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A METHOD FOR FORECASTING REPATR AND REPLACEMENT
NEEDS FOR NAVAL. AIRCRAFT

PHASE 1L

R. C. DeLozier* Ve Ko WilkinsonT
ABSTRACT

This report describes the Phase I1 work performed on the
development of repairs and replacements forecasting algorithms
for Naval Aviation Logistics Center support. This new method-
ology 1s intended to improve the confidence 1level between
actual and predicted spare parts requirements.

Phase II refined the bivariate regression analysis, deve~
loped in the Phase 1 demonstration effort, and expanded the
analyses to the multivariable level. This method assumes that
the various steps along the parts' supply line that are re-
quired to suppoert the Navy under various operations can be
modeled based on historical data, or educated assumptions can
be input where data are unavailable or inadequate. To demon~
strate the feasibility of the method, the P-~3 aircraft was
selected, and four recent vyears of maintenance data were
studied. The data covered system and parts replacements and
other maintenance actions. Two P-3 component data were exaw-
ined 1In search of correlations that might exist between various
pérameters (e.g., flight-hours and time).

The results of this phase of the study show that a meth-
odology 1n which a systematic analysis of historical data
coupled with input from maintenance experts results in improved
predictive ability. The improvement in estimated needs for

spare parts vs actual needs can produce significant cost

*Engineering Division.

TEngineering Technology Division.



savings in logistic costs and greater effectiveness through
increased readiness. Also included are estimates of 5 years of
replacement needs projected for two selected components. The
results of the study, along with recommendations for the next

phase of the effort, are presented

1. INTRODUCTION

The Naval Aviation Logistics Center (NALC) presently has a need for
an improved predictive methodology capable of modeling multiple vari-
ables for projecting the number of failures, repairs, and replacements
in naval aircraft and grcound support equipment. This report addresses
the Phase II effort to develcop a forecasting methodology that will
improve the confidence level between predicted and observed values for
various logistics elements. The development of this methodology
atitempts also to be compatible with all naval aviation weapons systems

at all maintenance sites.

1.1 Background and Purpose

In the mid-1970s the Navy adopted Reliability—Centered Maintenance
(RCM) techniques for its aircraft.l RCM is defined as the logical dis-
cipline for developing a preventive maintenance (PM) program that
realizes the inherent reliability levels of equipment at minimum cost.
However, RCM creates an environment in which future supply support allo-
cations tend to be projected from an extrapolation of previous needs.
This method is not flexible enough to predict repair requirements when
there are significant changes in operational requirements (e.g., mobili-
zation).

A General Accounting Office (GAQ) report? issued in November 1984
addressed the Air Force methodology for forecasting aircraft spare garts
requirements: "the Air Force forecasts its aircraft spare parts re-—
quirements by calculating a ratio of future flying hours to past flying

hours for the aircraft using a specific part and then applying this



ratio to the historical demand for the part.” The GAD concluded that
this technique resulted in erroneous estimates principally because the
technique was not administered and executed properly. Specifically,-the
GAO identified (1) inaccurate data correlating specific parts to speci-
fic aircraft types, (2) fallure to base projections on the ma2ny combina-
tions of aircraft that employ the part, and (3) failure to incorporate
the influence of lengthy procurement times into the future flying-hours
estimate.

Significantly, the GAQ did not take issue with the basic "theory”
(or assumption) that any change in flight-hours will cause a correlating
increase or decrease in the use of spare parts. It is widely recognized
that flight—~hours 1is the most logical measure of an aircraft's lifetime
in use. The linear relationship that is presumed to exist between
flight-hours and failures 1s also widely accepted, though with little
basis other than the assumption that all parts on the alrcraft are char-
acterized by constant failure rates (failures/flight-hour). This
assumption is commonly believed to be wvalid. However, during the
periods of early life and later life, parts generally exhibit rapidly
changing failure rates, and the assumption does not hold. Furthermore,
there may be additional or alternate factors that might coupound ot
overshadow the time-~dependent failure behavior.

For predicting expected numbers of equipment repairs and replace-
ments, NALC requested that Oak Ridge National Laboratory (ORNL) develop
a methodology that would provide a rational, justifiable, and defensible
basis for projected supply support allocations. The ultimate objective
is to raise the vreadiness of fleet weapon systems while promoting effi-
cient planning and budgeting measures within the WNaval Air Systems
Command (NAVAIR). The importance of this objective is borne out by the
fact that 90% of the logistics budget pertains to repairable items.

Currently, the NAVAIR Assistant Program Manager for Logistics/
Logistics Manager (APML/IM) for a given aircraft or common item is re-
sponsible for obtaining and submitting logistics data for his particular
assigned aireraft or common item. To aid NAVAIR and its various field
activities with the management of Fleet Repairable Assets, a computer-

ized system known as the Master Index of Repairables (MIR) was designed



and implemecnted. The system contains data collected from many socurces
and includes user-calculated (i.e., APML/LM) projections for the number
of removed and repaired items per activity. These collected data and
projections are combined to form a standardized management report of
Repairable Assets.

Thus, there is a mechanism for handling logistical projections, but
there is no recognized method for generating them. NALC desires to have
a defendable methodology that would exhibit versatility in assisting

managers at all work centers with their 5-year planning and budgeting.

1.2 Goals

ORNL proposed an approach to the development of a predictive meth-—
odology for NALC. The key elements of the proposal included (1) analyz~
ing historic failure data from naval aircraft; (2) gathering expert
opinion from all possible sources, such as line maintenance personnel,
and making every effort to effectively use experience within the frame-
work of the Naval Aviation Maintenance program; and (3) developing a
correlation model. The proposal was designed to provide a demonstration
of the approach in a relatively short period of time (6 months) and to
submit longer-range plans for further development. Phase I3 developed
and demonstrated the concepts that are refined in Phase 11, which has

the following goals:

l. refining the bivariate regression analysis by improving the under-
standing of the data contents and verifying assumptions made during
the Phase 1 analysis,3

2. expanding the regression analysis to the miltivariable level (three
or more) to further reduce the error between predicted and actual
time~between~failure (TBF) values,

3. investigating site-specific effects (as independent wvariables) and
other variables identified during the Phase I discussions3 (time
permitting, this information will be incorporated into the regres-
sion analyses of Steps 1 and 2), and

4, providing 5-year failure projections for the selected components.



