be determined by testing a finite number of specimens without failure.

6. PLARNED EXPERIMENTS

When only one of the possible total number of reliabilities can be
determined, the logical choice is to determine the minimumm reliability.,

If the latter is satisfactory, all other possible reliabilities with respect
to separate enviromments will also be satisfactory. Without a knowledge of
the values of all reiiabilities, mearingful and realistic system reliabilities
can only be predicted from component reliabilities on the basis of the minimum
reliadbilities.

Experizments must be M This requires planning in advance of
data collection. Test plans must be specifically designed to assure, in
advance of data collection, that specified objectives will be attained, for
reliability can neither be tested, nor analyzed into an item.

# See’ Reference 12




Environmental conditions whiih cause the poorest (minimm) reliabil-
ities can be found most efficiently (with smallest sample sizes) by means
of fractional-factorial designs or their optimized modifications. The
object here is to survey environments considered most important to the
functioning of the item and to find the enviromment having the most severe
effect (i.e., caueing the lowest reliability). This environment is then
used to determine the minimm ultimate reliability by testing to failure,
using tests of increased severity.

Te TESTING WITHOUT FAILURE

The margin of safety designed into a missile component can be deter-
nined only by testing to fallure. To do otherwise, practically nullifies
the value of test results and mekes the engineer's effort to use safety
margins ineffective. If the test procedure does not measure safety margins,
the engineer has no evidence that they exist, and may conclude that other
means of increasing reliability (e.g., redundency) must be used. This line
of action is not only costly, but may create other problems, such as:
misplaced center of gravity, overweight, and lack of space.

Testing without failure, which entails large sample sizes, is costly.
By this method, it takes 460 items to demonstrate a reliability of at least
99.5 percent with 90 percent confidence. The same reliabllity can be demon-
strated (1f it exists in the item) with 25-30 items by testing to failure,

using tests of increased severity. In addition the results of testing
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without failure cause difficulty in calculating system reliability from
component reliability because zeros cannot be mathematically mauipulated.
Because testing without failure cannot measure ultimate reliability
with small sample sizes, trends cannot be detected early enough for tak-
ing timely corrective action. For example, if the ultimate reliability
of an item actually exceeds that specified in the military characteristics
(0.995 or higher), and only 25 items are tested at the use condition
without failure during each testing period, no trend will be detected
until ultimate reliability of the lot, or stockpile, drops below 0.91
(at the 90 percent confidence level),

8. RELATION BETWEEN TEST AND USE CONDITIONS

To translate the reliability demonstrated under test conditioms to
a "reliability-in-use™ value, the relation between the "use" and "test"
conditions must be established. Experience has shown that this relationship
cen be adequately represented by frequency distributions. This places the
relationship on a probabilistic basis, and also makes possible the use
of the laws of probability. If then, the test results are properly collected
{see Lab Test Methods), the reliability-in-use can be calculated by extrap-
olation..
9. TEST PLANS

Plans should be made to conduct experiments in two stages:

A. Factorial experiments:
For each type cf component, the separate effects of the

critical environments can be determined most efficiently in one' integrated

12



factorial experiment. From these results, the environments having the

most severe effects should be selected. When only attribute data can be
obtained the optimum condition for conducting this experiment is at a level
of severity at which approximately 50 percent of the test specimens can be
expected to fall. This type of experiment is highly efficisnt. The effect
of as many as 7 environments can be determined with 8 test specimens, or
the effects of 15 environments with 16 test specimens.

B. Testing to Failure

Within the limitations imposed upon the experiment, determine the
reliability with respect to as many as possible of the environments having
the most severe effects. This can be accomplished most efficiently using a
test of increased severity such as the Bruceton up-and-down method. It is
only with this type of test that the ultimate "strength" can be determined
when the occurrence of a failure cannot be detected by inspection or when the
meenitude of the stress at the point of failure cannot be directly obsexrved.
From this information the predicted ultimate "reliability-in-use" can be cal-
culated. Ultimate "reliability-in-use" of eny magnitude that exists in an
item can be demonstrated with as few as 25 to 30 test specimens by testing to

fallure with tests of increased severity.



I MODERN STATISTICAL CONCEPTS

1. INTRODUCTION

Because of the nature of reliability and because of the methods required
to determine reliability, modern statistical concepts, such as probability,
experimental error, population - sample relation, frequency distributions, confi-
dence intervals, sample size, and design of experiment techniques must be
urderstood, if reliability experiments are to be conducted and reliability values
calculated and interpreted. It is only with these concepts that the vexing
procblem of demonstrating high reliabilities with small sample sizes can be
solved.

Modern statistical methods of experimentation contain a new ingredient
not explicit in mathematics: Error. The new philosophy assumes that there
is an error in every measurement made and as a ccnsequence, the true values of
measurable characteristics can never be known exactly. To cope with this
deficiency of measuring processes, repeated measurements cre made. Then from
this data an interval is calculated which we believe includes the true value
represented by the data. Intervals of this kind . e called confidence intervals.

Included in the method of calculating these intervals is a means of con-
trolling the proportion of the time that the true value is expected to fall
within the interval. Thus the name. This proportion expresses our "confidence"
of being right in our prediction that the true value will fall in the interval
calculated. Formulas for calculating confidence intervals are given below in

Section IX: Reliability Confidence Intervals.
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2. EXPERIMENTAL ERRORS ¥
If the same characteristic is repeatedly measured with an "accurate"

device under constant conditions, the same result will not always be obtained.

As a matter of fact, the same result will seldom be repeated. However, it will

be noticed that most of the values will cluster rather closely. Only a few

very small and very large values will be obtained. It is assumed that these

observed deviations are due to chance errors in the measuring process. They are

called experimental errors.

3. POPULATION VS SAMPLE

The family of values generated by repeated measurements of the same
characteristic is called a population. A population jis generally assumed
to be infinite. Any sub-portion of a population is called a sample of that popu-
lation. A sample is always finite.

L, PREDICTION ERRORS

The reasoning behind the new philosophy is as follows: The observa-
tions or measurements made in any experiment are, in fact, finite samples of a
much larger (infinite) body of data that could exist had thousands (infinite)
of observations been made of the same characteristic under the same constant
conditions. It is assumed that unless an infinite number of observations is
made, the true value of the characteristic measured will never be exactly known.

