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ABSTRACT

The current methodology by which the components of a War Readiness Spares
Kit (WRSK) are determined are based on mean times to failure for the entire
U.S. Air Force inventory. The failures on a specific aircraft type during a
calendar period are divided by the flying hours logged on that aircraft type
during the same period. The configuration of the kit is then optimized using
the Poisson distribution to approximate the demand behavior on the kit. The
Poisson process requires a single statistic, the mean value of distribution,
for which the world-wide mean time to failures is used.

There are several alternafives to the use of a Poisson distribution. In
particular, the negative binomial distribution has been suggested as a more
appropriate model and it has been demonstrated that the configuration of the
WRSK would change under this assumption.

Underlying the two distributions is a theoretical difference. The
Poisson process arises when a fleet of aircraft have a constant failure rate
associated with each component airplane, but the failure rates among the
airplanes are distributed as a Poisson distribution. The negative binomial
arises when the constant failure rates of the individual airplanes are
distributed as a gamma distribution.

In order to test the suitability of the distributions, it is necessary to
investigate the true distribution of failures among airplanes. The cdata sre
too aggregated to achieve this end after they have been collected from the
bases, so data gathering was done at the base level. Maintenance records and
flying hour records were each gathered from their points of origin.

Two such attempts to gather data were undertaken, one at Moody Air Force
Base and the other at Cannon Air Force Base. The flying hour data at Moody

were incomplete, and it was not possible to construct a sufficiently large




number of failure intervals for analysis. The data from Cannon were complete
and the analysis proceeds from this data base.

Seven thousand and fifty-eight flying records, covering seventy-six
airplanes from July 1979 to September 1980, were obtained from Cannon.
Merging these records with the maintenance data produced 1146 intervals
between verified failures of forty-one removable components on seventy-five
airplanes. The 46 planes which flew at least 200 hours showed 1026 failures
on 58 WUCs in their first 200 hours, while the l4 planes which flew at least
300 hours showed 323 failures on 43 WUCs in their first 300 hours.

Two types of analysis were undertaken. The first was an analysis af the
mean time to verified failures for the fleet. In the majority of the cases,
the hypothesis that the data is Poisson distributed could not be rejected,
however, in some cases the Poisson distribution was rejected as an adequate
fit of the data. The negative binomial is a viable alternative fit for the
data. Even in some cases where the Poisson could not be rejected, the
negative binomial appears to be a better model.

The second analysis tests the hypotinesis that the assumed constant
failure rate of WRSK items is Poisson distributed among the fleet aircraft.
Rgain, the hypothesis could not be rejected for the majority of WRSK items,
but could be rejected for several, indicating that the Poisson model is not an
adequate fit for the fleet rate-of-failure distribution.

A test of effect of surge was run. Although there were several surge
exercises during the period for which data were collected, there was only one
major exercise, Coronet Hammer. Eighteen airplanes took part in this
exercise. Those items which were affected by Coronet Hammer could be isolated
and were dropped from the data set. The two tests were repeated. Tne
interval test on the total fleet failure distribution for the reduced set

showed no deviation from the adequacy of Poisson gistribution. Tne
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rate-of-failure distribution among airplanes in the fleet failed to show more
homogeneity without consideration of surge-stressed items. The lack of
confirmation that surge affects the rate of failure, makes the conclusions
suspect. Since the aircraft that took part in Coronet Hammer flew more hours,
they are over-represented in the sample. 1If they also display lower failure

rates and were therefore selected, the results would be consistant.
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I. INTRODUCTION

A. BACKGROUND COMMENTS

The mission of the United States Air Force requires it to be ready to
provide operational airplanes anywhere in the world on short notice. The de-
ployment of these airplanes will not always include immediate access to normal
supply channels for spare parts, yet maintenance will certainly be requirea.

Tne War Readiness Spares Kit (WRSK) is an air transportable package of
spare parts designed to maintain a specified number of airplanes as a fleet
capable of performing its mission for a specified period of time, in case the
airplanes are deployed beyond the reach of normal supply channels.

For example, a typical F111D WRSK is designed to support twenty-four
planes for a thirty day, 1723 flying hour program. It contains 994 component
items with from 1 to 144 units of each item, renging in cost from $0.01 per
unit to $566,500.00 per unit, for a total of 3366 units and a total cost of
$144,849,767.00.

In order to make the best use of the taxpayers' dollars, it is important
that no more parts be included in the WRSK than will be necessary to maintain
the fleet for the desired flying hour period and mission. For the F111D kit,
a ten percent excess in stockage may cost over fourteen million dollars. Yet,
it is also important that the kit actually be capable of supporting the fleet
as it is intended.

B. CALCULATION OF THE INITIAL WRSK

The determination of which items will be included in the WRSK is both a
mechanical and a political process. It is influenced to some extent by the
apparent likelihood of failure of an item, to some extent by safety considera-

tions, and to some extent by interaction among the system manager and his
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using organizations. The process of selection has been thoroughly described
elsewhere (Rasmussen and Stover, 1978: 10-14). In summary, the following
factors are considered by the system manager in preparing a list of candidates
for inclusion {Morrison and Probst, 1975, cited in Rasmussen and Stover, 1978:
10-11):

1. Probability of demand

2. Mission essentiality

3. Dimension (certain size limitations are set due to palletization re-

quirements)

4. Maintenance capability

5. Remove and replace time

If it were possible to say precisely how many of each item would break
down during deployment, the kit could be made up of just those exact parts, in
the precise quantities that would be needed. In fact, there is uncertainty.
It is necessary to estimate how many units of each item will be needed. This
estimate is based on information about past performance of the part. For ex-
ample, if it is known that in the pest, four transducers failed in twelve hun-
dred flying hours, then, assuming a constant failure rate, ten transducers
would fail in three thousand flying hours. This information can be calculated
for each individual part, or item.

Once the list of items has been developed, the quantity of each item to
be included in the WRSK must be calculated. 1In general, a demand rate ex-
pressed in units per flying hour is multiplied by the total flying hour pro-
gram that the kit is designed to support. The calculations include modifica-
tions to allow for repair capability, if any, at the deployment site.

1f the item is not repairable, the initial list quantity is obtained as

follows (Rasmussen and Stover, 1978: 14):




Initial list quantity = D X QPA X R , where

D = Organizational and field maintenance demand rate, in units )
per unit flying hour,

QPA = Quantity of the item per aircraft, and

R = Wartime flying hour program.

If the item is repairable, the initial list quantity is obtained as fol-
lows (Rasmussen and Stover, 1978: 14):

Initial list quantity = DD X QPA X R + BR X QPA X RC , where

DD = Organizational and field maintenance demand rate, in
units per unit flying hour,
BR = Base repair rate of the item, and
RC = Base repair cycle program--the number of days required to repair

the item, usually impressed as three days.

Additional modifications may be used to allow for setup time of repair
facilities at the forward site, snd for a flying hour program that varies
daily.

The list.is then negotiated with the using major command, taking into ac-
count whether or not the item is @ safety-of-flight or a time change item.

The F111D kit described above was designed by this method.
C. OPTIMIZATION OF THE WRSK

After the kit is initially calculated, it is optimized. Optimization re-
fers to improving the efficiency with wnich money is spent on the WRSK. The
resulting kit costs no more than the initial kit, and is at least as adequate
as the original kit was. For the WRSK, adequacy is measured in temms of the
expected number of Stock Due Outs (SDO's), or outstanding backorders, and the
expected number of Not Mission Capable (NMC) airplanes. There are several

methods of optimization available (Messinger and Shooman, 1970). In the case




of the WRSK, optimization is accomplished by a process known as marginal anal-
ysis.

