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This  r e p o r t  d e s c r i b e s  the Phase I1 wmk performed on t h e  

development of r e p a i r s  and rep lacements  f o r e c a s t i n g  a lgo r i thms  

f o r  Naval Av ia t ion  Logistics Center  suppor t .  Th i s  new method- 

ology i s  i n t ended  to improve t h e  conf idence  l e v e l  between 

a c t u a l  and p r e d i c t e d  s p a r e  p a s t s  requi rements .  

Phase 11 r e f i n e d  the  b i v a r i a t e  r e g r e s s l o n  a n a l y s i s ,  deve- 

loped i n  t h e  Phase I demonst ra t ion  e f f o r t ,  and expanded t h e  

a n a l y s e s  t o  the  m u l t i v a r i a b l e  l e v e l .  This method assumes t h a t  

the v a r i o u s  s t e p s  along the p a r t s '  supply  l i n e  t h a t  a r e  re- 

q u i r e d  t o  s u p p o r t  the Navy under v a r i o u s  o p e r a t i o n s  can be 

modeled based on historical d a t a ,  or educa ted  assumptions can 

be  i n p u t  where d a t a  are u n a v a i l a b l e  o r  inadequate .  To demon- 

s t r a t e  t he  f e a s i b i l i t y  of the method, t h e  P-3 a i r c r a f t  was 

s e l e c t e d ,  and fou r  r e c e n t  y e a r s  of maintenance d a t a  Were 

s t u d i e d .  The da ta  covered system and p a r t s  rep lacements  and 

o t h e r  maintenance a c t i o n s .  Two P 3  component d a t a  were exam- 

ined  i n  s e a r c h  of c o r r e l a t i o n s  t h a t  might e x i s t  between v a r i o u s  

pa rame te r s  (e,g. f l i g h t - h o u r s  and t i m e ) .  

The resu l t s  of this phase of the s tudy  show that  a meth- 

odology i n  which a s y s t e m a t i c  a n a l y s i s  of h i s t o r i c a l  d a t a  

coupled w i  t h  i n p u t  Erom main teraance experts r e s u l t s  in impraved 

p r e d i c t i v e  a b i l i t y .  The improvement i n  e s t ima ted  needs f o r  

s p a r e  p a r t s  vs a c t u a l  needs can produce s i g n i f i c a n t  cos t  

* 
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sav ings  i n  log3 s t i c  c o s t s  and greatsr e f f e c t i v e n e s s  through 

inc reased  r e a d i n e s s .  Also inc luded  are estimates of 5 yea r s  of 

replacement  needs pro jec led  f o r  two s e l e c t e d  components. The 

r e s u l t s  of t h e  s tudy ,  along wi th  recommendations f o r  t h e  nex t  

phase of the e f f o r t ,  are p resen ted  

-I--. 

1 .  LNTRODUC’L‘ION 

The Naval Avia t ion  L o g i s t i c s  Center  (NALC) p r e s e n t l y  has  a need f o r  

an  improved p r e d i c t i v e  wthodo logy  capable  of modeling m l C i p l c  vast- 

a b l e s  €or p r o j e c t i n g  the  number o€ f a i l u r e s ,  r e p a i r s ,  and rep lacements  

i n  naval a i r c r a f t  and ground suppor t  equipment. T h i s  r e p o r t  addres ses  

the  Phase II e f f o r t  t o  develop a f o r e c a s t i n g  methodology t h a t  wi.11 

improve the  conf idence  l e v e l  be tween p r e d i c t e d  and observed va lues  f o r  

v a r i o u s  l o g i s t i c s  e lements .  The development of tlrris methodology 

a t t e m p t s  a l s o  t o  be compatible  wi th  a l l  nava l  a v i a t i o n  weapons systems 

a t  a l l  maintenance s i t e s .  

1.1 Background and Purpose 

I n  t h e  inid- 1 9 7 0 s t h e  Navy adopt  ed R e  I. i a b i  1 i t y -Ce n t e r e d  M a  i n  t enance 

(RCM) techniques  f o r  i t s  a i r c r a f t e l  RCM is de f ined  as t h e  logi.ca1 d i s -  

c i p l i n e  f o r  deve loping  a p reven t ive  maintenance (PM) program t h a t  

r ea l i ze s  the  i n h e r e n t  r e l i a b i l i t y  l e v e l s  of equipment a t  minimum c o s t .  

However, RCM creates an environment i n  which f u t u r e  supply suppor t  a l l o -  

c a t i o n s  tend t o  be projec.t:ed from an e x t r a p o l a t i o n  of prev ious  needs.  

