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PREFACE

This Memorandum is the belated result of interactions between two
separate requests for assistance from Air Force agencies. The first
was concerned with the materiel reliability of relatively old fighter
aircraft, and those results were reported nearly three years ago to
the TAC panel of the Air Staff. The second and more recent request
was made by Headquarters, Strategic Air Command, and concerned what
seemed to be a completely unrelated topic: the progressive change in
reliability of ballistic missiles during their development and opera-
tional use. The latter study was reported in A. J. Gross and Milton
Kamins, Reliability Assessment in the Presence of Reliability Growth,
The RAND Corporation, RM-5346-PR, September 1967. Both of these in-
vestigations involved thevstatistical analysis of reliability improve-
ment patterns, and the more complete analysis of the ballistic missile
study suggested that some of the lessons learned there applied equally
well to aircraft. Accordingly, the earlier informal analysis was up-
dated and refined somewhat, with extensions to compare the approach
with other suggested methods. From this effort have come a number of
observations that should be interesting not only to mathematicians,
statisticians, and operations researchers, but also to persons in the
Air Force concerned with aircraft selection, airframe spares procure-
ment, and other matters related to the consequences of accidents and

peacetime attrition.
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SUMMARY

This Memorandum shows how a reliability mathematics methodology
developed in a previous study can be applied in order to make useful
projections for peacetime accident and attrition rates of jet fighter
aircraft. The accident and attrition data for all jet fighters that
had seen substantial Air Force usage by 1963 were examined statistic-
ally, at first with the intention of discerning gross trends affecting
safety, and later to compare different methods for analysis and pre-
diction.

The earlier examination showed that aircraft reliability affecting
safety improves with years of service, with no evident onset of deteri-
oration due to advanced age, as long as the routine but comprehensive
Air Force maintenance and product improvement programs are pursued.

It was noted that during the last twenty years materiel failures have
steadily become a more important factor in jet fighter accidents,
probably reflecting the increased complexity of the '"Century Series"
fighters. Among the unexpected results were the discovery that having
two engines may be no more beneficial to safety than a heavy carry-over
of technical experience from one model to the next made by the same
company, and that the frequently mentioned factor of landing speed is
less important than either.

The later analysis, which compared prediction methods, confirmed
the above-mentioned conclusions for the category of attrition as well
as accidents. It also indicated that the hyperbolic model of reli-
ability growth (introduced in RM-5346 -- see Preface) is preferable

' model: it can represent the

in three respects to a '"learning curve'
trends more accurately, is easier to use for calculations, either
analytical or predictive, and permits statistically and practically
meaningful confidence limits to be calculated for past experience or

future projections of accident or attrition rates.
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I. INTRODUCTION

One of the interesting questions asked when a new airplane is
phasing into the Air Force inventory concerns the likely extent of
peacetime attrition losses, and a related topic, the projected require-
ments for those expensive airframe spares used primarily to repair
accident damage. More fundamental questions arise even earlier in the
process -- for example, what characteristics of an airplane make for
higher or lower accident rates. These subjects have generated much
speculation and a few good analyses.

A RAND Memorandum published in 1966* presented the results of a
systematic and thorough look at the attrition data from over ten years
of Air Force operations. About a year earlier, the Directorate of
Aerospace Safety at Norton AFB had published a somewhat less compre-
hensive, but still persuasive study, in response to the same Air Force
motivation that prompted the RAND effort.** That motivation concerned
both the general question of attrition prediction, and the more specific
one concerning the choice between single and dual engines for fighter
aircraft.

One may be pardoned for wondering why anybody would be so con-
cerned about the effect of some particular aircraft characteristic on
peacetime attrition as to ask for time-consuming and expensive research
on historical data to prove what any pilot (or engineer, etc.) already
"knows" intuitively: that a twin-engine plane is less likely to suc-
cumb because of engine failure. The lesson of redundancy has been
learned well in the aviation fraternity.

Perhaps an example that is more than superficially similar will
demonstrate that the '"obvious' may have important exceptions, or be
wrong altogether. For many years, the belief has been held that air-

craft with higher landiﬁg speeds have higher accident rates. One

* »
W. E. Mooz, Relationships for Estimating Peacetime Aircraft
Attrition, The RAND Corporation, RM-4840-PR, August 1966.