As Chen pointed out (1979: 9), marginal analysis may begin with an empty
initial kit, or with a large initial kit, or with the existing kit composi-
tion, but “different initial kits will result in different final kit composi-
tions, which, in turn, vary greatly in terms of cost and level of readiness."
Chen endorsed using the conventional kit as a starting point (1979: 15). Chen
also developed an algorithm to use another optimization method, the branch anc
bound technique, to optimize the WRSK (1979: 17-29).

The WRSK is currently calculated using marginal analysis, with the con-
ventional kit as the initial kit.

As an example, the F111D WRSK described above was optimized by the use of
the marginal analysis technigue. The total cost of the kit dropped from
$144,849,767.00 to $129,527,231.00. a savings of 10.5%. The expected number
of NMC aircraft dropped from 11.32 to 11.29, and the expected SDO dropped from
563.016 to 476.610. The total number of units rose from 3366 with the con-
ventional kit to 4277 with the marginal analysis kit. So, in this case, the
performance of the kit was improved under both criteria, while the cost was
reduced by over ten percent.

This improvement is obtained by comparing the advantage to be gained by
including any one item with the advantage to be gained by adding any other.
The item which gives the greater advantage per dollar provides the more effi-
cient use of the money allocated for the WRSK.

In comparing advantage, it is necessary to compare the relative like-
1lihood of events. This can be done by the use of probability distributions.
Probability distributions allow calculations that will give the likelihood of
one failure, or two failures, or of any number of failures, if enough is known

about the past behavior of the part. For the Poisson distribution, all that
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it is necessary to know is the average failure rate, and since this informa-
tion is convenient to obtain and simple to calculate, as demonstrated above,
the Poisson distribution is used in the WRSK calculations.

Using the Poisson probability distribution, also called the Poisson prob-
ability density function, it is possible to calculate the expected number of
SDO and of NMC aircraft. Then, that spare can be added to the stock that re-
duces the expected number of SDO and NMC at the lowest possible additional
cost.

For example, suppose both a discriminator, costing $511.90, and a valve,
costing $9,322.00, have the same expected number of failures, and the same ex-
pected number of Not Mission Capable aircraft if they are not added to the
WRSK. The advantage of removing an aircraft from NMC status costs $511.90 if
the discriminator is included, and $9,322.00 if the valve is included. So the
discriminator provides the same advantage, more cheaply.

The actual calculations for the WRSK allow for cases with more than one
unit of the same item on the airplane, and with different failure rates. With
the large number of items included in the WRSK, the marginal analysis calcula-
tions are computerized.

The initial or "conventional"™ kit, the marginal analysis kit, and the
other optimization procedure developed by Chen all depend on the use of an av-
erage total demand rate calculated on data gathered on all bases worldwide.
Because this average demand rate is used, a Poisson probability distribution
is used to calculate the likelihood of failure, and expected SDOs and NMC air-
craft.

0. DISCRETE AND CONTINUOUS DISTRIBUTIONS

The Poisson distribution is a member of a class of distributions that are
called discrete distributions, because they give the likelihood of whole

items--how many events occur in a period of time, how many holes are dug in an
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acre, and so on. This is called a discrete distribution because the items be-
ing counted are discrete, or separate, and indivisible. For a discrete dis-
tribution, it is possible to say, "there is a ten percent chance of failure in
the first ten minutes," but it is not possible to say, "there is a twenty per-
cent chance of half a failure in fifteen minutes.” The event in question is
indivisible.

On the other hand, suppose the question is, huw much time occurs between
failures? There might be an hour between failures, or half an hour, or
twenty-three and a third seconds. Time is not discrete, or indivisible, and
the type of probability distribution that is used to discuss the distribution
of time is called a continuous distribution, because it gives the likelihood
of a continuous item.

Either a continuous or a discrete distribution may be used to describe a
given situation, discrete if the events or occurrences are being counted, con-
tinuous if the intervals between events or occurrences are being examined.

There is an intimate relationship between certain discrete and certain
continuous distributions. In any case where a Poisson discrete distribution
describes the distribution of events, the exponential continuous distribution
describes the distribution of the intervals between events. This result is
extremely useful because, if it is difficult or impractical to examine one set
of statistics, it may still be possible to examine the other set, and if one
type of distribution can be established, it establishes the other. Proving
the presence of a Poisson discrete distribution proves the exponential contin-
uous distribution. This result is so important that the entire system is re-

ferred to as a Poisson process. When a Poisson process is referred to, it

automatically implies an exponential continuous distribution of the inter-

arrival times.




Another discrete distribution is the negative binomial distribution.

Like the Poisson, it is used when the distribution of the discrete events is
needed. When a lot of individual airplanes have different constant occurrence
rates for some event, and the different constants are distributed by the gamma
distribution, then the negative binomial describes the total distribution over
all individuals.

It has recently been shown (Bain and Wright, 1981) that a certain contin-
uous distribution, related to Snedecor's F, is to be expected when the nega-
tive binomial distribution describes the distribution of the events. If the
Bain-wright interarrival times are present, then the negative binomial de-
scribes the distribution of events. If it can be shown that a negative bino-
mial distribution describes the distribution of events, then a Bain-Wright
interarrival distribution has also been demonstrated. If one is known, the
other is known.

Among other continuous distributions, Hahn and Shapiro (1967: 118) note,
“the gamma and log-normal distributions have been advanced as time-to-failure
distributions on both theoretical and empirical grounds."

Other discrete distributions which might describe the distribution of
failures include the Pascal and the geometric distributions. The negative bi-
nomial distribution is a generalization of the Pascal distribution, and the
two are often discussed together, while the geometric distribution is a spe-
cial case of the Pascal distribution.

E. POSSIBLE INADEQUACY OF THE POISSON

As mentioned above, the Poisson distribution is currently used to cal-
culate the WRSK, The use of the Poisson carries with it certain implica-
tions: that the failures are independent, and that the failure rate is a con-
stant. If the failure rate of a part were not constant, or if the failure of

a part depended on the previous history of the equipment, another probability
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distribution might be more appropriate for that part. This does not mean that
the Poisson would not be adequate to describe worldwide behavior and neeg for
that spare part. In any case where data from a large number of sources are
being combined, a certain smoothing effect occurs. Trus, demand for a part
over the entire Air Force may indeed follow a Poisson distribution, but that
may be because the aggregation of a large number of sources has eliminated the
effects at the unit level of such variables as weather, experience of the
mechanics, personnel transfers, command emphasis, and so on. Large peaks of
demand at the local level are smoothed out by the time they reach the depot
supply point.

At the local level, or even at the level of the individual airplane,
there may be another probability model that wauld better describe the distri-
pution of failures of some items included in the WRSK. would that have any
significant effect on the ability of the WRSK to support a fleet?

In a very focused attempt to examine the failure distributions of air-
craft equipment, Johnson and McCoy (1978) studied the behavior of three iner-
tial measurement units. They based their analysis on the arrival dates of un-
serviceable units at the maintenance depot, without regard for possible mar-
shaling of shipments. Thus (Johnson and McCoy, 1978: 15), "multiple arrivals
on a given date were indicated by multiple occurrences of that date on the
file." The file of "fallure” dates was then sorted chronologically, and par-
titioned into overlapping data sets. The first eight quarters of data were
grouped into the first subset, then the initial quarter was dropped and the
ninth added, to form the second population subset, and so on. Each of these
“base periods" for each IMU was an.:ysed separately.

The Kolmogorov-Smirnov test was used to determine if any of the popula-
tion subsets fit the Poisson distribution. WNone of the base periods of any of

the 'rnree IMJ's could be fit to the Poisson distributior:.
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The next test performed was a calculation of the variance-to-mean rat:o.
The variance-to-mean ratio of the Poisson distribution is unity, while for a
binomial distribution the ratio is less than one (indicating the variance is
less than the mean), while for the negative binomial distribution, the ratio
is greater than one. (The mean is what is usually called the "average," while
the variance describes how spread out the data is.) 1In all data subsets, the
variance-to-mean ratio was greater than one. This led Johnson and McCoy to
test the data for fit to the negative binomial distribution. Out of
thirty-six of these data subsets for the three IMU's, twenty-two were fit to
the negative binomial, at a ninety-percent confidence level. The other sub-
sets could not be fit to any distribution by the statistical analysis package
used by Johnson and McCoy.