1.3 Review of Literature

To gain some insight inte the long-term objectives of the NALC pro-
ject, the appropriate military standards (MIL-STDs) and government re-
ports were reviewed. Two MIL-8TDs, a wilitary handbook (MIL-HDBK), and
a GAO report, were of particular iaoterest. The “"bibles” for logistics

work are MIL~-STDs 1388-1A, Llogistics Support Analysis,"* and 1388-24,

“DOD [Department of Defense] Requirements for a Logistics Support Analy-
sis Record."S

The MIL-STD 1388-1A indicates that the NALC project would logically
fall under Task 501: "to assure the achilevement of specified support-
ability requirements, identify reasons for deviation from projects, and
identify methods of correcting deficiencies and enhancing system read-
isess.”  Task 501 calls for the analysis of supportability data as they
become available from standard supply maintenance and readiness report-
ing systems and from any special data collection programs implemented on
systems or equipment. The results of the analysis should be used as an
input to data record B "Item reliability (R) and maintenance (M) charac~
teristics” of 1388-2A. The Navy's standard reference for ROM is
MIL-HDBK~266 (Ref. 1).

A GAO report — AD-Al47911, The Air Force Can Tmprove its Forecast-

ing of Aircraft Spare Parts Requirements? — to the Secretary of the Air

Force is also of particular interest because it outlines the problems of
spare parts forecasting. Additional details of the GAO findings may be
found in Sect. 1.1 of this document. Note, however, that the GAO find-
ings identify almost identical problems with those experienced with the
NALC «

DOD logistics requirements, as outlined in the above three docu~
ments, indicate that a literature review should be concentrated into
three primary areas: (1) reliability amalysis, (2) statistical analy-
sis, and (3) combining (1) and (2) into reliability modeling. This
report uses this recommendation; the remaining elements of the litera-

ture review follow this format.



1.3.1 Reliability analyses

For reliability definitions and basics,; the analyses of P—-3 compo-
nent reliabilities used standard techniques, such as those referenced in

Henley and Kumamoto's Reliability Engineering and Risk Assessment ,®

Handbook of 1Industrial Engineering,’ and Military Standard 721-C.8

Reliability of military weapons systems wmay be found in reports such as

the IDA/OSD Reliability and Maintainability Study,? which gives the

results from werking groups that examined 16 individual technology areas
on 8 weapons systems. These studies resulted in specific reliability

and maintainability recommendations in eight areas:

1. technology~based reliability and maintainability program,

2. reliability and maintainability demonstration programs,

3. full-scale engineering development (FSED) planning and analysis,
4, reliability and maintainability standards,

5. FSED management awareness of reliability and maintainability,

6. new systems maturity,

7. collection and use of reliability and maintainability data, aund

8. reliability and maintainability training.

Reliability of other types of systems may be found in a number of
reports, such as the Part Failure Rate Data Boock Qutline for Gas Turbine

and Combined Cycle Plants.l0

1.3.2 Statistical analysis

Statistical analysis of the NALC data bases was done using standard

statistical techniques, such as those presented in Duncar's Quality Con-

trol and Industrial Statisticsl! and Hines and Montgomery's Probability

and Statistics in Engineering and Management Science.}? The Statistical

Analysis System (SAS)13 was used for distribution analyses, linear and
nonlinear model development, and verification of the personal computer

analyses and modeling.

1.3.3 Reliability modeling

Modeling of the reliability of the P-3 components was based on

reliability and statistical analyses of the NALC P-3 data base. Model



development was based primarily on task 201 (of MIL Standard 785D1%),

which has as 1its purpose the development of a reliability model for
making mumerical approximations and estimates to evaluate system, sub-
system, and equipment reliability.

Most veliability models use prediction techniques similar to those
reported by General Electric's R. B. Spector in his paper "Reliability
Prediction Techniques for Second Generation Marine and Industrial Gas
Turbines.”15 The prediction techniques are usually based on a failure
mode, effect, and criticality analysis technique using generic failure
rates derived from operational equipment. These types of analyses gen-
erally result in a constant failure rate or, at best, a time-dependeunt
failure rate resulting in a Weibull-type distribution. The literature
does not report any multi-regression analyses and modeling as they are
used in this project.

Included in the project results are confidence limits, error analy-
sis, and spare parts requirements. These compare favorably with pub-

lished data, such as that in Beers' Introduction to the Theory of

55595316 Pascal's paper "Reliability Confidence Levels and 0C Curves,”}7
Kacecioglu and Lamarre's paper "Reliability Confidence Ilevels and OC
Curves,”17 Kacecioglu and Lamarre's paper "Mechanical Reliability Con-
fidence Limits,”}8® the National Aeronautics and Space Administration's

Technical Support Package: Computation of Spare Parts Requirements,l®

and Mahmoud's "Accuracy in Forecasting: A Sufvey".20
Based on this phase of the NALC work, future phases should include

some availability analysis such as that demonstrated in Parsley's

Availability Analysis Program,2l as well as some risk analysis, such as
those in Covello and Mumpower's "Risk Analysis and Risk Management: An
Historical Perspective,”?? and Pate—Cornell and Neu's “"Warning Systems
and Defense Policy: A Reliability Model for the Command and Control of

U.S. Nuclear Forces."23



2. TASK APPROACH

The approach to performing the task was based on discussions among
ORNL engineers with related experience. This chapter describes that

approach and the constraints that were observed in this study.