*k
"Aircraft Attrition as a Function of Single Engine vs. Twin
Engine," April 1965.



concrete outcome of this notion was the contention that the Convair
design for the TFX fighter would have 30 percent more accidents than
the Boeing design, due to a landing speed 7 knots (8 mph) higher.*
The quantification was a result of particular accident rate data, and
unfortunately ignores the fact that other things were going on while
the data were being generated. Figure 1 shows some actual data on
fighter accident rates for two time periods. On the basis of the
upper graph, one might legitimatély ascribe a higher accident rate to
the aircraft with higher landing speeds. When a later time period is
analyzed for the same ten aircraft models, however, the effect virtually
disappears, and what everybody knew in 1961 turns out to be wrong.

The explanation is simple. The six '"fastest' airplanes were the
"Century Series' fighters, at least half of which had just phased into
the Air Force in the 1959-1961 period. As everyone 'knows," time (or
flying hours, in some people's view) is the great mitigator of accident
rates, and those hot airplanes simply had not been around long enough
for everyone to get used to them. The point is that the obvious con-
clusion may be right in the short run, but long-range planners should
probably dig deeper.

The purpose of this Memorandum is two-fold: to identify those
factors influencing accidents or attrition, including one that seems
to have gone unnoticed before, and to quantify the most important
factors by using a relatively simple and apparently appropriate sta-
tistical tool.

Section II of this Memorandum describes the relatively informal
study of the trend of accidents involving materiel failure in Air
Force jet fighter aircraft, and the sometimes unexpected results of
that investigation. Section III makes a deeper study of the suit-

ability of the statistical tool used in Sec. II, including critical

*As reported in Aviation Report, No. 1260, October 4, 1963
(published by Aviation Studies International, Wimbledon, England).
Navy data shown therein paralleled the Air Force experience reported
here. A Navy report of the same vintage drew essentially similar
conclusions.
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comparisons with other methods. Since the conclusions of the study
are tied closely to one of these sections or the other, they appear

at the end of each section.
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IT. ACCIDENT RELIABILITY OF OLDER AIRCRAFT

Our study of .accidents involving materiel failure actually began
early in 1965, when Lieutenant Colonel Philo H. Rhynehart of the TAC
Panel in the Pentagon visited RAND to solicit opinions on the likeli-
hood that structural fatigue would affect the accident rate of the
F-100 fighter if it were used extensively in Viet Nam. At that time,
we implemented a simple modification of a reliability growth model
suggested by Lloyd and Lipow* and studied the accident-rate behavior
of USAF fighter aircraft by using accident data that covered calendar
yvears 1949 to 1963. This study resulted in a number of conclusioms,
one of which was the answer to Colonel Rhynehart's question: there
is no historical reason to believe that the age of the F-100 (or any
other) fighter should result in any increase in accident rates, pro-
vided that normal procedures for preventive maintenance and product
improvement are continued.**

Certain other conclusions were more pertinent to the current dis-
cussion. In order to put them in perspective, it will probably be
helpful to introduce the reliability model, which is one of those
used in RM-5346, Reliability Assessment in the Presence of Reliability
Growth. 1In the particular version of the model used here, the re-

liability, Rk’ at any stage k of a process is:
Rk =R_- c/k,

where R is the ultimate reliability (i.e., when the process is pursued

* V »
Reliability: Management, Methods, and Mathematics, Chap. 11,
Prentice-Hall, Englewood Cliffs, New Jersey, 1962.

**RAND observers returning from Southeast Asia indicated that
this is the case; wing reinforcements are being applied to F-100's to
combat an incidence of fatigue cracking, for example. This is also
reported in Aviation Week and Space Technology, Vol. 87, No. 22,

Nov. 27, 1967, p. 17.



to an infinite number of stages) and c¢ is the total amount of reli-
ability growth that can be achieved from stage 1 to stage = (i.e.,

R - Rl). Because accident reliability is so close to 1.0 (typically
around 0.9999), it is customary to treat the complementary quantity,
accident rate (unreliability), usually expressed as events per hundred

thousand flying hours or per hundred thousand landings, and denoted F.