Johnson and McCoy recommended (1978: 48, 49) further tests of both the
logarithmic Poisson distribution (which is a generalization of the Poisson)
and the negative binomial distribution. However, they noted (1978: 7):

"I1f the requirements computation were not sensitive to the differences in

demand embodied in alternative probability distributions, significantly

improved accuracy would not be expected. If the requirements computation
were, however, sensitive to these differences, the magnitude of the

change would indicate whether an improved technique would pay for itself
in savings or whether its effect would warrant the costs associated with

implementation."

F. JIMPLICATIONS OF NON-POISSON FAILURES

In a Rand Corporation Working Note, Lu (1977: 2) noted that one feature
of the marginal amalysis method of computation (which is called the D029) is:

*that it makes an explicit assumption that demand for spare parts

can be represented by a certain probability function. 1In this way, the

uncertainty inherent in spares demand can be explicitly modeled. But re-
?ults may depend on a particular assumption regarding the probability
unction.

*"In D029, it is assumed that the probability density function of demands
for spares during a period for which the WRSK is designed to provide sup-
port is the Poisson distribution. It may be necessary to perform an em-
pirical investigation to resolve this question. However, first, a para-
metric analysis should be undertaken to gain insight into the effect of

incorrect specifications of the probability function.*
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The Working Note reported on the results of that parametric amalysis.
Four WRSKs were constructed for the A-70, one based on the assumption of the
Poisson distribution, the others based on the assumption of a negative bino-
mial distribution.

The characteristics of the WRSK with a Poisson assumption and of the
WRSKs with the negative binomial assumption are shown in Table I. There are
three negative binomial WRSKs because, unlike the Poisson, which has one para-
meter, the average number of failures, the negative binomial has two para-
meters. A parameter is used to completely specify tne shape or form of a dis-
tribution.

The WRSK based on the Poisson assumption was then evaluated to see how
responsive it would be to a situation in which the demand distribution was in
fact a negative binomial. The results are shown in Table II. As Lu concluded:

*if the assumption about demand distribution is incorrect, the expected

performance of the WRSK can be grassly overstated. The most serious

practical implication of such a misspecification is that it could lead to
understating WRSK requirements.”

Another interesting conclusion of the Working Note was that the compo-
sition of the Poisson WRSK and of the Negative Binomial WRSK with vari-
ance-to-mean Ratio 2.5 were significantly different. See Table I1I. The con-
clusion of this comparison was (Lu, 1977: 9),

"if we switch from the Polsson distribution to the negative binomial dis-

tribution, the stockage of more than half of the items would be

affected. For a handful of high-cost and high-demand items, there will

be a little less depth in the stockage, but for a large number of

low-cost items, there will be an increased stockage. Thus, the compo-
sitions of the resulting kits are quite different. Implications of this
difference require further investigation."

To reiterate, Lu concluded, (1979: 10)

"First, we found that if we use the Poisson density function to approxi-

mate demands and it turns out that the demands follow a negative binomial

distribution, then our estimates of the characteristics of a WRSK based

on the Poisson assumption are too optimistic. Secondly, if a new kit
were to be determined based ~n the negative binomial assumption,
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TABLE I
CHARACTERISTICS OF A-7D WRSKS
Poisson Negative Binomial with
Variance-to-Mean Ratio

1.5 2.0 2.5

Cost ($million) 4.97 4,99 4.95 4,91
Stock Outages 60.5 69.6 77.2 73.4
NORS (NMC Aircraft) 6.4 7.7 8.8 9.8

Source: Llu, 1977, Tables 2 and 3: 7, 6

TABLE 11I
PERFORMANCE OF A-7D POISSON WRSK
UNDER NEGATIVE BINOMIAL DEMAND
vVariance-to-Mean Ratioc of

Negative Binomial Demand

1.5 2.0 2.5
SO 72.2 8l.6 89.3
NORS 7.7 8.9 9.9

Source: Lu, 1977, Table 3: 8




TABLE 111
DIFFERENCES IN DEPTH OF STOCKAGE OF
HIGH COST ITEMS
BETWEEN POISSON AND NEGATIVE BINOMIAL A-7D WRSKS

2.5
Item unit Cost Poisson WRSK Negative
Binomial
WRSK
RT Unit $ 4,257 19 18
Receiver 5,302 20 17
Receiver 30,890 14 12
Processor 19,274 18 15
IMuU 54,075 12 11
Computer 98,314 10 9
Display 33,472 15 13

Source; Lu, 1977, Table 4: 9
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the composition of this new kit will be quite different from that of the
original onre.

"The above findings suggest that empirical investigation is needed to
determine which probability density function will fit demand data better.”

As a direct result of that conclusion, this study is an empirical invest-
igation of failure distribution.

G. DISTINCTION BETWEEN FAILURES AND DEMANDS

It is worth noting at this point that there is a difference between fail-
ures and demands. At the depot level, there is virtually no distinction be-
cause, if an item which has not failed is removed from an airplane at the unit
level, it is tested and returned to stock at the unit or base level, and never
generates a demand at the depot level. However, at the unit or base level,
the distinction between demands and failures is more significant. Several
items may be removed from an airplane for testing and be replaced at once from
the spares stock. This generates a local demand, but all of those removed
parts which are not failures are checked out and returned to stock. Thus,
only a portion of demands may be classified as true failures. Conversely,
there may be failures which are not demands from an airplane. Items in stock
are periodically tested, and a failure of one of these items will result in a
demand on depot (or in a repair at the local level, if the item is locally
reparable) without being the result of airplane operation, and thus having no
functional relationship to flying hours, or sorties. Similarly, "hangar
queens," airplanes which serve as sources for cannibalized parts and are only
rarely flown, serve as a virtual extension of supply. A part may be removed
from one of these airplanes and tested as non-operational. The failure of
this part might be due to degradation, or to damage when other parts were re-
moved from the airplame, but it can hardly be related to the operation of the
source airplane.

wnat factors might influence failures in an airplane?

-13-




H. FACTORS INFLUENCING FAILURES

Bendle and Humble (1978) considered, from a theoretical point of view,
four different aspects of operating history which might influence failure and
degradation behavior. The four different aspects were: total elapsed calen-
dar time, total accumulated "on" time, length of current operating history,
and random environments. The unit was modeled as being capable of failing in
any one of the first three modes, all operating independently of the others.
The authors assumed a constant hazard rate in each of the first three modes,

thus invoking once again the assumption of Poisson behavior. As ir the case

of devices comnected in series, failure in any one mode caused failure of the
unit. Degradation of the unit was a function of the first three modes plus
random environment.

In this present study, the failure behavior is consicered to be in-
fluenced by flying hours, which, for the airplane itself, corresponds approxi-
mately to accumulated "on" time. It is recognized that individual items of
equipment may not be operated constantly while the airplane is in flight; an
extreme example would be tires, which are stressed on landing and takeoff.

It has been shown empirically that other factors affect failure behavior.

Tadashi (1975) showed that there were strong seasonal trends in the mean
time to failure of the Air Data Computer, correlating (Tadashi, 1975: 98-99)

"with a special training program for the Japanese Air Force: namely, a

flying technical competition for each Air Force Base had been held regu-

larly in the spring, and pilots tend to become more critical of equipment

(Air Data Computer) operation having an impact on aircraft flight sta-

bility in a competition season. For this reason maintenance service men

also become more critical of equipment performance ouring ground
inspection.”