2.1 Scope

For the results of the pilot effort to be of more immediate
usefulness to NALC, it was proposed that ORNL limit the Phase II scope
to a select list of aircraft components. It was suggested that NALC
compile a list of aircraft Work Codes (WUCs) according to some measure
of importance. Consequently, the two WUCs (five-digit level) chosen to
be investigated (Table 1) were selected because of their adverse impact
on the level of fleet readiness primarily because of unscheduled
maintenance. The investigation was limited to P~-3C type/model
aircraft. The particular time period for data extended from January

1979 to December 1982.

Table 1. P-3 work unit codes
identified for investigation

WuC Nomenclature

65341 IFF receiver transmitter
73668 319 and 319A tape trans-

port

2.2 General Approach

The primary data sets received from NALC were generated using the
Analytical Maintenance Program Analysis Support system (AMPAS).
Specifically, the failure data, which were transmitted in a report No.

*
520 format, were sorted by organization code, bureau number, and job

*For samples of both the 520 and 710 reports see the Phase 1
report; Ref. 3.



control number date. Records involving the specific WUCs specified for
Phase 1I analyses were culled and tabulated.

These records were then processed (for individual WUCs) to assess
the time between verified failures on a given aircraft (i.e., bureau
number) in a given squadron (i.e., organizational code). This TBF
parameter served as the vehicle for attempted correlation with other
independent parameters, including the wvarious operational quantities
that are collected on the AMPAS Report No. 710* format (flight activity,
inventory, and readiness).

The failure of these WUCs did not appear to correlate with any
single parameter or set of parameters. However, flight—-hours were
singled out for further investigation. Originally, this additional
research was iIntended to be a modified-Delphi information gathering
effort. However, time constraints permitted only limited discussions
with personnel who were knowledgeable about the WUCs and their failure
characteristics. The purpose of the discussions was to uncover
" information about other (perhaps unknown) parameters to which TBF might
be correlated. If quantitative data were indeed available on these
‘variables and could be correlated, then an algorithm could be developed

to be used as a projection or forecasting tool,

2.3 Data Acquisition

The computer program developed during Phase I3 was modified during
this Phase 11 effort to include the capability of doing multivariable
regression analysis. Additional modifications were made to the programs
developed in the Phase T effort to include expanded data base management
capabilities and more-varied analysis options, such as rapidly evaluat-
ing other statistical parameters. Phase I1 also included extensive SAS
analyses to verify the IBM perscnal computer analysis of the P~3 compo-
nents. A remote job eniry was established during Phase II to allow

direct access to the AMPAS and Naval Aviation Logistic Data Analysis

*For samples of both the 520 and 710 reports see the Phase I
report; Ref. 3.
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system at Harry Diamond Laboratory. This coanection, when fully imple-
mented, will provide for quick turnaround and improved data analysis

capability.

2.4 Data Analyses and Failure Projection

After the data for the two WUCs of interest had been obtained from
the NALC data base, the procedure for analyses and failure projections
(Fig. 1), was used to estimate component failure and replacement re-
quirements. The first step in the process is to analyze, sort, and cor-
rect the data. Experience with these particular components indicated
that 25 to 30% of the data had to be corrected or updated. The an-
alyses, sorting, and correcting process is an iterative process in which

the time between failures is estimated and then analyzed to verify that

ORML-DWG 88C-4183 ETD

DATA BASE
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AIRCRAFT WUGC MAINTENANCE
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Fig. 1. Replacement component methodology.
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the results are reasonable; thies task frequently required that the input
data had to be screened more carefully and obvious errors deleted or
corrected where possible. After the iterative process was completed,
TBF was estimated by regression analysis.

As in Phase I, the regression analysis determined TBF as a function
of several independent variables (e.g., time, flight-hours, landings,
and takeoff). The regression analysis identified possible correlatable
independent variables for the entire P~3 fleet. An analysis of failures
at each P3 organization was made to identify those squadrons that
showed either very good or very bad maintenance histories. Included iun
the analysis was the use of expert opinion, primarily from the Patuxent
River P-3 maintenance squadron.

After the regression was completed, the type of failure distribu—
tion was estimated by examiniong the frequency distributions of the dinp-
dividual parameters (TBF, flight~hours, and calendar time). This fre-
quency distribution analysis determines the type of distribution (e.g.,
exponential; Normal, Weibull, or other standard reliability distri-
butions). Given the type of failure distribution, the probability
density function parameters (e.g., sigma, mu, beta, or lambda) were
estimated. Once the type of failure distribution was established, unre-
liability was estimated. From that estimate the appropriate failure
rate for the component was established. With an estimate of failure
rate, the expected number of failures over a given time or number of
flight-hours was projected. The last step in this analysis was to esti-~
mate the replacement components required for the number of failures
projected. However, was not possible to accomplish this last step be-
cause of a lack of depot-level data, which were completely missing from
the NALC data base for the components of interest. Thus, because the
depot level is the level at which the component is ultimately either re-
paired or replaced, it was not possible to determine how many failures

resulted in a component replacement.
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3. RESULTS

A goal of the Phase II effort was to demonstrate the proposed
methodology and approach through examples. ‘The results presented are
some indication of the potential improvement in the forecastiog of main-
tenance actions using the method described in Chap. 2. The concept of
correlation has been fully covered in the Phase I report.3 Note that
when the results are reviewed, the coefficients of correlation discussed
are based on regression analysis using multiple~independent variables.
Some of the following discussion is fairly technical, and in an attempt
to be as clear as possible, some terms are described from a layman's
viewpoliant, For a further definition of terms, please see Appendix A and

the discussion of correlation in the Phase 1 report.