This reasoning requires focus of attention not on the observed values but on

what these values represent -- the larger family of all possible values of

the characteristic being measured. The objective is to infer from the sample
something about the population. Experience has taught that prediction (an
inference) cannot be made with certainty. There is always a chance of being

wrong. Errors of this type are called the prediction errors.
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5 FREQUENCY DISTRIBUTION

If all measurements referred to above are divided into small groups
or cells having a range equal to about one-tenth the total range (from maximum
to minimum) of all values, there will be about ten cells. Then if a count is
taken of the number of values falling within the range of a particular cell,
the ratio of this number to the total number of measurements available is the
relative frequency of occurrence of measurements (events) in that cell. If the
total number of measurements available is very large (1,000 or more) and all
values falling within the cell are counted, a very good estimate of the true
frequency of occurrence of values in that cell for that particular population
will result. Doing this for all the cells would give values that could be
plotted on & bar graph as follows: Arrange the cells along the abscissa in
ascending order according to the magnitude of the midpoints of thelr range;
erect bars over these mdipoints with height proportional to the relative fre-
quency in each cell and widths equal to the cell width. This bar graph is known
as a histogram.

6. NORMAL DISTRIBUTION

As the total number of values used is increased and the cell width
(range) decreased, the step-wise form of the tar graph fades into a smooth
curve that is called a frequency distribution. In practice, this is actually
how a frequency distribution is formed. It means what the name implies. It is

a distribution of (relative) frequencies.
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Experience has shown that the families of values generated by repeated
measurements of the same characteristic under controlled conditions have definite
forms. The most common of these forms and the most useful is called the normal
frequency distribution. This is the smooth curve described above., It is bell-
shaped. The family of values forming this distribution is called the normal
population.

As the cell width in the bar graph decreases and approaches zero, the
height of the bar represents the relative frequency for a single value on the
abscissa. Thus there is a relative 1requency for any value in the population
of measurements. The sum of all the frequencies equals the frequency of all the
values in the population which is assigned the numerical value of one. The
equaticn for this function is known, but it is of no direct importance for the
purpose of this discussion. It can be found in any standard text on statistics.
7. PROBABILITY

From a practical point of view relative frequencies (proportions)
are estimates of probabilities. By definition, if it is certain that an event
will occur, it is said that the probability of occurrence is equal to unity.

If it is certain that an event will not occur, it is said that the probability
of occurrence is equal to zero.

In the above example, if the cell width was equal to the range of the
population (from the maximum to the minimum value in the population) it would
be certain that the next value taken would fall within this "cell! As a

result of taking repeated measurements, all of the values would fall within
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this "cell! The number of values falling within this "cell" divided by the
total number of values will equal unity. That is, the probablility of a value's
falling within the "cell" (the event) is equal to one.

If, on the other hand, a new cell is taken having a maximum limit less
than the minimum of the above population, it is certain that the next value taken
from the above population will not fall within the new cell. If repeated
measurements are taken from the above population, none of the values will fall
within the new cell. The number of values falling within the cell divided by
the total number of values will equal zero. That is, the probability of a
value%falling within the cell (the event) is equal to zero.

The area under the normal frequency distribution is used to measure
probabilities. As shown above, the magnitude of the ordinate associated with
any value on the abscissa is a measure of the relative frequency of occurrence
(or probability of oeccurrence) of that value. The summation of all the ordinates
below any particular value on the abscissa is, of course, equal to the area
under the curve below that ordinate. This area is then a measure of the
probabllity of occurrence of all values in the population below the given value.
8. PARAMETERS

Just two parameters or characteristics of the normal frequency
distribution are required to define this curve completely. The first parameter
is the central value around which most of the values belonging to a particular
population will naturally cluster. This parameter is called the true or popu-
lation mean and is measured by the arithmetic average of all the values in the
population. The other parameter required is the dispersion of values around the
central value. This parameter is measured by the root mean square of the
deviations from the true mean and is called the true or population standard
deviation.
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9. PROPERTIES OF NORMAL CURVE

Graphically, the mean is the ordinate that passes through the center
of gravity of the area under the curve, since this curve is symmetrical. The
mean is equal to the mode {the most frequently occurring value) and the median
(the middle value.)

Also, graphically, the standard deviation is equal to the horizontal
distance between the ordinate of the mean and the inflection point on the curve
on either side of the mean ordinate.

The Normal Deviate:
Z=(x-pu)e
This is the linear

L e o g
measure of distance
along the base of the
curve in standard
-® K X +®
deviation units.
Where: # = The true population mean.
¢ = The true population standard deviation.

X Any observed value.

The true mean plus or minus one standard deviation includes 68.27 percent
of the total area under the curve. The mean plus or minus two standard devia-
tions will include 95.45 percent of the total area under the curve. These

values are used to make probability statements. They mean either or both of

the following:
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A. 1In generating & normal family of values, 68 percent of the
total number of values will lie within plus or minus one standard deviation of
the mean. This is especially true if the total number is very large--i.e.,

1,000 or more.

B. Randomly chosen values from the normal population have a 68
percent chance or a probability of 0.68 of falling within plus or minus one
standard deviation of the mean.

This distribution is unique in nature. It is the curve of regression
for the distribution of all small sample averages.

10. RANDOMIZATION

The meaning of the word random as used in modern statistics can be
better described than defined. The phrase "randomly chosen values" describes
& selection procedure of a very special kind. This procedure is free of biases
of all sorts. It is the only procedure which will permit the free play of chance
variations, which are the theoretical basis for all modern statistical techniques.

Random selection or random sampling can be accomplished by physically
mixing the items before sampling, or by numbering all of the items and then using
a table of random numbers to determine which items to select and jin whet order to
select them. Random selection is the process used in lotteries, all numbered
tickets being deposited in a revolving drum and a single drawing made by a blind-
folded person. It is assumed that such a procedure is completely unbiased, that
chance alone is at play, and that each ticket in the drum has an equal chance

of being selected. The process of random selection then)not only permits the laws
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of chance to determine which item is to be chosen, but alsc the order in which
successive items are chosen. This propedure relieves the experimenter completely
of any responsibility concerning "which item" and "which order,  In the lottery,
the operator wants to be "fair) In an experiment, the experimenter wants to

be unbiased.