Mean time to failure dropped in the spring, not as a result of the number

of flying hours changing, but rather because of the circumstances under which

the flights were occurring. This leads to the question, does failure benhavior
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in peacetime training accurately predict failure behavior under surge con-
ditions or under wartime deployment? Does the length or frequency of sorties
have an impact on the failure rate as a function of time? Hunsaker, Conway,
and Doherty determined (1977:v) that:

"the length cf time for a sortie has little affect [sic] on the number of

maintenance writeups following. Therefore, an increase in sorties for a

given period with no change in flying hours wouid generate additional

maintenance writeups."

They also noted (1977:v) that "some WUC's [Work Unit Codes] are sensitive
to specific types of mission flown."

Therefore, it can be seen that the type of mission, the circumstances
surrounding the mission, the attitude of maintenance personnel, and the length
and frequency of mission may all effect the failure behavior of an item of
equipment.

This study examines failures which result from aircraft operation.

I. OBJECTIVES OF THIS STUDY

The basic objectives of this study are:
I. Determine the probability distribution function(s) of peace-time
‘failures resulting in demands from a WRSK.
11. Determine the probability distribution function(s) of surge

failures resulting in demands from a WRSK.

111. Determine the relationship between peacetime failures and surge
failures.

In order to accomplish these objectives, operational data will be

examined.

J. REVIEW OF LITERATURE

1. Proshcan; accher and feingold. Tnere have been other studies of op-

erational data which examined empirical failure distributions. One of the

most well known of these is the study conducted by Proschan in 1963. Proschan
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examined data from a fleet of thirteen airplanes on failure of an air condi-
tioning system. The airplanes were all Boeing 720 jets, and the data covered
an extended period of time.

Proschan's data and paper were extensively reviewed by Ascher and
Feingold (1979). Both papers are discussed below.

Proschan's study had two major similarities to this study. First, "the
original aim was to make predictions and decisions for the entire fleet of 72
jets (rather than for individual airplanes)," so Proschan pooled data from the
airplanes as part of his preliminary analysis.

Second, the air conditioning system may be regarded as a reparable "black

box" component with unknown subcomponents. It is worth noting here that tnhe
WRSK in~ludes both reparable and non-reparable items, corresponding to the two
maintenance concepts used by the Air Force: “remove and replace” ("RR”), and
"remove, repair and replace" ("RRR").

The two concepts apply to components of the airplane known as LRUs, or
Line Replacable Units. These units may be thought of as "black boxes" with
unknown, undifferentiated contents. An LRU is removed from the sirplane when
there is an indication that the unit has failed, whether because the function
which it should perform is not being accomplished, or because there is a sys-
tem indication such as a warning light, or because of visible camage, or for
any other reason.

Once an LRU is removed from the airplane, it is immediately replaced by a
like item. This is the "remove and replace" part of both the RR and the RRR
maintenance concepts. The item is then bench checked, that is, tested in a
shop, to determine if it has in fact failed. 1If it has not failed, it is
placed with the stock of replacements. Depending on the turnaround time in

the shop, efficiency of the mechanics, and so on, it might even be immeogiately
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reinstalled on the airplane it was removed from, but this cannot be assumed,
and is not required. Rather, the unit is meant to be replaced at once.

Only after a failure has been verified, does the treatment of the LRU
vary between the RR and the RRR maintenance concepts. In the RR concept no
maintenance capability or spares are available to repair the LRU at the for-

ward site. The LRU is either disposed of or returned to the rear support ares

or the next higher level of maintenance support for repair. Under the RRR
concept, the items may be repaired at the deployed maintenance shop, and cer-
tain spare parts may be stocked. These parts are called Shop Replaceable
Units, or SRU's, and may be regarded as the subcomponents of the black box
which was removed from the airplane. One or more of these subcomponents may
have failed or been damaged, causing the component, or LRU, to fail. SRUs may
also be reparable, and are also classified as either RR or RRR items. In
their discussion of Proschan's paper, Ascher and Feingold made a strong dis-
tinction between repairable and non-repairable systems. The distinction de-

| velops from two commonly used meanings of "failure rate." One of these mean-
ings represents whether or not there is an increasing or decreasing tendency
for an item to fail the longer it is used. Ascher and Feingold preferred the
term "force of mortality” for this concept. It is also sometimes called the
"hazard rate.” The other meaning is the tendency of successive items in the

| same system to have progressively longer or shorter lives, which might be the

result of system deterioration or improvement. Ascher and Feingold illustrat-

ed this distinction with the following example (1979: 154):

o ——

"Assume that a sequence of light bulbs are placed in a socket, each re-
placing the previously burned out bulb. Assume further that each bulb
wears out, i.e., the longer it operates, the more likely it is to fail in
the next unit interval . . . . However, further assume that the succes-
sive bulbs have longer and longer lives, . . . . Under these assumptions,
the times between successive failures will tena to become larger and
larger in spite of the increasing force of mortality within
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each failure interval. If the usual terminology were used to describe
this situation, a statement such as the following would have to be made:
the overall ‘'failure rate' is decreasing even though the 'failure rate®
within each interval is increasing.”

Ascher and feingold thus distinguished between wearout of a reparable and
of a non-repairable item (1979: 154-155):

“For non-repairable items, the relationship of increasing force of
mortality to wearout is straight-forward: the older the unit (as meas-
ured from the time it was first put into service) the greater the chance
that failure will occur in the next unit of time. Ffor a repairaple iten,
however, wearout in the sense of increasing force of mortality is a prop-
erty of an interval between successive fallures. This follows from the z
fact that the 'age' associated with force of mortality is the time since
last repair instead of the time since the system was first put into ser-
vice. Therefore, aging in the different sense, that times between suc-
cessive failure of a repairable system are getting smaller, should be
referred to by another term, e.g., 'deterioration’'.”

As a consequence of the distinction they draw between repairable and
non-repairable systems, Ascher and Feingold conclugde (1979: 158),
"even when the homogeneous Poisson Process is the appropriate model for a

repairable system, this model is not equivalent to an exponential
distribution used as a model for a nonrepairable item."

In Proschan's study, the air conditioning system woulg be a -epairable item,
for which the Paisson Process is an appropriate model. 1In this study, gener-
ally, an RR item would be a nonrepairable item, for which the Poisson Process
would not be appropriate. However, no strict correlation can be made between
RRR and repairable in the sense of the distinction in question; apparently the
air conditioners in the Proschan study were identified with a particular air-
plane, whereas RRR units will not necessarily be returned to the same airplane
from which they were removed. They must be assumed to be "good-as-new” in
whichever plane they are returned to.

This assumption of "good-as-new" does not, however, correspond to an as-
sumption of "independent but identically distributed," as Ascher and Feingold
imply. The WRSK components fall into an intermediate category between the air

conditioner systems and the transistors Ascher and feinguld offer as
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alternatives. The WRSK components will be treated here as if an exponential
model were equivalent to a homogeneous Poisson process (and analogously, as if
the Bain-wright distribution were equivalent to the Negative Binomial process).

Proschan studied the distribution of failure intervals, rather than the
distribution of the number of failures in a given time interval. That is, he
was working in the continuous, rather than in the discrete mode. His test for
an exponential fit of the failure intervals has implications for the distri-
bution of the number of failures in a given time interval, since he was defi-
nitely working in a situation where the exponential model was equivalent to
the Poisson process.

Proschan first pooled all the interarrival times and computed their
mean. By the Maximum Likelihood Estimator, if the data fit an exponential
distribution, that mean would be its parameter. Using the Kolmogorov-Smirnov
test, he tested the exponential distribution (with its parameter estimated
from the data) against the data. Although he was unable to reject the expo-
nential distribution, he concluded that the fit was not good, because his data
crossed the theoretical line only once. That is analogous to comparing data
against a straight line, and finding that, although there is not a statistical
rejection, the data is all below the line to a certain point, and then all a-
bove it. The indication is that the data would better fit a line with a dif-
ferent slope.