1 - Fk =1-F - c/k, wherec= Fl - F_.

Fk =F + c/k.

If we let F_, the ultimate failure rate, go to zero, we can write:

log F, = log ¢ - log k

k

or, noting that ¢ = Fl in this case,

log F, = log F. - log k,

k 1

which shows the relation of this equation to one version of the well-
known logarithmic learning curve when the ultimate failure rate ap-
proaches zero (see Harold Asher, Cost-Quantity Relationships in the
Airframe Industry, The RAND Corporation, R-291, July 1956).

Maximum likelihood estimates for the parameters (F_ and c) were
developed, as in‘RM—5346—PR, and programmed in FORTRAN for the 7044
computer. The eleven systems studied are shown in Fig. 2. Those
above the horizontal line are single-engine, those below twin-engine.
Chronological progression is from left to right. The three arrows
indicate those instances where there was an unusually pronounced carry-
over of technology and experience from one airplame to the next one
produced by the same manufacturer. The F-94 was a 'stretched" F-80,
the F-100 a close relative of later F-86's, and the F-106 was almost
called the F-102B instead, for the obvious reason.

Some results of the maximum likelihood calculations for the F-80,

F-84, F-86, and F-94 appear in Fig. 3, which shows the accident rate
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per hundred thousand landings, for accidents where materiel failure
was at least contributory, as a function of the number of years in
service. Landings were used as the measure of exposure here, since
accident statistics in general indicate that they are a better indi-
cator of risk than flying hours; but since the distinction is of
little consequence in fighter aircraft, Sec. IIT will use the latter
measure in order to take advantage of some data for which the number
of landings was not available. The materiel failure category seemed
to be the most likely of the ones considered to reflect materiel de-
terioration problems. However, since it necessarily involves judg-
mental decisions by accident investigators, the all-accident data
were also‘treated. They showed similar results, an example of which
we will seé later,

The horizontal scales in Fig. 3 are reciprocal, so that the assumed
model appears as a straight line. The individual data points are also
shown (some early data for the F-80, 84, and 86 are missing, as the
Air Force did not tabulate accident cause in the earliest statistical
summaries). The data points indicate that the model appears to have
some merit for describing the observed accident rate behavior.

Two other observations can be made concerning Fig. 3. First,
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the initial accident rate Fl for the F-94 is the lowest (by a factor of
two) on the page, reflecting one effect of the heavy transfer of tech-
nology from the F-80 program. Another important factor is that the
F-94 was an air defense interceptor, a category with generally fewer
accidents, as we will see later. Second, while the ultimate accident
rate (F ) is near zero* for all four aircraft, it is sufficiently
higher in the F-94 than in the F-80 to cause those curves to cross

at about the 8-year point -- suggesting that in spite of obvious im-
provement with calendar time, this defense fighter with inherited
technical experience eventually becomes more prone to materiel failure
accidents than its pioneering jet fighter-bomber predecessor. In

this instance, the phase-out of the newer aircraft started just before
the crossover occurred, thus masking the later outcome, but the phe-
nomenon is one that occurs repeatedly in the data, and deserves further
comment.

It should be evident that the parameter F_ is descriptive of
aircraft safety in the later life of the system. Similarly, Fl (=F_+c)
is an indicator of system reliability in early service, and c is a
direct measure of how rapidly learning occurs. The fact that F_ tends
to be near zero indicates that ¢, the learning rate, is closely cor-
related with Fl (as previously noted, it is equal to F1 when F_ = 0,
and this is indeed the case. There is, however, an additional inter-

esting negative correlation between F. and F_; systems gsuffering the

most early trouble (i.e., the highestlearly accident rates) have for
the most part the lowest eventual rates, and vice versa. One likely
explanation is that new systems having more than some expected level
of accident occurrences get a disproportionate share of those Air

Force resources used to promote flight safety (''the squeaking wheel

gets the grease"). An alternative explanation -- that either F_ or

*A negative value for F_ results in the accident rate reaching
zero at some finite time, an unlikely occurrence whose indication
is clearly the result of chance variations favoring lower-than-usual
failure rates in later years of service. On the average, the values
of F_ for the materiel failure data are slightly above zero.
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¢ was related to program size -- could not be supported with jet
fighter data. While none of the foregoing seems to impact on the
question of reliability deterioration in old aircraft, it does seem
to suggest that our observation on the benefits of technical inheri-
tance may be restricted to early service life, a topic that will be
reexamined in the next section.