11. SAMPLING

In a lottery the relative frequency of occurrence of any particular
number is equal to the relative frequency of occurrence of any other number in
the drum (population). Each number has an equal chance of being selected if the
selection procedure is truly random and unbiased. However, the relative
frequency of occurrence of the values in a normal population is not equal.
Theoretically, all are different. A little reflection will show, however, that
random selection will be "fair" and unbiased here, also. If in a bowl,900
white beads and 100 red beads aremixed well (i.e., randomized), and a handful
of beads selected by a blindfoided person, the ratio of red to white beads in
that or any other handful will be close to 1 to 9. The average ratio of a
large number of trials (handfuls) will be 1 to 9 -- the relative frequencies of
the two colored beads in the bowl, the population. This same relation between
sample and population holds true in selecting (sampling) values from a normal
distribution if sampling is done in a random fashion. That is, every value
(or item) in the population has a chance (probability) of being selected equal
to the frequency with which it actually exists in the population. Only samples

that can reflect these actual relative frequencies in the population can be
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considered as representing the population in an unbiased manner. Samples must
correctly represent the population from which they are taken if valid inferences
are to be made about the population,from the sample. Of course, successive samples
drawn from the same population will not be identical, but if randomly selected,
the difference between them will be due to chance errors only. Under these
circumstances modern statistical techniques will identify them as having come
from the same population, which, in fact, they did.
12. ESTIMATES

In practice, to make a measurement (or observation) is to estimate
the true population mean. The more observations made and averaged together,
the better the estimate. This estimate is called a "point estimate” to dis-

' However, it is assumed that the true

tinguish it from an "interval estimate.’
mean is never known exactly unless an infinite number of observations is made.
If the root mean square of the deviations of the individual observa-

tions is calculated from the average of all observations, the true population

standard deviation can be estimated. As with the mean, however, it is assumed

that this true parameter is never known exactly unless an infinite number of
observations is made.
13. PREDICTIONS

The two predictions made most often in modern statistics are the
following:

A. The magnitude of the true parameters. These predictions are based

on interval estimates which are called confidence intervals.
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B. Whether two or more values beiong to the same population. These
predictions are called tests of significance.

The prediction problem in modern statistics is to estimate first
the population mean and standard deviation and then predict what these two popu-
lation parameters might be or, given two or more estimates, to predict whether
they came from ‘the same population. If there are thousands of observations in
each of the samples, the sample means and standard devistions are, for all
practical purposes, equal to the population parameters and prediction becomes
unnecessary. In practice, however, such large samples are generally not avail-
able. They are too costly to obtain. The problem, then, is to predict from
small samples what the parameters might be or whether the samples came from the
same population.

Intuitively, it is known that predictions cannot be made with cer-
tainty -- there is always a possibility of being wrong. As a result, to be right
as often as possible, reliance is placed on planning. In modern statistics, this
possibility is maximized, and chances of being right are actually controlled.

To place this on a mathematical basis the assumption is made that
the data have a normal frequency distribution. The normal distribution is then
used to calculate the probability of being right in making predictions. This

is called the confidence level of predictions. The techniques of modern statis-

tics have been developed to make predictions. The assumption that the distribution
is normal for variable (measured) data is a reasonable cne. Experience has shown

that the numerical values of measurable characteristics of products manufactured
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under controlled conditions are normally distributad (Ref. 11). In additioq)the
central limit theorem states that the distribution of averages of variable data
is normal. So, when comparing averages or calculating confidence intervals of
measured data, the assumption of normality is quite valid. This is true of
attribute (counted) datz only where they are transformed to variable data by

some such process as the arc-sine transformation.
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111 REQUIREMENTS FOR A GOOD EXPERIMENT

1. PREDESIGHN PIIASE

A. Common Sense
Experimental plans and experimental results that violate common
sense are discarded, not the common sense.

B. Past Experience

Use all available knowledge and information from past experience.

C. Choice of Variables

Mske & comprehensive list of all the variables (factors or
environmental treatments) whose effects on the components functioning characteris-
tics are of interest or must be determined. This should include:

a. Factors of direct interest.

b. Factors which may help show how the main factors work.

c¢. Factors required to determine the effect of experimental
technique. In addition to choosing the veriables to be used, their order of use
must also be established. The order chosen should be the one most likely to be
experienced in use or the one concidered most severe. The order selected must
be held constant throughout the experiment.

D. Choice of Factor levels

a. Number of levels

The number of levels used in the designs described in this
manual has been limited to two. These designs are the simplest and the most

versatile for conducting multi-factor experiments.



b. Position of levels

In using only two levels those used are usually the extremes,
such as the presence and ebsence of an environmental treatment or extremely low
and high temperatures. The choice of levels used must be arrived at through the
use of good Judgement, common sense, and detailed knowledge of the purpose and
probable outcome of the investigation. Factorial experiments are most efficient
in their ability Lo detect differences among environmental effects when the
levels of severity used are such that approximately 50 percent of the test
specimens fail.

E. Scope
Consider the entire scope of the problem. Without regard to
cost, time, or effort consider what it is that must be known eventually. If
this turns out to be a very large experiment, the cost of which is prohibitive,
divide the whole problem into rational parts. This makes possible a systematical-
ly planned approach. It also makes it possible to relate your test plan to cost
and the amount of information required.

P. Possible Outcomes

Consider all possible outcomes and their physical interpretation.
Results that have no physical interpretation have no practical value.

G. Choice of Criteria

Choose carefully the criteria on which conclusions will be

beseéd. To insist that a component have a reliability of 0.999 with respect



to temperature shock is of little value when it has a reliability of only 0.80
with respect to transportation vibration.

H. Formulation of Hypothesis

Develop the right hypothesis by asking the right questions the
experimental r¢sults are expected to answer. To show conclusively that com-
ponent A has a much higher reliability than component B has solved nothing if
component A cannot be mass produced.

I. Type of Measurement

The type of measurement to be used should be considered
for the sake of efficiency. Variable type data can vary from minus infinity
to plus infinity and furnish the maximum information per observation. Attribute
data are "successg" "failure" type data and furnish the least information per
observation. From this it is clear that variable type data should be used
wherever possible in factorial experiments; care should be exercised, however,
in ucng variable date to determine reliability (see below).

J. Choice of Experimental Units

a. Definition of Experimental Unit

An experimental unit (test specimen) is the smallest
sub-division of the experimental material that can receive different

treatments.

<9



b. Size of experimental unit

Sufficient homogeneous or uniform material should
be available to conduct a complete set of treatment combinations (required by
the experimental design) during a eingle period of time (such as a day) by a
single instrument condition (such as calibration) and by a single operator or
group of operators. Material produced during a particular period of time by
a single process and by a single manufacturer can be considered homogeneous.

c. Representative nature of experimental units

The experimental units used should not differ in
any important respect from the best known (parts) design to which the conclusions
are to apply. If design changes are made on the basis of experimental results,
the items used to obtain the results are)of course, not representative of the
modified design.

d. Independence of Experimental Unit

Experimental units should respond independently of
one another. Obtaining a failure on one should not affect any of the others.
Using a separate item for each treatment combination will usually assure inde-
pendence.

K. Choice of Treatments

Treatments are chosen to give as direct an indication as
possible of the functioning characteristics of the components and to include

as many as possible of the environmental conditions expected in use. This is
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an engineering decision that must be based on good Judgement and intimate
knowledge of the purpose of the experiment.