Proschan then tested the data for each individual airplane to see whether
successive intervals between failures would show a trend. He used the Mann
nonparametric test against trend for individual airplanes, then pooled the
data using the Fisher procedure, and again found no significant evidence of
trend. He therefore concluded (Proschan, 1963: 180) that, "it would be appro-

priate to consider the successive intervals between failures for a single
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airplane to be governed by a single probability distribution." His next step
was to test whether the distribution of intervals between failures was expo-
nential for each plane. He performed the Proschan-Pyke test, ranking and nor-
malizing the intervals for each plane, then pooling the data for the different
airplanes (Proschan, 1963: 381),
"without necessarily assuming that the fallure intervals for different
planes have identical distributions; rather . . . that each plane has a
constant failure rate (equivalent to the assumption of an exponential

distribution), the constant being different for the different airplanes.™

His conclusion from this was that (1963: 381),

"no conclusive evidence exists that the intervals between failures for
the individual airplanes have increasing failure rates rather than con-
stant failure rates. Putting it more positively, it seems safe to accept
the exponential distribution as describing the failure interval,

although to each plane may correspond a different failure rate."

Ascher and Feingold pointed out (1979: 156) that it would have been inap-
propriate to perform the Praoschan-Pyke test if it had not already been demon-
strated by the Mann test that there was no trend in tne data, and that there-
fore the data could be assumed to be IID (independent and identically distri-
buted).

In the final section of his paper, Proschan discussed whether the dif-
ferent planes had different failure rates. He pooled the failure intervals
from all the planes, applied the Proschan-Pyke test, and concluded, "the
pooled distribution has a decreasing failure rate, as would be expected if the
individual airplanes each displayed a different constant failure rate.”

2. Bain and Wright. Recently, Proschan's data was reexamined by Bain
and wright (1981) who used it to illustrate the continuous interarrival dis-
tribution for the negative binomial distribution. The analysis assumed that
each plane had an individual constant failure rate, and that the failure rates

were distributed according to the gamma distribution. Using those airplanes

with at least 1000 flying hours, Bain and Wright estimated the average
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intensity (that is, the average of the individual constant failure rates) an:
was able to calculate the reliability of an air conditioner, and the number cf
spares required to be 95% certain of completing 100 flying nhours.

3. Fiorentino. Fiorentin6 (1979) generally followed Proschan's proce-
dure with failure intervals from ground electronic systems. First, however,
he plotted cumulative failures against cumulative operating time for each of
the twelve equipments he was testing. In some cases, the resulting curve was
concave upward, and in some cases concave downward, but in most cases there
was no clear indication of reliability change.

Fiorentino applied the Mann test for trend to each of the equipments he
was working with. He then applied a goodness-of-fit test for exponentiality,
and accepted the exponential for nine of the twelve cases. Finally, he
graphed the fitted reliability function against the empirical data, as
Proschan did. One of his equipments crossed the theoretical lirme only once
from above, but his pooled data fit the theoretical line very well.

4. Other Studies of Operational Data. Other studies of operational data

include a case history by Tadashi (1976) of a mechanical, rather than an elec-
trical device. Seventy-three percent of the removals over a seven year period
were due to preventive maintenance. The average time between overhauls was
about 400 hours. The removal time followed a Weibull plot, with a change in
the shape parameter at 45 hours, after which the Weibull approximated an expo-
nential.

Another example of development of an empirical failure distribution is
found in Bilikam ano Moore (1977). Data regarding aircraft and missile fail-
ures was considered to be grouped because it was known within what time span
the equipment failed (during the mission) but not at what precise time the
failure occurred. This is precisely analogous to the information available

about the WRSK components. Bilikam and Moore developed Maximum Likelihood
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Estimators for these data, assuming a 2-parameter Weibull distribution, and
also for the exponential distribution.

In a sequel to the above paper, Bilikam and Moore (1978) examined failure
data on one type of aircraft engine component, as well as operational inter-
vals for equipment which did not fail, Since, in this case, the actual fail-
ure times were known, the data were treated differently. Maximum likelihoad
estimators were obtained, and used to generate a simulation for botnh the expo-
nential and Weibull models. The authors did not make any gecision as to which
was more accurate.

Rather than determining the distribution for failure of parts of an air-
craft, Cockburn (1973) developed methods for modeling the failure times of an
entire aircraft from data which gave the mission duration and functional sta-
tus of the aircraft at the end of the mission. The data were grouped by mis-
sion duration, and were considered to be censored. Two models were considered
for the distribution: the Wweibull, and the exponential, which may be consid-
ered a special case of the Weibull. As Cockburn pointed out (1973: 13),

"the Weibull distribution is an appropriate model whenever the system is

composed of a large number of components and failure is essentially due

to the most severe flaw among a large number of flaws."
Several estimation methods were used to develop the parameters for the model.
Maximum likelihood estimates were used as well. These parameters were used to
estimate the probability that the equipment would survive a mission of spec-
ific duration.

The negative binomial distribution has been suggested elsewhere as a pos-
sible demand distribution. Mitchell (1976) investigateo the use of bivariate

distributions in aircraft logistical problems:

"Applications of bivariate distributions to certain aircrail logistical
problems are investigated. Primarily, a bivariate negative binomial
distribution is filled to spare parts demand data in two periods and to




monthly abort data on either side of a large scale maintenance event and
it is shown how the associated sample distributions can be useful in

parts inventory control and investigating the effect of maintenance
on an aircraft's performance."

In order to gather operational data, the present investigators

studied F111D airplanes at Cannon Air Force Hase.




II. METHOD

A. OVERVIEW OF RESEARCH DESIGN AND METHODS USED

Data regarding maintenance actions on selected aircraft components were
gathered from Cannon Air Force Base, New Mexico. Data regarding the flying
hours of aircraft at Cannon were also gathered. The maintenance data were
screened to eliminate records of guestionable accuracy, ang to identify fail-
ures of the aircraft components. The failure and flight records were tnen
merged to provide statistics such as interfailure intervals, number of fail-
ures in a given period of time, and so on. These statistics were then ana-
lyzed and compared with the theoretical Poisson process and with the negative
binomial process in an effort to establish the best fit for each component.
The oOata were then sorted by date and aircraft into sets stressed by surge and
unstressed by surge. These sets were then compared through the same sorts of
analysis as above.

8. DATA COLLECTION

In order to draw meaningful conclusions from maintenance data, there must
be an adequate amount of reliable, relevant information. There have been pre-
vious attempts to use maintenance records to develop failure and reliability
descriptions, only to fino the information either sparse, dirty (that is, un-
reliable--"pencil magic"), or simply irrelevant to the question at hand.

As vesely and Merren point out (1976: 158), "data collection in itself is
of no particular value. The payoff comes from extracting the proper informa-
tion from data.” In some cases, extracting the proper information is ex-

tremely difficult.
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In an attempt to oderive reliability and maintainability parameters from
Navy R & M data, Klivans (1977) broke the derivable parameters into four
classes:

1. MTBMA (mean time between maintenance actions)

2. MTBR (mean time between removals)

3. MTBVF (mean time between verified failures)

4. MTBMEF (mean time between mission-essential failures)

Note that Klivans is working with mean times between events--that ic,
whether explicitly or not, with the Poisson process.

"The specification requires that reliability be demonstrated by measuring

the mean time between mission-essential failures (MTBMEF) in a fleet op-

erating environment. The MTBMEF is based on those failures that woulc

apor@ or appreciably degrade . . . system performance in any of its

missions.

"The Navy R & M data available from carrier deployment are not detailed

enough to calculate MTBMEF. Therefore, to ensure that MTBMEF could be

derived, a control data source was establishecd at Miramar NAS for

operational system usage." (Klivans, 1977: 27)

1t was necessary for Klivans to use data gther than those ottained under
ordinary operational and maintenance recording procedures. In this present
study, the aim’was to use records collected under normal operating conditions
as the source of data.