Figure 4 shows another indicator of materiel reliability for the
same four aircraft: the fraction of all accidents in which materiel
failure was at least contributory. In general the fraction is less
than half, and no strong time trends are evident. Older airplanes
seem to hold up quite well in the Air Force environment.

Figure 5 shows several results for the F-100, the primary subject
of the original study. Three graphs show accident rate per hundred
thousand landings versus year of operation (reciprocal scale) for
accidents in which materiel failures were at least contributory (MF),
for all accidents (ALL), and accidents in which materiel failures did
not occur (ALL - MF). The final graph shows the fraction of materiel
failure accidents as in Fig. 4. Once again, the growth model seems to
fit the data well, not only for the MF category, but for the other two
as well. Also, there is no apparent time trend in the fraction of
accidents in which materiel failure was a factor, though the level of
importance of materiel failure for this aircraft is higher than for the
previous four systems examined in Fig. 4. (The addition of accident
statistics for 1964, 1965, and 1966 did not alter these conclusions.)

The F-100 is the second of the three aircraft with close simi-
larities to the previous models by the same manufacturer. In this
case the maximum likelihood estimate of parameters for materiel failure
accidents shows no significant decrease in rate (in spite of a near
absence of materiel failure accidents in the first two years of ser-
vice, as shown in the upper left graph of Fig. 5). However, the esti-
mates for all accidents (upper right graph) show the F-100 to have
about a 50-percent lower accident rate than the F-86 for early years
of service, in spite of the fact that some of the F-86's were used in
air defense operations, which are generally less hazardous than tacti-

cal fighter operations. Once again, the curves of accident rates versus
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years of service cross for these two aircraft, this time at 1l years,
but the inclusion of thé defense versions in the F-86 data clearly
had a role in this; the curve for the F-86H tactical fighter does

not cross the F-100 curve. Summarizing tﬁe case of the F-100, the
downward accident rate trend fits the suggested model quite well, is
considerably below the level of a similar previous aircraft, and shows
no evidence of deleterious aging effects that cannot be prevented by
routine, but unmistakably effective, Air Force maintenance.

Figure 6 shows the accident rate data (for accidents where
materiel failure was either a primary or contributory cause) per
hundred thousand landings as a function of years in service for four
of the single-engined "Century Series' of jet fighters. Once again,
the time trend is clearly downward, but this time the assumed model
does not seem to be an especially good predictor, except possibly for
the F-102 (the fit to the '"all accidents" data, not shown here, is
substantially better in all cases). Once again the follow-on airplane
(in this instance the F-106) shows a nearly 50-percent improvement
over its predecessor.* As mentioned earlier, the F-106 is especially
closely related to the F-102, and the nearly 50-percent improvement
gives it an interesting distinction, as we will see in a moment.

Figure 7 shows the fraction of all accidents in which materiel
failure was a primary or contributing cause as a function of year in
service for the same aircraft as in Fig. 6. The substantial increase
in variability shown here and in the previous figure deserves special
comment; the numbers of aircraft in these programs are much lower than
for the F-100 and prior models, and in one case only about 100 air-
planes are involved. Even so, it is easy to see that for these air-
craft tyﬁes, materiel failures represent a much more substantial con-
tribution to accident potential than for the models prior to the F-100
(as shown previously in Fig. 4), but there is still no evidence of a

sudden increase of materiel failures in later life.

*

Once again, a crossover occurs in plots of accident rates versus
years of service, this time at 6 years. The F-102 has become safer
than the F-106.
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In view of the variability mentioned above, the all-accident
data were examined for the F-102 and F-106. Once again, the initial
rate was about 25 percent lower for the follow-on airplane than for
its predecessor, but thisg advantage decreased with years in service,
with equality being reached after eight years.