L. Sequential Approach

The first experiment may have to be considered exploratory
in nature. One or more ideas may be generated during the first experiment con-
cerning parts design modifications or questions may be raised from the results
of the first experiment concerning the exact effect of the environmental treat-
ments. In either case additional experimentation would be required to:

a. Confirm the validity of the modified parts design.

b. Cla:rify the effects of the environments which produced
*the questionable results.

¢. Include other treatments.

Committing oneself to a large experiment at the beginning of a new investigation
may not be feasible. Small exploratory experiments may indicate a much more
promising approach in a short time and with little cost. In this procedure the
results of the first experiment are obtained and analyzed before the next ex-
periment is designed.

2. DESIGN PHASE

A. Choice of design

The factorial design and its modificatiors deseribed in this manual
meet the requirements of environmental testing experiments better than any other
known design. The advantages of the recommended factorial designs for environ-
mental testing are as follovs:

a. Simple to use and analyze.
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ary,

b. No control groups are required.

c. The two levels of each treatment can be the presence and
absence of the treatment, if desired. Alternatively, any two levels of the
treatments cen be used.

d. Bach treatment effect can be determined independently of
all the others. Unambiguous conclusions can be drawn about each treatment's
effects.

e. Complex experiments involving a large number of treat-
ments can be easily handled.

f. These are the only experimental designs with which the re-
lationships among treatments can be measured. These designs can determine
whether the effect of one treatment depends upon any of the others. These
relationships are called interactions.

g. The probability of beirg right or wrorg can be controlled.

h. When the number of treatments used becomes large (three or
more), only a fraction (1/2, 1/4, 1/8, etc.) of the total number of combinations
of treatments and levels need be used. These designs are called fractional fac-
torials and optimum multifactorisals.

i. A type of statistical analysis can be used that distinguishes
between variations due to chance and variations having assignable causes.

J. More information can be obtained from A given number of
test specimens than any other knrown procedure.

k. The effective sample size is increased by making it possible

to use each observation (or measurement) for more than one purpose. In fact,



each treatment effect is determined as though the entire experiment is conducted
to determine that particular treatment effect alone. As a result, the precision
with which each treatiment effect is determined can be based on the total number
of test specimens used in the experiment.
B. Sample Size

In any experimental situation a reasonable balance must be
established between using too few test specimens thus obtaining poor precision,
and wasting time and material in attaining unnecessarily high precision by using
too many test specimens. When there is a preassigned number of test specimens
available, the question is whether it is worthwhile to do the experiment at all.
If the number of test specimens available is flexible and adequate, the number
required for a given precision or reliability can be calculated in advance. The
minimum number of test specimens required in the optimized designs is only one
more than the total number of treatments used. The more versatile factorial
designs require at least 16 items for five through eight treatments and at least
32 items for nine through thirteen treatments. With twice these numbers of
items, the latter designs can also measure interactions.

C. Orthogonality

The property of these designs, known as orthogonality, must be
preserved in order to simplify the analysis and interpretation of the results.
This can be done by keeping the number of observations per treatment combination
equal and constant throughout the entire design. Orthogonality &usures that all
the environmental effects and their interrelationships can be independently es-

timated without entanglement.
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D. Confounding
Confounding is the converse of orthogonality. It means confusing,

entangling, or equating two or more factors or treatments so that their separate
effects cannot be determined. For example, little can be concluded about the
separate effects of the environmental treatments if all of the treatments are
applied to each item. If a failure is obtained after an item has received two
or more treatments, the cause of the failure is ambiguous; it could be the
result of any of the following:

a. The last treatment.

b. The last two treatments.

¢. All of the treatments.

d. Any of the other possible combinations.
The exact cause cannot be determined because the treatments are confounded.
This type of confounding should be avoided.

E. Interactions
Interaction is said to be present when certain particuiar treatment

combinations produce unusual results. This is the non-additive or unpredictable
portion of the experiment; as such, interaction effects are considered discoveries
by the U.S. Patent Office and as such are the only patentable portion of the
experiment. When appréciable interaction effects are present, care must be taken
in quoting main (average) effects. Any statement about the average effect of a
treatment must specify the level of the interacting treatment associated with

that average.



However, determination of interaction effects may be the most important informa-
tion obtained from an experiment. It can explain what otherwise appear to be
contradictions. This is the extra information furnished by factorials that
cannot be obtained from other designs. Plans should be made to use factorials
that can measurs interaction effects if there is a zossibility that they exist.
Higher order interactions can te used as estimates of the error term when
multiple replication is not used.
F. Replication
By replication is meantrepetition. One complete replication

consists of a single observation for each of the treatment combinations in the
design. If the observaticrs are performed in sets, so that a complete repli-
cation is done in a continuous period of time (such as a day), with a single
measuring system (or instrument), by a single operator, the difference among
replications can be used to determine whether the external experimental conditions
have remained under control. Multiple replications are also used for the follow-
ing purposes:

a. Increase the precision with whichtreatment effects are
determined.

b. Furnish an independent measure of the error term.

c. As a basis for calculating the failure rate observed for each
treatment combination in preparation for transforming attribute data to a con-

tinuous scale in analysis of variance procedures.
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G. Blocking

In general, blocking means dividing the entire design into orthogonal

sub-groups. This reduces the number of observations that need be taken in one
continuous period of time and reduces the amouni of homogenous material required
in one batch. Differences among blocks due to uncontrolled changes with time
and due to changes in material can be mathematically subtracted out of the system.
That is, the object of blocking is to make it possible to conduct the experiment
in reasonably small portions. Plans should be made to block any large experiment
or any experiment expected to extend over a long period of time. Taking observa-
tions in complete replication sets is one form of blocking.

H. Randomization

Randemization can be accomplished by means of a table of random
numbers or by drawing well shuffled numbered cards from a hat. The important
characteristic of randomization is that it be an objective impersonal procedure.
Proper randomization is determined by examining the procedure producing it, not
by examining the results. To randomize does not mean to arrange in an order that
looks haphazard. The object of randomization is to permit the laws of chance
(probability) to have free play. Proper randomization is the most important re-
quirement for a good experiment because it:

a. Prevents biased results of all kinds due to such things as,
human prejudice, weather cycles, trends in time, heterogeneity of experimental

material, etc.
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b. Removes systematic error.

c. Relieves the experimenter of the responsibility of choosing
which item of test or which test to conduct. Fach item or test is equally likely
to be chosen. In this sense the experiment is "fair" and unbiased.