The source of the maintenance data used in this study is the Maintenance
Data Collection System. The MDC system was designed primarily as a base level
maintenance management system. The objectives of the system are to provide
maintenance managers with information on the maintenance accomplished by as-
signed personnel, to identify the reasons why the work was required, and the
actions required to complete the maintenance job. All maintenance actions in-
volving direct labor expenditure such as scheduled inspection, preventive
maintenance, and unscheduled maintenance, both on-line and off-line, are re-

ported in the MDOC system.

-25-




The determination of a failure distribution is currently basea o0 tre re-
peateoc failure of an item over time measured in flying hours. Data on air-
craft operations are collected through the Maintenance Management Informaticn
and Control System (MMICS). These systems are merged to provide an average.
Given that X failures in a certain item (identifieg by WUC, Wwork Unit Cooe!
occurred in a time period such as three months, during which time Y flyin:
hours were generated at the same activity center, the mean time between fail-
ures can be calculated as X/Y. This procedure masks any difference among air -
planes, any trends, and the influence of surge or scrtie length variations.
unfortunately, the mean time between failures obtained cannot even be consia-
ered to provide a mean time between verified failures. Tne accuracy of the
maintenance data is extremely suspect. In his study of maintenance informa-
tion about ground electronic systems Fiorentinmo (1979: 71)) noted,

"the Air Force field technician is primarily motivated to 'fix' the

equipment and not to isolate failure causes. As a result, the field data

tend to reflect replacement actions which were performed to facilitate
the repair rather than specifics regarding the cause of failure.™

The following problems were noted with field maintenance data in that
study (Fiorentino, 1979: 21-22):

"Both the AFM 66-1 and AFM 65-110 data records were incomplete. For ex-

ample, it was possible to match the Job Control Number (66-1 data) with

the Equipment Status Repcrt Numbers (65-110) in only 54% of the totsl re-
ported malfunctions. In addition, some of the malfunctions involved mul-
tiple board or part replacements without any indication of which board or
part was the primary cause of failure. In other instances, a single
board replacement was indicated in the data without any follow-on part
failures or replacements. It was also found that some of the failures
were in redundant channels, and did not cause system outages or were in
associated test equipment. Other malfunctions listed in the data were
discovered during the performance of daily or phased inspections for
which the equipment is taken down on a scheduled basis.

"Lastly, some apparent malfunctions were linked with extensive trouble-

shooting times, but with no subsequent repair or replacement
actione.”




Similar problems were expected in gathering data for this study. Major
emphasis was put on developing criteria to screer the maintenance data in
order to provide a reliable verified failure. Theoretically, it should be
possible to identify mission-essential failures based on the presence or ab-
sence of an abort code; however, not all WRSK items are mission-essential, so
it was not within the scope of this study to carry the screening procedure
that far.

C. SELECTION OF SUBJECTS

1. Selection of Aircraft. The data were gathered from Cannon Air force

Base, New Mexico. Cannon is the home of the 27th Tactical Fighter wing, mace
up of F111D aircraft. All F111Ds which had records of flight operations and
maintenance actions still on file at Cannon were subjects of this stuay,
though the inventory actually at Cannon changes over time due to depot level
overhaul and other reasons.

2. Selection of Aircraft Components. For maintenance purposes, airplane

systems, subsystems, components, and subcomponents are identified by symbols
called Work Unit Codes. A Wwork Unit Code (wuC) is a five-character,
alpha-numeric symbol, which identifies the item on which the maintenance ac-
tion was performed. The first two digits of the symbol identify the major
system in the airplane, the third identified the sub-system within the speci-
fied system, and, in general, the fourth digit identifies the component and
the fifth the subcomponent (see Figure 1). In the figure, WUC 73000 refers to
the Bombing Navigation system; 73H00 refers to the Navigational Set, Inertial,
subsystem; 73HCO refers to the Navigational Computer Unit component; and 73HCB
refers to the Network, Input-output, No. 1, subcomponent.

Work Unit Codes to be studied were selected in the following manner:

First, the WRSK list for the F11lD was examined, and all EOQ (economic

order quantity) items were eliminated from consideration.
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Next, in order to simplify the data gathering, all items listed with a
QPA (quantity per application, or number of items on the airplane) greater
than one were eliminated.

Of the remaining WUCs in the WRSK, those with the largest apparent fail-
ure rate, according to the worldwide depot demand rate, were referenced in the
technical manual for the F111D. There were only two years of data available,
and items with low failure rates might not fail often enough in those two
years to be analyzed. Also, each run of the data extraction program could
only accommodate 150 WUCs, and it was desired to minimize the number of runs,
while obtaining the maximum possible amount of data.

If the WRSK item was a component, and had a WUC in the form XXXX0, such
as 73HCO, then 73HCO, and all its subcomponents were included in the extrac-
tion list. In this case, 73HCQ, 73HCA, 73HCB, 73HCC, 73HCD, 73HCE, 73HCF,
73HCG, 73HCH, 73HCJ, 73HCK, 73HCL, 73HCP, 73HCQ, 73HCR, 73HCS, and 73HCT would
all have been included in the extraction list.

On the other hand, if the WRSK item was a subcomponent, with a WUC in the
form XXXXA, such as 73HCB, then 73HCB and its parent component, 73CHO would
have been included in the extraction list. The parent WUC must be included to
extract data about the subcomponent.

The resulting list of over 300 WUCs was increased to total 450 by in-
cluding some WUCs with apparently low failure rates. 450 WUCs required three
runs of the extraction program at Cannon.

3. Extraction of Data. The data required were obtained directly from MDCS

and MMICS at the base level through the use of two programs developed by the
Design Data Center at Gunter Air Force Base and one developed by the Logistics
Center at Wright-Patterson Air force Base. See Appendix II. Two of the
programs extracted flight data, and one program extracted maintenance data.

Two programs were necessary for the flight data because "current" and
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"historical" flight information were stored in different formats. The data
extracted were the same, however. The maintenance information which the ex-
traction program NBDQ99 extracted included the following:

1. The Mission Design Series of the airplane, in this case F111D.

2. The airplane's "Tail Number," or serial number.

3. The Job Control Number. The first three digits are the Julian day

the Job was initiated; the last four digits are a unique identifier

for work begun on that oay.
4, Station location code: identifies the Base; in this case, Cannon.
5. The Work Unit Code.
6. The Action Taken Code, indicating, e.g., removal, failure, etc.
7. when discovered: a code telling when the malfunction was discovered
8. The year.

9. The stop day. The Julian data of completion of the action reported

in this entry, but not necessarily the final action under this job
Control Number.

The flight information which the programs NRFRMC and NFBRAA extracted in-

cluded the following:

1. The tail number of the plane.

2. The Julian date of the flight.

3. The total number of hours flown on this date.

4. The total number of landings on this date.

5. The total number of sorties on this date.

6. The total number of full stops on this date.

7. The identity of the unit owning the plane.

0. DETECTION AND REMOVAL OF ERRORS IN THE MAINTENANCE DATA

1. Introduction. The effort to purify thne data from the MOCS was con-

cent ~ated on three possible sources of error: sloppy recordskeeping,
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typographic error, and the problem of the "orphan part." Eradication of
"false" failures rather than retention of historically true failures received
priority.

The computer program which screened the MDCS data is called the MAINTLOG
program. It was developed at the Computer Center of the University of
Missouri-Rolla. See Appendix III.

In order to verify a failure, MAINTLOG required at least two Action Taken

entries--at least one removal/replacement action, and at least one shop action
indicating a failure had occurred.

Table IV lists the Action Taken Codes accepted by MAINTLOG in each cate-

gory.