The last investigative topic of the original study was the pair
of twin-engined fighters, the Northrop F-89 and the McDonnell F-101,
the pertinent data for which are shown in Fig. 8. The accident rate
trends show no obvious differences from the single-engine cases, but
the fraction of materiel failure accidents for the F-89 shows a sharp
increase in the importance of materiel failures after the tenth year
of service. This is probably of no real significance; it occurred
after more than half the aircraft had been phased out, and did not
continue past the two years shown (the numbers of observations were
very small in both the "bad" years).

One final comment on the F-101 seems appropriate: the initial
accident rates ("materiel and "ALL") for this twin-engine airplane
are more than double those for the single-engined F-106 (the ubiquitous
Crossover takes about 10 years in this case). However, it appears
that the carry-over of experience from the F-102 program to the F-106,
with the large decrease in the accident rate, is the primary reason
for this anomaly. Another possible contributor to the observed im-
provement may have been the reported use of specially chosen pilots
for these aircraft, a practice reputedly inspired by the relatively
high price of the airplane. Although the effect of such a practice
is difficult to assess, it is interesting to note that all the major
accidents during the first two years of F-106 service involved materiel
failure to some degree, a situation not encountered with any of the
other aircraft studied.

Summarizing the earlier study, it was found that:

1. The hyperbolic learning curve seems well suited to the task
of describing reliability growth in the case of jet fighter accidents,
including the materiel failure category. The independent variable
used is calendar years of service.
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2. Materiel failures contribute to a larger share of the acci-
dents for the more recent (F-100 and subsequent) aircraft examined.
With the exception of the F-106, the rates for accidents involving
materiel failures show no change from the earlier to the later group.
By contrast, the "all accident' rates appear definitely lower for the
"Century Series," indicating that the Air Force has made substantial
progress in the "pilot error" and weather categories of accident
causes during the past twenty years. It seems likely that similar
real progress in maintenance and product improvement are being offset
by increases in aircraft complexity. It should be evident that it is
the maintenance and product improvement programs that drive materiel
failure accident rates downward with time on each aircraft model.

3. The F-100 fighter has accident rate characteristics midway
between those of earlier and later models. It shows no likelihood
of suffering increasing numbers of materiel failure accidents, pro-
vided that regular maintenance and product improvement programs con-
tinue.

4, The two twin-engine airplanes show no clear distinction from
their contemporaries. However, it is true in both cases that the
most nearly comparable airplane in terms of chronology and mission
(F-94 and F-100) enjoyed the inheritance of technical experience from
highly similar prior programs.

5. The three aircraft models that inherited technical infor-
mation and experience from previous programs, through substantial
similarities in design and operation, showed lower initial accident
rates than might reasonably be expected from chronology and mission
considerations, but this advantage progressively eroded with the
passage of time.
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ITTI. MODELS FOR ACCIDENT AND ATTRITION RATE TRENDS

The study of fighter aircraft accident rates described in the
previous section indicated that a hyperbolic model of reliability
growth was useful in assessing accident rate trends. This section
compares the historical accuracy of that model with the accuracy of
two others that have been suggested at one time or another. The
ultimate purpose is to find the best available method for (1) pre-
dicting likely accident (or attrition) rates for both new and older
fighter aircraft, and (2) providing a standard against which to test
whether observed rates can be considered unreasonable.

One of the models to be evaluated was, like the hyperbolic model,
described in RM-5346-PR. This is the so-called negative exponential
(or simply exponential) model of reliability growth suggested by many
researchers in years past. It states that the reliability Rk at stage

k of a development process can be expressed as:

Bk

Rk =1 - ae ,

where the parameter a represents the total amount of growth that can
be achieved from stage zero to stage infinity, and the parameter B is
a measure of how quickly the growth is achieved. Since the favorable
characteristics of this model (and of the hyperbolic) were described
in RM-5346-PR, they will not be repeated here.