4. Assures the validity of statistical techniques, such as the
analysis of variance and associated tests of significance which depend for their
validity upon the laws of probebility. However, the use of randomization can be
abused. Randomization should not be used to conceal large variations. This
drasticelly reduces the sensitivity of the experiment to detect small differences.
All variasbles known to have, or suspected of having, significant effects on the
outcome of an experiment must be either controlled or designed into the experiment.
The use of randomization should be considered as an expression of ignorance and
used only to remove the effects of small variations after every other source of
variation has been included in the design,or controlled. Only the use of good
engineering Jjudgment and & knowledge of the system can determine how, when, and
where to use randomization.

3. ANALYST3 PHASE

A. Statistical Significance

The word significance has a special technical meaning in statistics.
Its meaning must be understood in order statistically to analyze and interpret
experimental results. One of the most important contributions of statistics is
that it ﬁas established a means of distinguishing between chance variations and
assignable causes. When the observed differences are due to chance variations,
these differences are said to be non-significant. This means that the observed
results originated from the same source (population). When the observed

differences haw assignable causes they are said to be significantly different.
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This means that the observed results have originated from different sources -
(populations). In a well planned experiment these sources can be identified.

In the case of a non-significant difference, changing the treatment from its

lower level to its highe:r level has not caused a detectable difference. 1In

the case of a significant difference, changing the treatment from its lower

level to its higher level has caused a detectable difference.

B. Interpretation

In a good experiment each treatment effect should have a unique

interpretation. If two or more interpretations are possible, additional work
is required to clarify the ambiguities. One of the most important requirements
of a good experimental design is that the conclusions be unambiguous. For-
tunately the factorial designs are very helpful in avoiding ambiguity. To
conclude that an effect is not significant is not the same as saying that the
effect does not exist. We can only say that there is insufficient data to detect
the effect. However, if the conclusions are that the effects are significant
(from the test of significance), we can be assured that the effect is real to the
extent of the confidence level associated with the test of significance. Further
advantages of factorial designs are as follows:

a. The range of validity of *the conclusions concerning the
average (main) effects is extended by the inclusion of more than one variable
in the experiment.

b. Physical interpretation of interactions explain and clarify

underlying mechanisms and relationships.
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C. Qualitative Data (Success or Feilure)

When only one observation is tuken for each treatment combination,
analysis of the results from the factorial designs described in this manual is
made very simple by using the tables of minimumn contrasts in Appendix 3A.

These tables are based on the binomial distribution. The test of signiricance
that uses the values in these tables is known as Fisher's Exact Method for

2 X 2 Contingency Tables. This test is valid even for small sample sizes and
will determine not only the main effects but also the two-factor interacticn
effects when the proper designs are used (see example described below.) When
multiple (but equal number of) observations are taken for each treatment
combination, the Fisher method can still be used. However, an alternate method
which 1is slightly more efficient, but which requires more calculating can also
be used. This method transforms the qualitative data to a continuous scale
through the use of the arc sine of the proportion or percentage of failures
found for each treatment combination. The transformed data can be analyzed by
the usual analysis of variance techniques. The tests of significance and their
interpretations are both made using the transformed data. If the arc sine
transformation is considered desirable, it is suggested that a statistician be
consulted to conduct the analysis of variance.

D. Quantitative Data

For quantitative data (such as g - values, voltages, or time) the

usual analysis of variance can be conducted on the observed data provided the



variances are homogeneous throughout the design. Since this procedure is sone-
what involved, lengthy to describe, and is adequately covered in the literature
(see ref, 18 and 19 ), an attempt will not be made to include the

analysis of variance techniques in this manuzl. It is suggested that a statis-

tician be consulted for this analysis.
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v PLANNING TEST PROGRAMS 2

1. STATEMENT OF THE PROBLEM

A. Identify the new and important problem area.

B. Outline the specific problem within current limitdtions.

C. Define exact scope of the test program.

D. Determine relationship of the particular problem to the
whole research or development program.

2. BACKGROUND INFORMATION

A. Investigate all available sources of information.
B. Tsabulate data pertinent to planning new program.

3. METHODS DEVELOPMENT

A. Hold a conference of all parties concerned.

a. State the propositions to be proved.

b. Agree on magnitude of differences considered worthwhile.

¢. Outline the possible alternative outcomes.

d. Choose the ractors to be studied.

e. Determine the practical range of these factors and
the specific levels at which tests will be made.

f. Choose the end measurements which are to be made.

g. Consider the effect of sampling variability and of
precision of test methods.

h. Consider possible inter-relationships (or "interactions")

of the factors.

a This outline was received in a private commmication from Mr. Charles Bicking,

Office, Chief of Ordnance.
Ll
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J. Determine limitations of time, cost, materials, manpower,

instrumentation and other facilities and of extraneous conditions, such as

weather.

A.

k. Consider human relations angles of the program.

IESIGN OF EXPERIMENT

Design the program in preliminary form.
a. Prepare a systematic and inclusive sciedule.

b. Provide for step-wise performance or adaptation of

schedule if necessary.

c. Eliminate effect of variables not under study by con-

trolling, balancing, or randomizing them.

B.

A.
B.

c.

d. Minimize the number of experimental runs.

e. Choose the method of statistical analysis.

f. Arrange for orderly accumilation of data.

Review the design with all concerned.

a. Adjust the program in line with comments.

b. Spell out the steps to be followed in unmistakable terms.

DATA COLLECTION

Develop methods, materials, and equipment.
Apply the methods or techniques.

Attend to and check details; modify methods if necessary.
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D.

B.

F.
6.

Al

B.

A.

B.
at hand,

c.

D.

Record any modifications of program design.
Take precautions in collection of data.

Record progress of the program.
AKALYSIS OF DATA

Reduce recorded data, 1f necessary, to numerical form.
Apply proper msthematical statistical techniques.
INTERPRETATION OF RESULTS

Consider all the observed data.
Confine conclusions to strict deductions from the evidence

Test questions suggested by the data by independent experiments.

Arrive at conclusicns as to the technical meaning of results as

well as their statistical significance.

Point out implications of the findings for application and

for further work.

F.
G.

Account for any limitations imposed by the methods used.

State results in terms of verifiable probabilities.
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\ 4 COMPORERT RELIABILITY

1. IRTRODUCTION

Reliability is the probability of the successful performance of a
specified characteristic:

A. Under a specified condition or set of conditioms,

B. For a specified length of time,

C. After a specified period of storage.

The "length of time" requirement can usually be included as part of
the specified conditions.

The storage requirement has to do with age or storage life. This
requirement involves the use of life-testing technigques. To be.useful these
techniques must be able to predict storage life from short-term (a few days
or weeks) accelerated laboratory tests. In order for these predictions to
be valid, the laboratory test results must be correlated with storage life
results by actual long-term storage tests. At present this kind of infoimation
is not avallable.