3.1 Regression Results

NALC requested that two P-3 components (IFF receiver transmitter
and 319 tape transport) be analyzed and a projection of replacement
parts made for a 5-year period (1983—1987). The results of a multiple-~
regression analysis are shown in Table 2. Note that no strong correla-
tions exist with any of the independent variables investigated. As a
result, the failure information yielded 1little insight into logistics
problems other than the fact that the distribution is highly skewed with
a large standard deviation.

Regression analysis was also run on individual squadrons to iden-
tify any site-dependent variables. Tables 3 and 4 summarize the results
of that analysis. The IFF squadron failure analysis (Table 3), when
compared with the overall average, indicates no appreciable differences
between squadrons, On the other hand, the P-3 squadron level analysis
of the tape transport (Table 4) does indicate some differences among
squadrons. For example, squadron AT?2 with a mean-time-between-failure
(MTBF) of 80 d and squadron PX5 with a MTBF of 127 d both have very low
average TBFs when compared with the 224-d MTBF for all squadrons. Also,
there are twc squadrons, AT3 and P71, that have very high average TBFs
of 773 and 490 d, respectively, when compared with the MIBF of all

squadrons.,



Table 2. Regression correlation coefficients®

Variables
(%) (R?)
Component
Calendar Sorties Flight~ Landings Best Best Best
time hours 2-variable 3-variable 4-variable
IFF 4,11 0.12 0.41 0,00 4457 ho64 44,84
Tape transport 2.04 .68 0.52 0.40 2,61 2.97 3.09

GSeptember 12, 1985, data.

£l



Table 3. P-3 IFF failure analyses at the organizational level?
o Number of Bgst.single Multlvarléble Mean TBF SD-TBF Mean Mean
Squadron X variable correlation ,
observations ) N (a) (a) sorties flight-hours
correlation (%)

Ail squadroas 1083 Time 4,6 258 268 106 518
AT2 82 Landings 35.2 216 225 100 72
AT3 61 Time 31.5 302 295 116 582
ATS 54 Sorties 22.8 254 258 100 524
ATS b4 Time 38.6 271 292 102 522
ATS 92 Landings 17.4 263 290 153 538
AUl 71 Time 10.7 225 220 104 547
AU3 76 Time 11.8 292 284 100 568
AU6 51 Time 23.0 259 236 104 521
A21 24 Sorties 71.6 317 385 60 194
PW2 32 Landings 51,9 276 293 114 577
PW3 41 Time 33.5 278 239 111 611
PW4 136 Time 30.7 280 246 95 367
PW5 81 Landings 10.0 233 261 89 481
pX5 40 Sortie time 62.1 291 235 101 509
P71 59 Time 39.5 292 311 103 503
P72 64 Tine 34,6 226 261 104 586
P73 55 Sortie time 9.9 248 263 101 551

dpugust 13, 1985, data.

71



Table 4., P-3 tape transport analyses at the organizational level%
Number of Best single Mult1vari§ble Mean TBF SD-TBF Mean Mean
Squadron observations variable correlation (d) (d) sorties  flight-hours
‘ correlation (%)

All squadrons 2314 Time 2,6 224 350 103 518
AT2 151 Time 10.2 80 156 102 491
AT3 10 Time 87 .4 773 493 113 546
AT4 109 Time 44,0 281 395 97 513
AT5 124 Time 62.8 277 401 104 533
AT6 116 Time 49.8 160 265 147 504
AUl 131 Time 33.7 188 319 11l 633
AU3 155 Time 27.6 180 282 104 602
AUS 96 Time 40.6 207 340 98 73
A2} 30 Tine 3.8 415 454 49 158
Pw2 16 Time 87.8 297 272 123 584
PW3 10 Landings 97.2 444 426 111 599
PW4 826 Time 50,6 245 333 96 366
PUW5 117 Time 29.6 316 432 85 455
PX5 127 Time 12.8 127 215 94 456
P71 14 Time 64.3 490 400 165 495
P72 154 Time 41.5 265 396 101 543
P73 128 Time 42.5 253 410 98 532

Aaugust 15, 1985, data.

6l
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Interviews were held in an attempt to determine why these four par-
ticular squadrons had such a large variance in MTBFs compared with the
total squadrons' average. However, there was no easily explainable rea~
son for these large variances. This question should be pursued to
determine if there are site-dependent effects evidenced by these data.

There are some other observations about the regression analysis:

l. Table 2 data contain some refined data correction factors that are
not included in Tables 3 aud 4 (note the difference in data dates),
thus resulting in slighily different correlation coefficients among
the three tables. However, these differences do not change the
overall results.

2. The mathematics of regression computation always results in a higher
regression correlation for smaller numbers of observations. This
fact partly explains the higher correlation with individual squad-

rons.

3.2 Frequency Distribution Results

Unless they are condensed or reduced to a more suitable form,
statistical data are often so numerous that they are virtually use-
less. Thus, the first step of a statistical analysis is often the con-
struction of a frequency distribution histogram that divides the data
into a small number of classes showing the number of observations in
each class. These frequency distribution histograms show the symmetry,
number of modes, etc., of the data. They also give a visual indication
of the type (normal, Weibull, log-normal, etc.) of distribution the data
appear to follow. Identification of the type of distribution is then
the basis for further analyses to determine the distribution's
parameterse.

Figures 2—4 show examples of the component failure frequency dis-
tributions for flight-hours, TBFs, and calendar time. Note that most of
these frequency distribution tables tend to follow the classic log-
normal or Weibull distribution with the mode skewed to the left in all

cases.