The other model to be assessed was used in RM—4840—PR.* It states
that the total number of accidents (or losses) Lx depends on the total

usage, x (flying hours or landings), as follows:

where A is the risk for the first flying hour or landing, and B is

the complement of the rate of learning. Although exponential in form,

*
Mooz, op. cit.
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we will refer to this model as the '"learning curve'' model, both to
distinguish it from the negative exponential model of reliability
growth, and to credit its ancestry in the study of the efficiency of
airframe manufacture. It is important to distinguish one particular
difference between the learning-curve model and the two reliability
growth models as they are used here. The former achieves "'growth"
(i.e., a reduction in the rate per unit of exposure) only by increase
in the number of exposures, whereas the formal growth models, in
this application, consider only the passage of time, in units of one
year. Thus the learning-curve model, which uses cumulative flying
hours as the independent variable, projects faster "learning" in larger
programs, something which does not seem to be an important feature of
the experience data (a plot of learning rate against program size
showed no correlation).*

One other distinction of this learning-curve model is pertinent.
The method used to estimate the parameters is a weighted least-squares
technique (described in RM—4879—PR**) instead of the maximum likeli-
hood technique of RM-5346-PR, and is considerably more cumbersome,
both in programming and in execution time. However, unless one wishes
to derive confidence bands based on direct theory, the use of least
squares instead of maximum likelihood is probably not important.***
Indeed, given certain conditions which appear to be reasonable in
this instance, the least squares and maximum likelihood estimates
would be identical. (See H. 0. Hartley, 'The Modified Gauss-Newton
Method for the Fitting of Non-Linear Regression Functions by Least

*Note, however, that this might be an inappropriate conclusion
for systems like the B-70 and X-15, where regular flying is not neces-—
sarily the routine. In such cases, exposures could be a far better
predictor of learning.

* [ i » .
C. A. Graver and H. E. Boren, Jr., Multivariate Logarithmic
and Exponential Regression Models, The RAND Corporation, RM-4879-PR,

July 1967.
*kk
When properly formulated, the parameters of the learning-

curve model can in theory be estimated from experience data according
to the method of maximum likelihood, since the requirements for a
unique solution are met.
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Squares,'" Technometriecs, Vol. 3, No. 2, May 1961, p. 278.)

In order to compare the hyperbolic growth, negative exponential
growth, and learning-curve models, we abandoned the measure of the
original study -- materiel-caused accidents -- for aircraft destroyed,
a more direct measure of the most interesting category. Another
reason for the change was that it permitted us to use additional data,
outside of the annual accident summaries, to expand the number of
models of aircraft whose peacetime attrition characteristics could be
modelled by the three candidate methods. This expansion came about
entirely through fractionating the F-84, F-86, F-101, and F-104 air-
craft into letter series in addition to the inclusive category used
previously. The eight categories thus added were: F-84 early models,
F-84 F/K models, F-86 H, F-86 D/K/L, F-101 A/C, F-101 B/F, F-104 A/B,
and F-104 C/D. All but one of the cases are basically a segregation
by mission (tactical versus air defense), while the single exception,
the F-84, is split at the introduction of the radically different
swept-wing version. Combined with the original eleven jet fighter
models, this gave a total of nineteen cases for evaluation.

The criterion used for evaluation and comparison was a chi-square
goodness-of;fit test of the observed data by year against the predic-
tions of each model with parameters estimated from the data. Since
each of the three models had two parameters to be estimated, the
degrees of freedom were equal in most cases, the only exceptions
being where data from two or more years had to be combined, either
very early or very late in the life of a particular aircraft, in
order to have at least five expected occurrences in a cell.

Table 1 compares the chi-square results for the three models.

In nine cases (nearly half the nineteen shown), the hyperbolic model
is better than the other two, while the exponential excels in five
(ali of them in the obsolete pre-Century series) and the learning
curve in five. 1If the latter five are reapportioned between the two

*
reliability growth models, the hyperbolic is again better, 13 to 6.

* : .
If the exponential's five are apportioned between the hyperbolic
and the learning curve, the hyperbolic wins even more handily, picking