T h i s  method i s  not  f l e x i b l e  enough t o  predi .c t  repair  requi rements  when 

t h e r e  are sdgni f  i can t  changes i n  o p e r a t i o n a l  r e q u i  rernents (e .g . ,  i imbili-  

z a t i o n )  . 
A General Accounting O f f i c e  (GAO) r e p o r t 2  i s s u e d  i n  November 1384 

addressed  the  Air Force met-hodology f o r  f o r e e a s t i a g  a i r c r a f t  s p a r e  p a r t s  

requi rements :  “ t h e  Air Force f o r e c a s t s  i t s  a i r c r a f t  s p a r e  p a r t s  re- 

quirements  by c a l c u l a t i n g  a r a t i o  of f u t u r e  f l y i n g  hours  t o  p a s t  f l y i n g  

hour s  f o r  t h e  a i r c r a f t  using a s p e c i f i c  p a r t  and then apply ing  t h i s  



r a t i o  to t h e  h i s t o r i c a l  demand f o r  Che p a r t , "  The GAO concluded t h a t  

t h i s  technique  r e s u l t e d  i n  err~neous e s t i m a t e s  p r i n c i p a l l y  because t h e  

" t echn ique  was mot admin i s t e red  and execru t e d  p ~ ~ p e r l y ,  S p e s i f l  c a l l y  - the 

GAO i d e n t i f i e d  (1) i n a c c u r a t e  d a t a  c o r r e l a t i n g  s p e c i f i c  p a r t s  t o  s p e c i -  

f i c  a i r c r a f t  t ypes ,  (2)  f a i l u r e  t o  base p r o j e c t i o n s  on the  many ~osnbina- 

tiosis of a i r c r a f t  t h a t  employ che p a r t ,  and ( 3 )  f a i l u r e  to  i n c o r p o r a t e  

t h e  i n f l u e n c e  of lengthy procurement t i m e s  i n t o  t h e  f u t u r e  f ly ing-hours  

e s t i  mate a 

S i g n i f i c a n t l y ,  the GAQ d i d  n o t  take i s s u e  wi th  the  b a s i c  " theory"  

(or assumption)  that  any change i n  f l i g h t - h o u r s  w i l l  cause  a c o r r e l a t i n g  

i n c r e a s e  or  d e c r e a s e  in t he  use of s p a r e  p a r t s ,  It is  widely recognized  

t h a t  f l i g h t - h o u r s  i s  t he  most l o g i c a l  measure oE an a i r c r a f t ' s  l i f e t i m e  

in use. The l i n e a r  r e l a t i o n s h i p  t h a t  is presumed t o  e x i s t  between 

f l i g h t - h o u r s  and f a i l u r e s  1s a l so  widely accep ted ,  though with l i t t l e  

b a s i s  o t h e r  than  t h e  assumption t h a t  a l l  p a r t s  on t h e  a i r c r a f t  a r c  char- 

a c t e r i z e d  by c o n s t a n t  f a i l u r e  r a t e s  ( f a i l u r e s / P l i g h t - h o u r ) .  Th i s  

assumption i s  commonly be l i eved  t o  be v a l i d .  However, du r ing  t h e  

pe r iods  of e a r l y  l i f e  and l a t e r  l i f e ,  p a r t s  g e n e r a l l y  e x h i b i t  r a p i d l y  

changing f a i l u r e  r a t e s ,  and the assumption does no t  hold. Furthermore,  

t h e r e  may be a d d f t i o n a l  or a l t e r n a t e  f a c t o r s  t h a t  might compound or 

overshadow t h e  time-dependent f a i l u r e  behavior .  

For p r e d i c t i n g  expected numbers of equipment r e p a i r s  and r e p l a c e -  

ments, NALC r eques t ed  t h a t  Oak Ridge Nat iona l  Labora tory  (ORNL) devclop  

a methodology t h a t  would provide  a r a t i o n a l ,  j u s t i f i a b l e ,  and d e f e n s i b l e  

bas i s  f o r  p r o j e c t e d  supply suppor t  a l l o c a t i o n s .  The u l t i m a t e  o b j e c t i v e  

is to ralse t h e  r e a d i n e s s  of f l e e t  weapon systeins whi le  promoting e f f i -  

c i e n t  p lanning  and budget ing  measures w i t h i n  t h e  Naval Air S y s t e m  

Command (NAVAIR). The importarnee of this objective is borne out  by t h e  

f a c t  t h a t  90% of t h e  l o g i s t i c s  budget p e r t a i n s  t o  r e p a i r a b l e  items. 

Currently, the NAVAXR A s s i s t a n t  Program Manager fo r  L o g i s t i c s /  

L o g i s t i c s  Manager ( A P M L I I $ ~ )  f a r  a given a i r c r a f t  or common item is re- 

s p o n s i b l e  f o r  o b t a i n i n g  and submi t t i ng  l o g i s t i c s  d a t a  f o r  his p a r t i c u l a r  

a s s igned  a i r c r a f t  or common i t e m .  To a i d  NAVAIR and i t s  v a r i o u s  f f e l d  

a c t i v i t i e s  w i t h  the management of F l e e t  Repa i r ab le  Asse ts ,  a computer- 

i z e d  system known a s  the  Master Index of Repa i r ab le s  ( M I R )  was designed 
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and implemented. The system c o n t a i n s  d a t a  c o l l e c t e d  from many sources  

and i n c l u d e s  use r - ca l cu la t ed  ( i . e . ,  APML/LM) p r o j e c t i o n s  f o r  the  number 

of removed and r e p a i r e d  i t e m s  per a c t i v i t y .  These c o l l e c t e d  d a t a  and 

p r o j e c t i o n s  a r e  combined t o  form a s t anda rd ized  management r e p o r t  o f  