Life-testing techniques can also be used to determine the reliability
of an item with respect to environments whose level of severity can only be in-
creased by increassing the length of time of exposure. To do this, however,
requires the establishment of a minimum length of exposure time for successful

functioning. The Aifficulty here is that component rellabilities established
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by tests of increased severity, in vhich time is the variable, are not comparable
with component reliabilities established by tests of increased severity in which
the level of the enviromment is the variable.

These two kinds of component reliability cannot both be used in the
same system to calciilate the reliability of that system and have the result
meaningftul.

The Ideal Test Condition

The ideal condition for determining reliability is that condition found
in tensile or compression testing. That is, the following conditions exist which
make: possible the most efficient determination of the ultimate strength:

l. The observed results are in the form of variable-type data.

2. The severity of the applied stress can be easily increased
until failure occurs.

3. The magnitude of the applied stress is continuously available
80 that the load at the point of failure can be directly observed.

4. The occurrence of failure can be detected by inspection.

5. The average of the observed results is an unbilased estimate of
the ultimate strength.

With this combination of conditions and information the greatest
precision and accuracy can be obtained with the smallest sample size. Aside

from being convenient and easy to conduct, this method gives a direct measure



of the ultimate strength and therefore the margin of safety from which
reliability-in-use can be calculated.

The cfficiency of variable~type data can be fully exploited here
since each observed value is at the point of failure. This is the value
of the stress that the 50% point on the cumulative frequency curve estimates
in the indirect methcds described in Section XI 3: Tests of Iacreased
Severity. This average value at the point of failure in the ideal test
and the 50%.point in the indirect methods is important since it is the
only unbiased measure of the ultimate strength, the margin of safety, and
the reliability-in-use.

In all reliability testing the characteristics of the ideal
testing condition should be kept in mind as a guide in more complicated
situations where indirect methods must be used. In this way the disadven-
tages of testing without failure and collecting varisble-type data at a
single stress level cen be seen in better pearspective. For example,
measuring the resistance of the circuits of several similar test specimens
at a single voltage cannot measure reliability. This procedure gives only
one point on the (Iek)-strength curve. Where the point at which 50% of
the items fail or vhat the margin of safety is cannot be determined using
& single voltage value. Calculating the probability of obtaining resistance
values outside given limits with information of this kind assumes that the

margin of safety is equal to zero.
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2. COMPONENT TESTING

Component testing can be accomplished in either of two ways,
controlled laboratory tests, or flight tests. Each of these has its ad-
vantages and disadvantages:

A. Advantages of controlled laboratory testing are:

a. Cost -~ This is the cheapest method both from the cost of
test facilities and from the cost of test specimens for determining reliability
with respect to separate environments during the development phase.

b. Information.- Complete information can be obtained since
the test speclmens are available for complete instrumentation and visual
examination.

c. Controlled conditions.- Each test specimen can be subjected

to precisely the desired treatment.

d. Results - Unbiased estimates of reliability car be obtained
by testing to failure in a predetermined manner so that the average reliability-
in-use can be predicted from the test results.

e. Efficiency - Tests of increused severity can be used to
demonstrate high reliability with small sample sizes.

f. System reliability prediction.- Information can be furnished

on a currant basis during the development phase of an item which can be used
as & gulde during development and which can be used to predict the expected

system reliability.



B. Dismuvantages of controlled laboratory testing are:

a. Facility limitations - Environments must be applied in

sequence instead of simltaneously as experienced in use.

b. System reliabllity prediction - System reliabilities are

riedicted with incomplete information. The extent of component interaction
and independence is not known. The degree to which the human factor, during
assanbly,reduces reliability is also not known.

c. Sample size - Larger sample sizes are required for laboratory
testing of components under use - conditions than for testing systems in flight
to demonstrate a given systems reliability.

C. Advantages of flight tests are:

a. Environment - Test specimens are subjected to actual use
conditions; all of the environments are spplied simultaneously and at the
correct level of intensity and duration.

b. Verificatlon - Flight testing is a means of verifying all
of the predictions based on component values and other information.

D. Disadvantages of flight tests are:

a. Observation - The tested specimens are not avallable for

examination.
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b. Measuring system - Measurement by telemetry is not precilse

or reliable.
c. Cost - The cost of flying a test vehicle is excessive.

d. Storage characteristics - Storage characteristics cannot

be determined by flight tests.
E. From the sbove description of the relative merits of laboratory
testing and flight testing the following conclusions can be drawn:
a. Laboratory testing furnishes the most information.
b. Efforts to improve testing methods should be directed to
improving laboratory methods.
3. CALCULATION

A. Tests of increased severity

R=1-P
Where:
R = Mean reliability over the range of in-use conditions
P = Probability of failure-in-use measured by the overlapping areas
under the strese and strength curves (see pagell2 for curves) and which can
‘be founda by entaring a table of areas under the standard normal curve (Appendix

G) with the following normal deviate:
(x3 - X2) - (M - M)

Z=
Vet 4




A failure can occur only when:
12 Xe

Therefore the normal deviate becomes:

Me - M)
zZe
i/ .!. + ';
Xy = any streSs value
Xp = any strength value
M = True (but unknown) mean of the stress distribution
Mg = True (but unknown) mean of the strength (failure) distribution

a-?n True (but unknown) variance of the stress distribution
¢i= True (but unknown) variance of the strength (failure) distribution.

The above values can be estimated from sample results as follows:

A A
R =1-P
Where:
A
R = An estimate of the true reliability (R)
A
P = An estimate of the true probability (P) of failure-in-use which can be

found by entering a table of areas under the standard normal curve (appendix 3G)

with the following calculated value:
X X,

.‘/ Sf:.. S%

A
T = The normal deviate listed in appendix 3G for each P value.

T 2

Where:
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R, = Average in-use condition (in terms of the environmental stress level)
established by experience or actual measurement of the handling, storage, or
flight conditions.

X2 = Average stress at the observed point of failure, or the stress at the
point 50-percent point on the failure rate curve established by a test of increased
failure when the occurrence of a failure cannot be determined by inspection.

I?,— ?zl = Absolute difference between the two averages without regard to the
algebraic sign, which is a measure of the margin of safety.

5 = Standard deviation of the in-use conditions (in terms cf the environ-
mental stress level) established by actual measurement of handling, storage, and
flight conditions.

sp = Standard deviation of the stress at the observed point of failure or
standard deviation of the failure rate curve (in terms of the environmental stress
level) established by a Bruceton-type test of increased severity when the environ-
mental stress levels at the point of failure cannot be observed directly.