ORNL—OWG 86~-4477 ETD

i [T T

i seeem

> (2 2 12 ]

§ [TX LYY (X2 T %Y

| [EX 221 [ TETY

} seesn srrex

+ [Z X XY ] [ I X RN

] X3 T Y] reEsE

H cesex reoey

| assae k8 g

+ eEERe L X3TYY

| rexEs [T [TET Y]

| 28638 (12T Y tEEen

| seed e (2 X2 ¥ skese

* 2REER (3222 T seNES

! rEER D (T X1 3 LT XY

} (31T ssexn 2EERS

] S8 ek S50 9

. casns tesea ssdes

§ so8e s LT [T TTT

{ “hheR ety [ 2222 s2803

§ sEER R sees eREXY essen

+ [TEE T (T2 1] [T X3 ¥ (3T Y

] ssses [ 1 XY BEEED (XX E (T2 T3

§ (131 2] X T (2 XT3 [TXTE sse0 (AT R

} rERER sanes suse s [EX LY (IR L Y] sesas

+ [ R E R s490% [ 222 %1 L XY “EERN [TXX R

{ AeRes YT LY (X 1Y ] %R 2R T *eeN %

§ [T TR seEEs “xeew (EEY ] EEEE S seEER

i (XS ¥ L X223 tE&d 8 LI L AESES [TT XX LI E 1]

) srEss (222 % [T T [ 2 AT R sseee [EX 3 T *rsks ExEny

i rEER S sxens 231 Y] [T Y LR LT EXTEY] 2EEER T T X 1]

f sanns IR E] se98s (IR L X2 LT ] [E2 T Y] [T T3] [T T

i (23X X (T2 T Y] seees ssake XTI 2] s80238 (23 Y] (X111} essnd
120 240 360 480 600 720 840 960 1080

MIDPOINT FLIGHT HOURS

Fig. 2. 1IFF receiver/transmitter failure frequency distribution
for flight-hours,

L1



ORNL—-DWG B5—-4478 ETD

| terew

* IR W R

| cenen

} R EE]

| sanos

+ se860¢

| xR LR R T X4

§ 29289 LEE ]

| cewes 1a9e s

» RS IE¥ YR

i LA R NI 2c58 8 LE R NN

1 LEZ 2 24 IR R (A EX N t4069

{ [EEE 2 ] tawRs LA XX LA EEE]

¢ IR EE R (X EEY [EX XY 5¢vee

| 29900 o203 L LEE LR

H LR ¥ ER RN LN B ] EEEE N

i IEXR X3 L LS XN LEE XS [ XY S

- aseee [ERYE S LER ¥ 3 (2 Y N

| LEER 3] [ FEER ] 499329 LR R XN )

i rnEE S LR R CEBE XK LE R X B

} 189808 tas gt [N LA X TR secan

. scane I EXXF) [N RN AR Y] (AR 2]

{ stesr LB XX 4 c¥B e [EXTE) [ EER T

{ 9989 ¢ LR X R R se0c 3 stens [ 2 XY

{ 2903 ¢ LRI I Tagd g AR 13 ) LR AR Y

. LEY TR EEE TR (X E Y] (A X XN 24982

H 18399 LEE RN 2000 ¢ LR R (A REEN]

| IR E B s40¢03s LR Ny CE R T3 AR R Y] S0

| suaKD (EE XN 19392 s2000 P48 LR R K S

+ ctaxs LR XY ] LERE R LEX XN ] s4869 3590405 "esde

i 13809 IER X R seNIa LR ER ] LR R 1) LA E XN ) 29899 LR R RN ] (R E XN )

| cxGF S [ EE RN 42092 240t e LA ER ¥4 sesae LR ¥ 2 sxaE. LY EX RS

| sag U L X ¥ sraao LEEES ) 39492 28308 ta9 9 LS B (X2 2
0 160 320 480 640 800 960 1120 1280

Fig.
for TBFs.

j'

MIDPOINT TIME BETWEEN FAILURES {DAYS)

IFF receiver/transmitter

failure

frequency distribution

81



' szean
. L2 21 T
| esRE S
§ essse
t (1 X2 2]
. sesss
| chess
) (XYL L]
} shgE R
. sese e
] e
| LIIT XY
| EY YT
* (I 1]
t exvEy
{ sxase
i e85
. sedny
} sEeRs
] EET AT
t spe e
+ sesne
{ LY
i seese
] L 221X
+ esRES
{ sstss
{ EX2 L 2
] sEake
* shes
i a5t
} ran s
| E2Y T X
. se88n
{ sSenes
i soPEE
1 sy
+ (XX L Y]
} sesd
| saEe s
{ (T3 X
* sEETS
] 2E0K &
§ LT R
} LR L

S5e8EN
exess
*EhES
*400y
RN R
sEeEe
shten
L2 2L 2]
sse358
SeEER
sERNe
*teEx e
skEsR
tesan
reexR
SERAE
te88 Y
ERBED
L2 2L 2]
cespns
L X2 2 2 )
SEEEe
L 2 2 2 )
LXE2
EEKD
CIREWN
[ XX 22

*E0E S
L2 L2
SSAe
seER e
$20e2
LA XL 2
sk
L2 3 T2
st s
L2 2 120
SARE SN
(2 X2 3
seEss
L2 R 1 L
s8N
eSS
L2 2 L0
sEDESE
shsn R
s5¢8 e
sEeEE S
seRes

senss
T11Y
senen
sEBEw
ssess
eee
sesns
ssses
[TY1Y)
LI
senns
sanan
soens
sense
tesen
TyYIy
aesee
26858
esses
tesse
Ity
[TITT)
LY
Yy

s80%%
(2221
(LY 23
LI XL T4
ssokn
Expsk
sEEES
2E899
E L X L L]
sRReR
(2221
(2R L2
(33 2 31
sE0EN
LR AL 2 S
cRBEe
seee
(A2 Al
L X 23
setse
(222 2 ]
LA 2.2
8 EX

$32¢%
seese
(12 21
sEoe R
vt
seets
16302
8482
ksh2e
LR 2 L]
RGER
shBES
taRd e
2ot
tasne
L2 2 2 2

22058
sse ey
0SSR
*heRg
L2 2 2 24
seeee
(2121
L2 X L2
*tEEe s
(2 L1 4)]
*eges
L2 24 24

ORNL-DWG 864479 ETD

L2 3 22
e Es
sEted
(1223
tE8 e
L1221
LY 2]
L322
L 2 23 2]
L L 213
L 23 21
L1 L 3]
steth
sEERe
tegde

28209
BERES
(212 2
aBERE
‘B et
P28 8
(2t 12
BRERS
L2 2 1 2
eseas
resRs
RS
tadsd
112134
LELE L L]
(3 L 2L ]

. > " - s o P A - o - D 2 D P = S A A A A A W e e D G M O D e T O D 5 G L A R o A A WS D W

100

calendar time,

200

Fig., 4.