Table 1

CHI-SQUARE GOODNESS-OF-FIT TEST RESULTS FOR THREE MODELS

Hyperbolic Exponential Learning Curve
, 2 2 2

Aircraft Type X d.f. P X d.f. P X d.f. P
F-80 18.00 8 <0.025 6.22 7 >0.50 36.63 8 <0.0001
F-84 Early 28.59 7 >0.0001 19.27 7 >0.005 38.92 7 <0.0001
F-84 F/K 12.23 10 <0.30 21.80| 10 >0.01 27.02 10 <0.005
F-84 All 25.23 15 <0.05 9.83| 15 >0.8 48.63 15 <0.0001
F-86 D/K/L 15.19 8 >0.05 35.02 8 <0.0001 8.23 8 ~0.40
F-86 H 5.94 6 >0.40 10.69 7 >0.10 6.96 6 |~0.30
F-86 All 60.31 14 <0.0001 48.28| 15 <0.0001|{61.58 14 <0.0001
F-89 13.12 10 >0.20 16.24 8 >0.025 17.24 11 ~0.10
F-94 8.68 6 <0.20 3.51 5 >0.60 11.05 6 <0.10
F-100 8.26 9 >0.50 13.85 9 >0.10 12.85 9 <0.20
F-101 A/C 0.75 2 <0.70 0.18 1 >0.60 0.99 2 ~0.60
F-101 B/F 1.16 3 <0.80 2.19 3 >0.50 1.01 3 ~0.80
F-101 All 4.01 6 >0.60 4.49 6 >0.60 4.65 6 ~0.30
F-102 5.02 7 >0.60 6.69 7 >0.40 4.87 7 | <0.70
F-104 A/B 8.06 5 ~0.15 10.86 4 >0.025 6.32 5 <0.30
F-104 ¢/D 1.98 4 >0.70 2.19 2 >0.30 2.96 4 <0.60
F-104 All 5.44 5 <0.50 15.39 5 <0.01 9.72 5 <0.10
F-105 7.66 4 >0.10 7.50 3 <>0.05 7.73 4 ~0.10
F-106 9.70 3 >0.02 9.65 3 ~>0.02 9.52 3 <0.025
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Figure 9 is another way of showing this, being a plot on normal
probability paper of the number of cases not significant against the
significance level, with the expectation level for purely random (i.e.,
Poisson) deviations also shown. Clearly, the hyperbolic model, though
imperfect, is best among the three candidates, as before. In addition,
Fig. 9 is evidence of an important feature of the data that was also
present in the figures of Sec. I: though the models fit the data
reasonably well, there is more variability than is to be expected in
a simple Poisson process. This makes it impossible to set realistic
tolerance limits for expected occurrences in future years with the
learning-curve model. Both the exponential and hyperbolic models, on
the other hand, can be used to estimate such limits, as explained in
RM-5346-PR.

Next, let us examine some correlations that have been found be-
tween the two parameters of each model. Note that a two-parameter
model may have disadvantages that are unrelated to complexity. For
example, in RM-4840-PR, the data were analyzed to yield two estimating
parameters, but neither parameter was usefully correlated with time.
Only a single-parameter combination of these (i.e., losses in the
first million flying hours) showed the expected improvement with time,
making it necessary to use graphical portrayals for attrition projec-
tions. One objective of our examination is to find a feasible one-
parameter model, if it exists.

Figure 10 shows the parameters of the learning-curve model plotted
against one another for the nineteen cases examined. The strong inter-
relation for the fifteen single-engine cases was examined statistically,
and it was found that the t-test results fall in the acceptance range
for the hypothesis that the parameters are related according to the

following relationship:
b = 0.458 - 0.0615 loge a, or

a= (l.582/eb)16'26

up all five cases for a 14 to 5 verdict, ahd, perhaps just as important,
being better whether old, middle-aged, or newer aircraft are involved.
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If we then substitute for a, we find that
b
)

y = 1721 ( =
1.147 x 10

a form not particularly well suited for either analysis or prediction.
(The maximum likelihood estimate of the single parameter from experi-
ence data is unobtainable due to the occurrence of spurious roots in
the computations.)

Figure 11 shows a cross-plot of the parameters of the exponential
model, Although some correlation is evident, and functional groupings
occur, no strong or exploitable effects are present.

Figure 12 shows the cross-plot of the parameters Fl and F_ for
the hyperbolic model; it illustrates how completely independent the
two parameters are, and indicates an obvious way to a one-parameter
model. If F_ is set equal to zero, and the regression calculations
repeated, the chi-square values for this one-parameter model are
almost exactly as good as for the learning-curve model with two para-
meters.* Thus the hyperbolic one-parameter model is as good a pre-
dictor of attrition losses as the two-parameter learning-curve model
for these data. It is of course much simpler to use, both for initial
predictions for new aircraft, and for future attrition predictions of
current aircraft.