B. Life tests. When time is the variable rather than the level of the
environment and the length of time (t;) is observed for each failure and the test
terminated at the exact time (tg) of the last failure:

% = e- t/m
Where:
% = Sample reliability under the test condition as the probability of no

failures in time (t).
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e = 2.7183

t, + to+ --~ + t_, + (n-a)t
m= —t 2 5 gt (n-a)ty = 2 = Time per failure

t; = Time to failure of individual components.

h = Time during which "a” failures occurred.

a = Number of components that failed in time (h).
n = Number of components tested.

t = Required failure-free time.

This formula is not applicable during infant mortality or wear-out periods.

C. Binomial=-type data (binomial distribution). The following

technique is applicable when these conditions pertain:

a. The lot or population represented by the sample is very
large or infinite.

b. The sample size is less than 10 percent of the lot size.

c. Each test specimen can fail in only one way.

A
R =

3=

Where:

A

R = Sample reliability. The probability of success under the
test condition.

k Number of successes.

n

Number of test specimens or number of trials.

D. Variable-type data. By definition reliability is the probability

that an item will perform successfully under a specified set of conditions which
can include environments, or time, or both. If it does not perform

successfully, the item fails. By definition there are only
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two possible outcomes; success or failure. There are nc other alternatives
in reliapility testing.* Half of the test specimens used car perform suc-
cessfully, but any particular specimen cannot "only half succeed” or "succeed
half way.” Just as when tossing coins, heads can occur on half of the coins,
but on any one coin there cannot be a "half of a head."

By definition then, there are only two possible outcomes in reliability
testing. Data of this type —. called attribute data —
have only discrete values — are obtained by a counting process.

Variable data, as the name implies, can vary on a continuous scale-
from zero to infinity. This type of data is obtained by a measuring process.

Test books on the subject of statistics state that variable data &re
more efficient than attribute data because more information is obtained per
observation. But this advantage of variable data does not pertain to reliability
testing except in the direct method where the observed.values estimate the ultimate
dtrength. If variable data pe used for reliability testing in other cases, they can
only be for the purpose of measuring a characteristic of the test specimen to
determine the number of successes or failures. In this application, the "text
book” efficiency of variable data is lost — the results obtained in this
manner can be used in the formulas given above for calculating reliability.

The probability of a measured value%exceeding a given limit obtained

from the average and standard deviation of a dependent variable (such as, ohms

¥Reliability testing means the stressing of a test specimen by an

environment or time, to measure the margin of safety.



resistance, percent elongation, timing sccuracy or hardness) at ambient

static conditions does not measure reliability. There can never be a reliability
with respect to a dependent variable. Dependent variables are properties of

an item or material the seme as reliability is a property.

An item or material cannot be stressed by, or subjected to, its own
properties. In failure testing an item's properties can be used to determine
only the number of successes or failures when the item or material is being
stressed by or subjected to an independent variable such as, E.M.F. in volts,
tensile load in pounds, or vibration in g's. In cases of this kind the observed
proportion of successes measures the reliability with respect to the independent
variable. The average and standard deviation of dependent variables at ambient
static conditions can measure only the quality of material, the quality of the
manufacturing process, or the effect of handling or storege on the measured
properties - not reliability. Although there can be reliabllity with respect
to storage conditions, this reliability must be measured using time as one of
the independent variables in distributions such as the Polsson. Reliabllities
of this kind are stated in terms of the probability of no failures in a given

length of time, not as the probability of a value exceeding a given limit.
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VI SYSTEMS RELIABILITY

Ol INTRODUCTION

The advantages and disadvantages of laboratory and flight tests
described above for components ulso pertain to testing complete systems; however,
testing complete systems cannot be used as a prediction procedure during R and
D since it is testing after the fact. 1In addition)testing complete systems is
expensive and difficult evern in the laboratory. As a result, it is concluded
that component testing must be done during the development phase in order to
obtain the required detailed information when it is needed. In so doing,
all of the shortcomings of the several methods of reliability testing which
constitute the state of the art, culminate in the estimate of system reliability.
Some of the errors are compensatory, as:

A. PErrors that underestimate reliability.

a. Testing without failure.
b. Estimating reliability under extreme use conditions only.

B. Errors that overestimate reliability.

a. Applying environments in sequence instead of simultaneously.

b. Estimating reliability with respect to only one environment.

¢c. Calculating system reliabilities on the assumption that
components function and react to environments independently.

To what extent these errors compensate one another is not known.



The one big advantage of testing complete systems under use conditions
after the R and D phase, such as flight tests during stockpile testing, is the
higher reliability that can be demonstrated in series systems with a given sample
size. For example,if 15 adaption kits are flight tested without a failure, this
demonstrates a system reliability of at least 85 percent at the 90 percent (one=-
sided) confidence level. On the assumption that the adaption kit is made up of
5 major components in series, it would be necessary that 70 of each of the 5
ma jor components be tested without a failure to demonstrate an equivalent
system reliability calculated from the components. In addition the difficulty
of how to apply the enviromments to the components in the laboratory would be
encountered.

2. CALCULATION

Obtaining point estimates of system reliabilities from component
reliabilities requires the development of a probability equation based on the
circultry of the system and the laws of probability. Since this procedure is

treated extensively irn readily available literature,k such as reference 15, it

?

has not been included here.

When each test specimen (such as & system) can fail in more than one

way, the Poisson distribution can be used as follows (ref. 1k4):

2..7%
Where:

ﬁ = Sample reliability under the test condition as the probability of

no failures.



e = 2,7183
X = a/n the average number of failures.
@ = Number of failures.
n = Number of test spécimens.
3. SAFETY
Safety can be defined as the probability of a catastrophic failure.
A measure of this characteristic can be obtained from the techniques described
herein for reliability, with slight modification. For the determination of safety,
only catastrophic failures can be counted and used. In this case,of course, the
objective is to calculate the probability of a failure-in-use - not its complement.
The relation between safety and reliability can best be seen from the
following diagram:
PROBABILITIES

Safe + Unsafe =1
() ( —
GOOD+lDUD+PREMA!I.'URE+IATEJ=l

v
Reliable + Unreliable = )
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VIl RELIABILITY CONFIDENCE INTERVALS

1. Introduction
A. Definition
A confidence interval is a range of values within which the
true population parameter—such as reliability-is expected to lie. The confidence
level associated with this interval is a probability statement expressing the
proportion of the time the true value is expected to be within the interval or,
is the probability of being right in predicting that the true value will be
within the calculated interval.
B. Best Estimate
In order to calculate a valid confidence interval the "best
point estimate" of the true population parameter must first be obtained. Whether

an estimator is the "best" depends on how it is determined and how it is us-d.