300

400

MIOPOINT CALENDAR TIME (DAYS)

500

600

700

800

Tape transport (319) failure frequency distribution for

800

61



20

Note that the abscissa values of the frequency distributions rep—
resent the range of data values with that wmidpoint. For example, in
Fig. 2 the first bar is the sum of frequency percentage from 60 to 180 h
(midpoint 120 h). The secoud bar is the sum of the percentages in the
range of 180 to 300 h. 1In Fig. 3 the bar with a midpoint shown as zero
represents the interval of -80 to 80 days and the 160 days midpoint is
the total percentages from 80 to 240 days. (The negative time results
from a number of 0 day failures. In Fig. 4 the total percentage from 50
to 150 days is shown as midpoint 100 days with the second bar represent—

ing failures which occurred from 150 to 250 days.

3.3 Reliability Parameters Results

Tables 5-7 show the calculated (from non-linear regression an-
alyses) failure distribution parameters for the components of
interest. Note that flight hours and failure rates are all positively
skewed (a measure of the deviation from symmetry about the point of
central tendency — a normal distribution has zero skewness) with more
than normal kurtosis (a wmeasure of the relative occurrences at the
center relative to that along the tails of the distribution ~ a normal
distribution has zero kurtosis). Calendar time, however, shows both
negative and positive skewness and a less—than-normal kurtosis,
indicating a fairly flat distribution. These failure patterns can cause
difficulty in projecting spare—-parts needs because the maximum number of
failures occurs someplace in the vicinity of 20 d and the average oumber
of failures is ~200 d. A factor of 10 exists between the 20 and 507%
probability values. This type of failure vate relationship generally
indicates a design problem with the components. If the design solution
is a long time 1in coming, the spare—parts stock-pile must supply a
buffer to provide inventory for the times when the high failure rates
combine statistically to reduce the stockpile at ten times the average
rates.

Figures 5 and 6 show the least—-squares fit of the probability
density function superimposed on the frequency distribution cells. Note
that both figures show the classic Weibull distribution for failure rate

or TBFs with a mode at ~20 d.



Table 5. Projected IFF failure distributions?

Distribution parameters Distribution characteristics

Variable Distiibztion >
yp o u/g Skewness Kurtosis
Calendar time Log~normal 0.95 6.10 -0,09 -1.16
Average flight- Log~normal 0.21 6.10 0.71 0,40
hours
Failure rate Weibull 19.65 0.97 5.84 38.21

pailure rate = 1/TBF.

bu for a log-normal distribution and B8

for a Weibull,

(XA



Table 6. Projected tape transport (319) failure distributions?

Distribution parameters

Distribution characteristics

. Distribution
Variable tvne 5
yP c u/8 Skewness Kurtosis
Calendar time Log—-normal 0.89 5.32 0.80 -0.27
Average flight- Log—-normal 0.30 6,20 0.63 -0.12
hours
Failure rate Weibull 18.16 1.05 4,06 16.64

%%ailure rate = 1/TBF.
bu for a log-normal distribution and 8 for a Weibull.

4



Table 7. Projected improved transport (319A) failure distributions

a

Distribution parameters

Distribution characteristics

Variable Distilb:tion -
kkyp o u/B Skewness Kurtosis
Calendar time Log—normal 0,74 bbb 0.04 -1,11
Average flight- Log—normal 0.28 5,25 1.06 4,29
hours
Failure rate Weibull 41.12 1.21 4,42 21.14

%ailure rate = 1/TBF.

bp for a log-normal distribution and 8 for a Weibull,

1 ¥4
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3.4 Spares Projection

The following algorithm was developed to project spare—-part re-—
placement requirements and stockpile needs for aircraft componeants.
This projection is based on a failure rate that can be a function of
many variables. For the studies in this report, time was the only vari-
able that had significant correlation; however, in general, this and
other replacement equation parameters will be functions of several inde-

pendent variables. The equation for replacement is given by

Rp = [1 -Fr]Na(t)n[S(t) + r(v)] ,

where
Rp = project replacement rate (numbers per unit time),
F. = fraction recycled,
r(v) = failure rate (numbers per unit time),
Na(t) = number of aircraft,

n = number of components per aircraft,
s(t) = stockpile factor,
t = time dependence,

v = multivariable dependence (i.e., v = Vl’ Vz, V3, etc.).

For the two components ijnvestigated as examples, the fraction recycled
(Fr) could not be estimated because of the lack of depot—level data and
was assumed to be zero. However, when the model is fully Iimplemented, a
value would be estimated for each compounent for which projections are
required.

The failure rates would normally be a function of flight-hours,
number of landings, etc. However, this study indicated that the tape
transport and IFF demonstrated the best correlation with time. There-
fore, standard reliability projection techniques were used. For ease of
calculation, the failure rate was assumed to be the Weibull hazard func—

tion:
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The number of aircraft is assumed to be a linear function of time, and,

thus,

= + —
Na(t) Ny AN(t to) s

where
t, = a base year from which numbers of aircraft are known,
Ny = the number of aircraft at base year,
AN = the number of aircraft added per unit time.