Initial predictions for new aircraft must be based on previous
experience for similar types. Figure 13 is a historical survey of
the maximum likelihood value of the (single-parameter) initial attri-
tion rate for Air Force jet fighters, and corresponds to a similar

figure in RM-4840. The major difference is that the "growth" through

* 0
If F_ is set equal to 5 per 100,000 hours, the fit is better,
but the model is not quite as simple (Fk = 5—F1+Fl/k). Likewise, an

improved fit, as measured by a chi-square test, is achieved with the

model F_~F /k0'8. All three of these single-parameter alternatives

have thé aéded advantage of avoiding a possible (and incongruous)
negative value for F_.
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evolution is relatively small in Fig. 13, and can probably be ignored
for short projections.* This contrast is mainly illusory. Both models
were developed from the same data and therefore observe the same tech-
nological progress. Figure 13 shows this progress in terms of Fl’ the
initial attrition rate implied by the regression analysis, and RM-4840
shows it in terms of the implied number of aircraft attrited during a
specific period of flying hours. Each approach has its advantages and
disadvantages. Figure 13 takes into account the fact that more recent
programs have been smaller and lasted a shorter length of time than
earlier ones; RM-4840 does not consider this information, and presents
data plotted at equal numbers of program hours, regardless of program
size. Figure 13, on the other hand, does not consider total flying hour
experience, but presents the results of calculations that used equal
calendar-time intervals.

Quantitative predictions for new aircraft are readily available
from Fig. 13: a new single-engine tactical fighter of entirely new
design should show a first-year attrition rate of about 100 per 100,000
hours. If based on a design having some previous exposure, such as
the A-7, a prediction of 70 might be closer. For a new twin-engine
tactical fighter, such as the F-111, the figure might also be around
70. Twin-engine tactical fighters based on older designs (F-4C, A-37,
and F-5A) might be expected to do better, perhaps 30 to 40 for the
initial rate, with twin-engine defense fighters even lower. After
two or three years of actual experience, the observed data should be
used to predict future attrition/accidents, because of the crossover
effect mentioned in Sec. I. Examples of theoretical projections for
several aircraft types are shown in Table 2.

Finally, we are now in a position to review the importance of the
landing-speed factor mentioned in Sec. I, using the tools introduced

in Secs. II and III. Figure 14 shows the maximum likelihood estimate

*Furthermore, a comparison of trends in materiel failure, pilot
error, weather, or facilities causes indicates that the modest improve-
ments shown in Fig. 13 owe their existence entirely to the latter three
categories; the airplanes themselves are not getting more reliable,
probably because of their increasing complexity.
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‘Table 2

PROJECTED ATTRITION RATES (LOSSES /lO5 HOURS)
FOR NEW JET FIGHTER AIRCRAFT

Single-Engine Fighters Twin-Engine Fighters
Tactical Defense Tactical Defense
Year of 01d New 01d New 0l1d New 01ld New

Service ||Design| Design | Design| Design || Design | Design | Design Design

1 70 100 50 70 35 50 25 35
2 35 50 25 35 18 25 13 18
3 23 33 17 23 12 17 8 12
4 18 25 13 18 9 13 6 9
5 14 20 10 14 7 10 5 7

of the initial attrition rate (i.e., Fl) for all of the aircraft
studied, not merely those flying in 1960 as in Figs. 1 and 2. It
should be clear that the landing-speed effect, if any, is completely
cancelled by the relatively modest improvement in attrition rates
that have accompanied the passage of time since the introduction of
Air Force jet fighters. If one considers only the defense fighters,
for example, the trend in Fig. 14 is clearly negative. This implies
that landing speeds have no better than a second-order influence on

peacetime attrition characteristics.

CONCLUSIONS

1. The hyperbolic and exponential reliability growth models
based on calendar time are equal or superior to the learning-curve
model based on hours for predicting fighter aircraft accidents and
attrition.

2. A single-parameter hyperbolic model is essentially as good
as the learning-curve model, is easier to use, and permits the calcu-

lation of approximate confidence intervals.
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