3 2. Sloppy Records. It must be reemphasized that, while mechanics gen-

erally appreciate the equipment they work on, and enjoy fixing it, the same
enthusiasm, thoroughness, and intensity of effort is not apparent in filling
out required paperwork. Unlike supply personnel, who have a vested interest
in filling out their forms properly (the items they have ordered come in)
maintenance personnel do not receive any similar benefits as a natural conse-
quence of paperwork. On the contrary, paperwork provides a disincentive in
the time that is lost in filling it out, which might (it would seem to a
mechanic) more productively be spent in fixing something.

Further, it is not always possible to complete maintenance records as the
work is being done. They must be filled out after the fact, from memory.

i It is not surprising, then, that there is some mistrust of the accuracy
of the maintenance records. This mistrust is particularly understandable when
considering those statistics likely to be padded--length of time spent on a
Job by the mechanic, and so on. However, the aim of this study is to isolate
equipment failures. Tne verification process in large part consists of en-

suring that some work was actually done on the part in question, and that thc
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TABLE IV

ACTION TAKEN CODES ACCEPTED BY MAINTLOG

Code Action Description
Removal/ P Removal
Replacement R Remove and replace
Q Installed
A Bench checked and repaired
Failure o Bench checked--repair deferred
0] Bench checked--transferred to an-

other base or unit

1 through 9 Bench checked but not repairable
at the reporting station, returned
to depot, or condemnec

F Repair

G Repair and/or replacement of minor

parts, hardware, and softgoods
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item removed from the aircraft did receive some shop action afterwards which
indicated it had failed. By requiring two actions, the chance of accepting a
WUC which had been entered in lieu of coffee break is reduced. This
confirmation process has other benefits also, as will be discussed below.

3. Typographic Errors. Any unrepeated typographic error in the Airplane
Tail Number or in the Job Control Number causes the entry to be discarded be-
cause of 'the MAINTLOG requirement for at least two entries.

Discarding an entry with a typographic error does not necessarily result
in the loss of the entry recorded. Entries are frequently duplicated in the
MDCS records (possibly two mechanics working the same plane have both reported
the same action), and the information lost with a typographic error might well
be retained in a duplicate entry.

Repeated typographic errors in the airplane tail number would have no ef-
fect as long as the new tail number does not mimic an actual tail number; with
no flight data recorded under the erroneous tail number, failures recorded
under that number would not generate a failure interval.

The Job Control Number is composed of two segments: the Julian date on
which the Job Control Number was assigned, and the sequence number (which may
encode administrative information). As mentioned above, an unrepeated error
in the Job Control Number is discarded. 1In an actual example of this sort of
error, a series of 29 entries under JCN 0363055 was followed by 0363059 and
then 0366305. In the first case, a nine was entered instead of a five; in the
second case the six was entered twice, which shifted the other digits over.
MAINTLOG would discard the last two entries, but it would also report the
failure based on the first 29 records.

A repeated typographic error in the sequence number of the JCN may result
in loss of a true failure (if the shop action code and the removal/replacement

code are recorded under two different Job Control Numbers), or in a report of
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a failure under an incarrect JCN (if the shop action code and the removal/
replacement code are recorded under the incorrect JCN), or in a multiple re-
cord of a single failure (if several of the maintenance actions had been re-
corded more than once, a shop action code and removal/replacement code may
have been reported under both the correct and the incorrect JCN).

A repeated error in the Julian date of the JCN will distort the reported
flying hours between failures, unless the recorded Julian date is outside the
period of analysis. In that case the failure is lost.

4, "Orphan Parts." When a part is removed from an airplanc tor shop

testing, a tag is placed on it. The tag connects the part to its source air-
plane. If the tag were lost or torn off, the part could not be traced back tn
its source airplane. Other parts may be in the shop which came out of base
stock. There are periodic checks of base stocks to ensure no deterioration
during storage.

In order to confirm that the part whose shop action was recorded was ac-
tually removed from the airplane it was recorded under, an Action Taken Code
showing either removal, removal and replacement, or installation of the part
on the same airplane under the same Job Control Number is required. 1f a
higher level part, such as the subsystem containing the failed component, or
the subsystem or component containing the failed subcomponent, had a recorded
removal or replacement action, the MAINTLOG requirement is satisfied.

E. MERGING MAINTENANCE AND FLYING INFORMATION

The data obtained from the MMICS and MDCS systems must be merged in order
to obtain information about failures as a function of flying hours. The cal-
endar dates of verified failures, taken from the Julian date of the Job Con-
trol Number, are used as boundaries for the summation of information from the
flying data. All flying hours recorded for the airplane in guestion, between

the boundary dates, are summed up to provide the time between failures of the
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WUC which failed on the two boundary dates. If the plane flew on one or both
of the boundary dates, failure was arbitrarily assumed to have occurred at the
midpoint of that day's flying hours, otherwise it was assumed that the failure
occurred at the completion of the last flight before the failure. The times
between failure resulting, then, must be considered to be grouped, because the
exact moment of failure is unknown. The data as a whole must be considered to
be censored, because failures of each WUC were not recorded on each plane, and
some long times to failure may have been lost as a result.

F. PROCEDURE FOR ANALYSIS OF MAINTENANCE DATA FROM ANALOG EQUIPMENT

The F111D airplane is a digital system. Other airplanes in the Air force
inventory, such as the F4, are analog systems. Certain aspects of the analy-
sis of maintenance data for an analog system must be handled differently than
for a digital system. For example, most subcomponents in the F4 are shop re-
movable items rather than line removable items. Since removal/replacement ac-
tions are recorded only for equipment on line, that is, on the airplane, re-
movals are ngot entered for shop removable subcomponents of the F4. In order
to verify the origin of the subcomponent, a removal of the parent component
must be on record.

A digital system has a much greater capability than an analog system for
built in testing. Built in testing (BIT) refers to testing equipment in place
on the airplane, rather than taking it to the shop for testing in a mockup.
This advantage is due to the degree of degradation of signal in the system re-
quired to cause failure. In an analog system, a ten percent error in an input
signal results in a ten percent error in the output. A small degradation in
each of a series of items may result in a serious distortion of output. In
contrast, digital equipment is a go/no go technology. If the input signal is
within a range of acceptable values, it is adjusted to the target value. If

there were a ten percent error in each of a series of items, the error in
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input signal to each item would be corrected. An error outside of the
acceptable range would result in no output signal at all. Thus, it is much
easier to identify and correct faulty equipment in a digital system thar in an
analog system.

The effect of this difference in technology means that when an iter is
removed from a digital system, there is a strong indication that it nhas
failed, and not an associated piece of equipment. In contrast, many items may
pe removed from an analog system for testing in the shop as a result of o
suspected failure. It is here assumed that when several components are fro-
moved from the same analog subsystem for preliminary testing, not all the re-
movals may be recorded. Therefore, it is assumed that a shop action indi-
cating failure may be verifiable by a removal/replacement action on a related
component or subsystem. The degree of relationship desired may be entered as
a parameter to MAINTLOG.

Notice th=_ a wuC has five characters. If a parameter of "5" is entered
Lo MAINTLOG, the analysis will require a removal/replacement action on the
subcomponent in question itself, or on its parent component ar subsysten.

This is the procedure that is followed for a digital system such as the +111.

A parameter of "4" may also be entered. In this case, the first four
characters of the work Unit Code are considered to be significant 1f there
is a removal shown on any item with the first four characters, for example,
73HC, that removal is considered to validate the failure of any item with
those same first four digits which has a shop action code indicating failure.
It should be noted that the results with a parameter of 4 entered should be
the same as with a parameter of 5, because there should be no removal/replace-
ment codes for shop removable units, and most subcomponents in an analog sys-

tem are shop removable.
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A parameter of "“3" may also be entered to MAINTLOG. The first three
digits of the Work Unit Code are considered to be significant. If there is a
removal/replacement action shown on any item which has, for example, the first
three characters 73H, that action is considered to validate the failure of any
item with Liiose same first three digits. In practice, this means an assump-
tion that if any part of the subsystem was removed from the airplane, any
other part of the subsystem may also be assumed to have been removed.