The number of P-3 aircraft reported over the 4 years is shown in
Fig. 7. According to the data retrieved from the R710 report, note that
the inventory is decreasing. This decrease was checked out with Navy
persohmel and deemed to be incorrect; data were obtained directly on the
P-3 inventory to make the projections.

The term S(t) is a factor that will ensure that the number of parts
will be sufficient to maintain some level of confidence that statistical
fluctuations will not exhaust the stockpile between the replenishment of

components in the inventory. The equation for this factor is

= 8%
S(t)—‘y"‘l,

where

z = one over the mode or fallure rate at the mode,

y = the number of times the stockpile is restocked, and

g = a factor that relates to the confidence that the parts supply

will not be exhausted.

The value for g is a function of the required confidence and also may be
a function of other variables. Figures 8 and 9 show the values result-
ing from Monte Carlo studies. Note that the solid line in Figs. 8 and 9
is the model projection while the small triangles are a sample of the
random number.

Monte Carlo simulations were used because the variables relation-—
ships in the model are toc complex for analytic solutions. Monte Carlo

simulation uses a computer to evaluate the model numerically over the
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time period of interest, and data are gathered to estimate the true

characteristics of the model.

The Monte Carlo model was used to determine confidence ictervals
for the stockpile model and to project numbers of repairs at the organi-
zation (0), intermediate (I}, and depot (D) levels. Figures 10 and il
show the number of failures each month, and superimposed on this is the
Weibull projection used to estimate the number of required actions at
each level by multiplying the factor g times the projection line. Note
that this contingency 1s constant with time and, therefore, contingency
parts are acquired, spare parts do not continue to build up. The divi-
sion of failure projection intc the various maintenance levels was
accomplished by studying the ratio of activities at each level over 4
years preceding the projection years. These ratios were approximately
constant and were assumed to be invariant during the projection. This
constant assumption should be examined further because for other air-
craft and other parts 1t may well be a function of other variables

(e.g., number of catapult launches and hours at sea).

3.5 Static Failure Model

To understand the effect of a wide and highly skewed failure dis-
tribution on a part inventory and purchase schedule, a model was deve-
loped to simulate the failure patterns that could occur after several
years. The failures were modeled using the observed failure distribu-
tion curve for the tape transport,. Each simulation was run over a
4-~year period using different values for g in the inventory equation.
The number of parts purchases per year was assumed to be one in the
absence of any information (the number of purchases per year 1is an
economic consideration). Each simulation results in a time history of a
part usage and resultant inventory levels (Figs. 12 and 13). Note that
the results go below zero during the simulation and that the ratic of
the number of negative days to total days 1is used as an indicator of
probability of =zero inventory using a particular g. Figure 12 is an
example inventory profile using g = 0 (i.e., no extra units are bought

to ensure against zero inventory probabilities). 1In this example, the
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inventory went negative two times in the 4-year simulation and was nega-

tive ~6% of the total time. The example shown in Fig. 15 illustrates a

run usiag g = 0.02, cerresponding to a 99.530% confidence level,

3.6 Failure Projections

Figures 14 and 15 show the MIR projections of the expected numbers
of IFF and tape transport failure projections for confidence intervals
of Y5 and 99.5%. The estimates are for years 1983—1987, assuming
monthly flight~hours are at the historical mean for years 1979—1982.

These values were generated using the computer programs and models
developed during the Phase 11 effort. First, the failure rate and
number of aircraft were estimated over the 4-year period. As can be
seen in Figs., 14 and 15, the tape transporter repair requirements were
projected to be constant and the IFF to have an increasing number of
maintenance actions. The Monte Carlo studies were used to evaluate the
"extra” or cushion amount required to ensure a desired confidence in the
estimate.

The computer codes scanned the 19791982 data of type of mainten-
ance codes and estimated the fraction of components that pass through or
require actions at the three maintenance levels 1, 2, and 3. These his-

torical data were used to prorate the actions.
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4. CONCLUSIONS AND RECOMMENDATIONS

The single, most significant conclusion reached in the course of
this study is that {(considering both Phase T and Phase II results) a
methodology in which systematic analysis of historical data is coupled
with input from experts regults‘in an improved predictive ability. An
additional conclusion is that many correlation “numbers,” established
from data analysis alone, raise other questions instead of providing
answers. For example, the complete lack of depot—level data severely
limited logistics model development. Such peculiarities give rise to
doubts about the usefulness of the data base and underline the need for
information gathering at the organizational level., This approach was
amply illustrated in the discussions during which it was concluded that
a modified-Delphi or some other interactive techunique is a necessary
element in developing a realistic forecasting ability.

Note that the failure records have been shown to require con-
siderable correction. However, the principal information on the records
(aircraft bureau number, squadron, failed part, date of failure, cause
codes, repair codes, etc.) can meet most of the data needs for failure
projections.

The recommendations presented here are principally suggestions for
program direction. They pertain primarily to the next immediate phase
of work. The recommendations reflect comments from project sponsors at
NALC who received preliminary results before publication ¢f this docu~
ment. '

The foremost recommendaticn is to continue to work toward the ulti-
mate program objectives of (1) developing procedures, guidelines, com-—
puter models, and other tools that will assist NALC in its decision~
making processes and (2) transferring the system into practical use by
NALC managers. The following Phase 3 task is the next logical step

toward that objective.
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Appendix A

RELIABILITY DEFINITIONS!

AVATLABILITY: A oeasure of the degree to which an item is in an oper-—
able and committable state at the start of a mission when the mis—

sion 1s called or at an unknown time.

FAILURE: The event, or inoperable state, in which any item or part of

an item does not, or would not, perform as previously specified.

FAILURE MECHANISM: The physical, chemical, electrical, thermal or other

process which results in failure.

FAILURE MODE: The consequence of the mechanism through which the fail-

ure occurs, i,e., short, open, fraction, excessive wear.

FAILURE, RANDOM: Failure whose occurrence is predictable only in a pro-
babilistic or statistical sense. This applies to all distribu-—

tiouns.