-On the assumption that the estimator used is the correct one for the intended

purpose, it is considered an unbiased point estimate if the mean of all the
possible sample values equals the true population parameter. This also means
that the estimator is accurate. In addition to being unbiased the estimator used
should also be efficient. That is, the unbiased estimator chosen for use should
have the minimum variance of all the possible unbiased estimators that could be
used. This means that the estimator should be precise. An estimator that is
both unbiased (accurate) and efficient (precise) is said to give the "best
estimate" of the true population parameter. It is this kind of estimator that

is required to calculate valid confidence intervals or confidence limits.



In most engineering work the arithmetic average of variable
date is the "best estimate" of the true mean of the population represented by
the data. That is, the arithmetic mean meets the requirements of a "best
estimate" since:

(1) The mean of all the possible sample (arithmetic) averages
equals the true mean and is therefore unbiased.

(2) The variance of the arithmetic mean is smaller than those
of other possible estimatorsysuch as the median, mode, or mid-range.

Whet has been said avove for variable data is also true for
attribute deta. This means that in both cases the "best estimate” of the true
population mean is the observed or sample average.

In reliability testing the '"best estimate" is the observed
proportion of successes or failures. Anything else cannot qualify as a "best
estimate;'. For example, the various attempts thet have been made to avoid the
dilemma created by obtaining no failures in a test sample include the use of the
lower limit of the 50% confidence level as the "best estimate!' This value
cannot qualify as a "best estimate™ since:

(l) The lower limit of a confidence interval can rarely be an
unbiased estimate of the "true value" the interval is expected to encompass;
(2) any lower confidence limit which equals or exceeds 50% has a larger variance
than the observed value,

In sumary, then, the obserwed sample average (or proportion)

is the only value around which a confidence interval should be placed.
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2. CALCULATION FOR CGCMPONENTS

A. For tests of increased severity

Calculate the limits of the confidence interval for Xé as
follows (ref. 3):

o tsz

/i

Where:

X2 = Average stress of the failure distribution, or the stress at the 50
percent point on the failure rate curve generated by a test of in-
creased severity.

t = Coefficient by which the standard deviation is multiplied to control
the confidence level.

Sp = Standard deviation of the failure rate curve (generated by a test of
increased severity) in terms of the stress.

np = Sample size used to obtain X,.

These adjusted values of Xp are then substituted for Xp in the above formula for
reliability from tests of increased severity and the reliability recalculated
for both limits. These recalculated values can be taken as the upper and lower
limits of the confidence interval for the average (point estimate) reliability-
in-use.
B. Life tests

When the length of time (ti) is observed for each failure and

the test terminated at the exact time (t,) of the last failure.

e-Ut/2am < g < o-Lt/2am
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Where:

L =

can fail

ref. 21)

large or

True Reliability

2.7183

Upper percentage point of the chi-square distribution obtained from
Appendix 3c for half alpha and 2a degrees of freedom.
Lower'percentage point of the chi-square distribution obtained from
Appendix 3c for one minus half alpha and 2a degrees of freedom

Required failure-free time.
ty + tp + tg + --- + tg + (n-a)t,

a
Number of components tested.

C. Attribute=type data

a. Binomial distribution:

The following technique is applicable when each test specimen

in only one way and when any one of these conditions pertain (page 120

(1) The lot or population represented by the sample is very
infinite.

(2) The sample size is less than 10% of the lot size.

(3) Sampling is done with replacement.

Lower Limit (page 373 ref. 23):

a
R ° &7 (nasl) F,



Where:

Lower 1limit of the confidence interval for defects or failures. One

3
1

minus this proportion is the upper limit of the confidence interval

for successes.

a = Number of defects or fallures.
n = Sample size or the total number of trials.
F, = Upper percentage point from a table of the F-distribution.

Enter the F-table in Appendix 3E with the following values:

V, = 2 (n-a+l)
Vé = 2a
Upper Limit:
(a+l) F,
P = Ta-a) + (a+1)F,
Where:

P, = Upper limit of the confidence interval for defects or failures. One
minus this proportion is the lower limit of the confidence interval

for successes.

a = Number of defects or failures.
n = Sample size or total number of trials.
Fb = Upper percentage point from a table of the F-distribution.
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Enter the F-table in Appendix 3E with the following values:

U}

V), =2 (a#l)

Ve

2 (n-a)
These limits can also be obtained directly from the tables in Appendix 3B.

b. Hypergeometric distribution:

This distribution is applicable when each test specimen can
fail in only one way and when all of the following conditicns pertain (page
120 ref. 21):
{1) The lot size is small (finite) but can be considered the
population and not a random sample of a much larger volume of material.
(2) Sampling is done without replacement.
(3) The sample size exceeds 10 percent of the lot size.
The usual formula for the hypergeometric distritution calculates
the probability that a given sample will contain exactly "x" defectives.
This calculation is based on the size of the lot (population) when the lot

fraction defective is known. However, the converse of this is usually required.

Thus, knowing the observed fraction defective in the sample, the upper con-
fidence bound of the fraction defective of the lot is required. Tables based
on the hypergeometric distribution have been prepared from which the desired
information can be obtained directly (see Appendix 3H). In addition, the upper
confidence bound of the fraction defective of a finite lot can be estimated by
multiplying the upper confidence bound of the fraction defective of an infinite

lot by the following factor:

/ N-n
N-1 (see page 121 ref. 21)
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Where:
N = The lot size.
n = The sample size required to calculate a given upper confidence bound
of the fraction defective in en infirite lot, using the binomial distribu-
tion.
Care should be taken in the use of the hypergeometric distribution. The upper
confidence 1limit of the fraction defective of a fiinite lot is less than that for
an infinite population when each is predicted from equivalent or identical
pamples. This comparison is shown in the following table for samples containing

m» defectives and for the 90 percent one-sided confidence level:

Sample Lot Proportion Defective
_Size Size Hypergeometric¥* Binomial¥¥*
2 Lo 675 .684
4 koo 438
8 225 .250
16 .100 .13
32 .025 .070
p) 100 .36 .369
10 .19 .206
20 .09 .109
Lo .ol .056
80 .01 .028

% Finite lot size taken as the population.

% Infinite population.
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Sample Lot Proportion Defective

_Size Size Hypergeometric* Binomial¥*¥
10 200 .20 .206
20 .10 .109
Lo .05 .056
80 .02 .028
160 .005 .01k

* Finite lot size taken as the population.
** Infinite population.

The hypergeometric distribution is useful in acceptance testing where
decisions must be made about specific lots of finite size. However, it should
not be used in the development and stockpile phases of a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>