It is recommended that this capability of MAINTLOG be reserved for tne
analysis of analog systems, after discussion with personnel familiar with the
procedures followed by maintenance workers. It must be based on a reasonable
assessment that not all removals are recorded properly, and that the only
realistic way to capture true failures from the maintenance records is to re-
lax the validation reqguirements.

For digital equipment, a parameter of "S" should be used.
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I1I. RESULTS

A. DATA OBTAINED

1. Introduction. Seven thousand and fifty-eight flying records, cover-
ing seventy-six airplanes from July 1979 to September 1980, were obtainea from
Cannon. Merging these records with the maintenance data produced 1146 inter-
vals between verified failures of forty-one WUC's on seventy-five airplanes.
The 46 planes which flew at least 200 hours showed 1026 verified failures on
58 WUCs in their first 200 hours, while the l4 planes which flew at least 30
hours showed 323 verified failures on 43 WUCs in their first 200 hours.

2. Interfailure Intervals. Table V shows how many failure intervals

were obtained for each Work Unit Code which had any. The table also gives the
worldwide mean time between failures for the wuC. This figure was calculated
from the total demand rate, which is in units per hundred flving hours. The
source of the total demand rate figure is the D029 Product List. Ffor example,
for WUC S1ABN, the total demand rate was 0.3333, giving a worldwide mean time
between failures of 300.00.

Although the correlation is not exact, it can be seen that for those
items with a reasonably short world mean time between failures the data ob-
tained were much denser. This is not unreasonable; for a failure interval to
be found, there must be at least two failures; if the fallures are relativel)
rare events, there may not have been a long enough record of flying hours nn
any one plane for two failures to occur. Of the seventy-six airplanes on
which flying records were obtained, only forty-six had over two hundred flying
hours for the period covereo. Items with worldwide mean times between faji-
ures of several hundred flying hours would naturally have very few failure in-
tervals show up in this data.

Of the forty-one WUC's listed in Table v, seventeen had more than ten
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WORK UNIT CODES

TRBLE V

WITH AT LEAST ONE FAILURE INTERVAL

WUC worldwide Number No. of Notes
Mean Times of Planes
Between Failures Intervals
(Flying Hours)

13CDA 17¢7 3 3
13ECA 2096 1 1
13ec8 2577 1 1
148CA 1013 1 1
14BCD 1202 1 1
14BCE 901 1 1
16CAC 826 2 1
44AAH 119 1 1
44AA7 132 1 1
S1ABA 699 1 1
51ABE 445 20 14 1
51ABH 303 12 7 1
51ABL 584 1 1
S51ABN 300 10 8
51CAC 235 17 16 1
61AAD 150 36 28 1
61AB0 (153;842)129 22 16 1 &2
61ACO (11494;168)166 21 19 1&2
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TABLE v (Continued)

WUC worldwide Numi-er No. ot Hrtes
Meanr Times of Planec
Between Failures Interval«
(Flying Hours)

61BARO 337 1 10 i
61BCO 1167 -

65AA0 221 “

65BA0 102 23 1= !
€58C0 111 4 “

65800 167 Z

71CAC 1637 6 K

71CBO 1319 3 2

71ZC0 2067 4

7300 787 1 n

73KGA 988 2 7

7 3KMO 685 3 3

73NAC 43 134 58 1
73NB0 307 4 3

73PAC 94 49 143
73P80 43 122 58 1
73P00 a3 167 57 ]
73PPG ’ 7 1 a3

73QR0 1s7 13 . 1

L et ke



TABLE V (Continued)

WwuC worldwide Number No. of Notes
Mean Times of Planes
Between Failures Intervals
(Flying Hours)

73RB0 69 117 46 1
73REQ 28 219 66 1
73SB0 176 27 21 1
73500 208 20 17 1
Notes:

1 - Plotted

2 - Two Items

3 - Not on WRSK list: no world mean available




interfailure intervals. These were selected for further analysis ir the cur.-
tinuous domain.

Items 61ABO and 61ACO were listed twice in the DO29 Proouct List, with
two different national stock numbers, two different nomenclatures, two cif-
ferent prices, and two different total demand rates each. The figure- ir
Table V for these WUC's give in parentheses the individual times between fail-
ure for each listing. Table V also gives the time between failure which woulc
correspond to the sum of the two demand rates.

Items 73PA0 and 73PPO were not on the D029 Product List, and thus no
total demand rate was available. These WUC's were included in the extracticn
list because some of their subcomponents are in the WRSK.

3. Failures. Recall that, in the discrete domain, the information atis-
lyzed is the event count, rather than tne length of the interval between
events. A constant length of time,£, must be selected as a basis for compar-
ison. In this case, two lengths of time were selected for analysis. First,
two hundred hours was selected, and the number of failures occurring during

the first two hundred flying hours of each plane which had two hundred flying

hours was obtained. Those planes which did not fly at least twc hundres heors
were not considered. This means that some information was lost, but some in-
formation was also gained: cases with no failures or with only one failure
are now included in the amalysis. Next, three hundred hours was selected, and

the number of failures occurring during the first three hundred flying hours

of those planes which flew at least three hundred hours was obtainea. Those

planes wnich did not fly at least three hundred hours were not now consid-
ered. The reason for analyzing the data for both two hundred and three hun-

dred hours was the striking difference in depth and breadth of data obtained.
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Table VI, for two hundred hours, gives the mean and variance of the num-
ber of failures obtained on each plane for each WUC, as well as the total num-
ber of failures over all planes, and the maximum number of failures any plane
showed for that WUC. For every WUC the minimum was 0, which means that for
every WUC at least one plane did not show a failure in two hundred flying
NOUTS.

Table VII gives the same information for three hundred hours: the mear
and variance of the number of failures, as well as the sum, the maximum, and
the minimum number of failures shown on a plane. For every WUC except 73REC
the minimum count was 0; for 73REOC it was 2, indicating every one of the 14
planes had at least two failures of 73REO.

B. ANALYSIS OF INTERFAILURE INTERVALS

The procedures followed in examining the interfailure intervals is a
graphic technique, following Proschan (1963), the second is a statistical test
of exponentiality.

The times between failures from each airplane were pooled (that is, con-
sidered as a group), and the fraction surviving was calculated, and plotted
against interval length.

Consider the following example:

Suppose three airplanes had the following failure intervals on item
XXXX0: the first plane had a thirty hour interval, the second plane had a
fifteen hour interval and a five hour interval, and the third plane had inter-
vals of fifteen and fifty hours.

Imagine that instead of three airplanes, the five operating units repre-
sented by the failure intervals all ran at the same time, with their intervals
starting at the same moment.

Up to five hours, all five units would be operating, which would be a

fraction surviving of 100%. At five hours, one of the units (from the second
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TABLE VI
FATLURE COUNT STATISTICS FOR FIRST
200 HOURS OF PLANES THAT FLEW AT LEAST

200 HOURS

WUC Mean (x) variance (sz) Max Suti;
13AAA 0.06541739 0.06231884 1 .
138CA 0.04347826 0.04251208 i

13808 0.04347826 0.04251208 1

138CC 0.02173913 0.02173913 ! :
13COA 0.08695652 0. 12560386 - Ny
13ECA 0.08695652 0.08115947 1 .
13HCE 0.06347826 0.04251208 ) 2
148CA 0.06521739 0.06231884 i 3
148C0 0.08695652 0.08115942 } 4
L4BCE 0.04347826 0.04251208 ) 2
16CAC 0.10869565 0.14347826 2 5
HOARH 0.06521739 0.06231884 ) 3
4R 0.06521739 0.06231884 ) 3
46DAA 0.02173913 0.02173913 1 )
49BAA 0.02173913 0.02173913 1 1
S1ABA 0.10869565 0.09903382 ) 5
S1ABD 0.06347826 0.042512