FATILURE RATE: The total number of failures within an item population,
divided by the total number of life units expended by that popula-
tion, during a particular measurement interval under stated condi-

tions.

MAINTAINABILITY: The measure of the ability of an item to be retained
in or restored to specified condition when maintenance is performed
by personnel having specified skill levels, using prescribed pro-
cedures and resources, at each prescribed level of maintenance and

repair.

MAINTENANCE: All actions necessary for retaining an ditem in or restor-

ing it to a specified condition.

MAINTENANCE, CORRECTIVE: All actions performed as a result of failure,
to restore an item to a specified condition. Corrective mainten—
ance can Include any or all of the following steps: Localization,
Isolation, Disassembly, Interchange, reassembly, Aligoment, aad

Checkout,
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MEAN-TIME~-BETWEEN-FAILURE (MTBE): A basic measure of reliability for
repairable items: The mean number of life units during which all
parts of the item perform within their specified limits, during a

particular measurement interval under stated conditions.

MEAN-TIME~BETWEEN-MAINTENANCE (MTBM): A measure of the reliability tak-
ing into account maintenance policy, The total number of 1life
units expended by a given time, divided by the total number of

maintenance events (scheduled and unscheduled) due to that item,

MEAN-TIME-TO-REPAIR (MTTR): A basic measure of maintainability: The
sum of corrective maintenance times at any specific level of re-
pair, divided by the total number of failures within an item re-
paired at that level, during a particular interval under stated

conditions.

RELTABILITY: (1) The duration or probability of failure-free perfor-
mance under stated conditions.

(2) The probability that an item can perform its in-

tended function for a specified interval wunder

stated conditions.

SYSTEM: General — A composite of equipment and skills, and techniques
capable of performing or supporting an operational role; or both.
A complete system includes all equipment, related facilities, mate-
rial, software, services, and personnel required for its operation
and support to the degree that it can be considered self-sufficient

in its intended operatiomnal environment.

TIME: The universal measure of duration. The general word "time" will
be modified by an additional term when used in reference tc operat-
ing time, wmission time, test time, etc, In general expressions
such as "Mean-Time-Between-Failure (MTBF),” time stands for "life
units” which must be more specifically defined whenever the general

term refers to a particular item.

WEAROUT: The process which results in an increase of the failure rate

or probability of failure with increasing number of life units.
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Appeadix B

ANALYSIS METHOD FOR APPROXIMATING THE FIRST OCCURRENCE
TIME~BETWEEN-FAILURE

To model the effect of several variasbles on aircraft part fallures,
individual failures must be tracked as a function of time-between-
failures (TBFs). This 1is required to relate this time interval to
operational variables corresponding to the same time period (e.g.,
flight-hours and number of landings)., However, in most cases data are
not available for the entire time an aircraft has been operational, and
TBF must be estimated for that portion of the total time. For exanmple,
though the data way start in 1979, the aircraft has had repairs and
replacements of parts in years before 1979; it 1is d1mpractical or
impossible to obtain these earlier data.

To estimate TBF's, a technique that introduces little or no bias
but enhaunces the regression analysis results is used. The technique
uses a stochastic model that by its very nature reduces the probability
0of introducing bias while including as much inferred information as
possible.

Figure B,l illustrates TBF as a linear function of calendar time.
The 45° line on this figure indicates the division between regions des-
ignated 1 and 2. In Region 1 each TBF must he estimated because no
failure data are available before that time. For example, at calendar
time 100 no TBF value above 100 can be evaluated because no data are
available before time 1. Consequently, Region 1 values for TBF wmust be
estimated. In Region 2 TBFs can be evaluated by simple subtraction.
For example, if a failure is on day 134 and the previous failure was on
day 101 for the same part and aircraft, TBF, neglecting the repair time,
is 33 d at day onumber 134. The problem with Region 1 is that we do not
know the time at which the previcus failure occurred. To estimate that
time, the average failure rate will be assumed to be relatively constant
within the region (Tl to T2). This assumption implies that the mean-

time~between—failure (MTBF) for the data set is

N
MIBF = (T —T )=,
Ng
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I REGION 1

TIME BETWEEN FAILURE

REGION 2 I

CALENDAR TIME

Figo B.l. TBF vs time.

where
0 = time of last data entry,
L time of first data entry,
Ng = average number of parts at risk,
Ng = total number of part failures.

To separate the two regions, MIBF will be written as
MTBF = (ZTBFl + ZTBFZ)/Nf .

This equation simply states that the sum of each of the two regional
TBFs divided by the number of failures is equal to MTBF. The individual

values for each region are given by

MTBFl = gTBFL/N1
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and
MTBF2 = ETBF2/N2 ,

where

MTBF1 = MTBFs in Region 1,

MTBF2 = MTBFs in Region 2,
N1 = number of failures in Region 1,
N2 = number of failures in Region 2.

These equations are used to derive an estimate for the MTBF of Region 1:
MTBF1l = (MTBF*Nf — STBF2)/N1

To evaluate Region 1 TBF estimated (TBFE) at time (t), the time to the
first data éntry (T1) and the MTFBl value must be considered. A final
consideration before an estimate can be made is the type of distribution
of the data in Region 1. To illustrate the importance of the distribu~
tion, consider that an average value of 50 can be obtained with bimodal
data of 55 and 45, and 50 1is also the average -value for uniform data
between 1 and 99. In these analyses, the distribution is assumed uni-
form, and, thus, a random number (RND) is generated between 0 and 1 for

the equation

TBFE = 4/3*MTBF1*RND*g + T2*(1 — g) ,

where g is a uniform function between 1 and 0 as t increases from Tl to
T2. Thus, g = (T2 — t)/T2. Note that 4/3 times an RND that averages
1/2 results in an average 2/3 value that is the geometric center of

Region 1.
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