R e  pa i r ab  1 e As s e t s . 
Thus, t h e r e  i s  a mechanism f o r  hand l ing  l o g i s t j c a l  p r o j e c t i o n s ,  bu t  

t h e r e  is no recognized  method f o r  g e n e r a t i n g  them. NALC d e s i r e s  t o  have 

a defendable  methodology t h a t  w u l d  e x h i b i t  v e r s a t i l i t y  i n  a s s i s t i n g  

managers a t  a l l  work c e n t e r s  with t h e i r  5-year planning and budget ing.  

1 .2  Coals  -- 

ORNL proposed an approach t o  t h e  development of a p r e d i c t i v e  meth- 

odology f o r  NALC. The key elements  of the proposa l  inc luded  (1) ana lyz-  

i n g  h i s t o r i c  f a i l u r e  da t a  from nava l  a i r c r a f t ;  ( 2 )  g a t h e r i n g  e x p e r t  

op in ion  from a l l  p o s s i b l e  sources, such a s  l i n e  maintenance pe r sonne l ,  

and making every e f f o r t  t o  e f f e c t i v e l y  use  expe r i ence  w i t h i n  t h e  frame- 

work of the Naval Avia t ion  Maintenance program; and ( 3 )  developing  a 

c o r r e l a t i o n  model. The proposa l  was designed t o  provide  a demonst ra t ion  

of the approach i n  a r e l a t i v e l y  s h o r t  per iod  o€ t i m e  (6 months) and t o  

submit  longer-range p lans  f o r  f u r t h e r  development. Phase -I3 developed 

and demonstrated the  concepts  t h a t  a r e  r e f i n e d  i n  Phase X I ,  which h a s  

t h e  fo l lowing  goals : 

1. r e f i n i n g  the  b i v a r i a t e  r e g r e s s i o n  a n a l y s i s  by improving t h e  under- 

s t and ing  of the  da t a  c o n t e n t s  and v e r i f y i n g  assumptions made du r ing  

t h e  Phase I a n a l y ~ i s , ~  

2. expanding t h e  r e g r e s s i o n  a n a l y s i s  t o  t h e  m i d t i v a r i a b l e  l e v e l  ( t h r e e  

or  more) t o  f u r t h e r  reduce  the  e r ror  between p red ic t ed  and a c t u a l  

time -be tween- f a i l u r e  (TBF ) va l u e s  

3 .  i n v e s t i g a t i n g  s i t e - s p e c i f i c  effects ( a s  independent  v a r i a b l e s )  and 

o t h e r  v a r i a b l e s  i d e n t i f i e d  du r ing  the  Phase I d i s c u s s i o n s 3  ( t i m e  

pe r in i t t i ng ,  t h i s  informa t ion  w i l l  be i nco rpora t ed  i n t o  the r eg res -  

s i o n  ana lyses  of S teps  1 and 2 ) ,  and 

4 .  provid ing  5-year f a i l u r e  p r o j e c t i o n s  f o r  the s e l e c t e d  components. 
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1 . 3  Review of  TAtesa ture  

To g a i n  some i n s i g h t  i n t o  t h e  long-term o b j e c t i v e s  of t h e  NALC gro- 

j e c t ,  t h e  a p p r o p r i a t e  mi l i t a ry  s t a n d a r d s  (MIL-STDs) arid government re- 

p o r t s  =.re reviewed. Two MlL-STDs, a rrei Li t a r y  handbook (MI.L-HDBK> * and 

a GAQ r e p o r t ,  were of p a r t i c u l a r  i n t e r e s t .  The "b ib les ' "  f o r  I .agisties 

work are MIL-STDs 1388-18, L o g i s t i c s  Support  Analys is  ,"4 and 1388-28, 

'"OD [Department of Def ense l  Requirements f o r  a L o g i s t i c s  Support h a l v -  

s f s  Record."5 

The MIL-STD 1388-1A i n d i c a t e s  t h a t  t h e  NALC p r o j e c t  would l o g i c a l l y  

f a l l  under Task 501: " t o  a s s u r e  t h e  achievement of s p e c i f i e d  saspport- 

a b i l i t y  requi rements ,  i d e n t i f y  reasons  f o r  d e v i a t i o n  from p r o j e c t s ,  and 

i d e n t i f y  methods of c o r r e c t i n g  d e f i c i e n c l e s  and enhancing system read- 

iness. 'O Task 501 cal ls  f o r  t he  a n a l y s i s  of s u p p o r t a b i l i t y  d a t a  as they  

become a v a i l a b l e  from s t anda rd  supply maintenance and r e a d i n e s s  r e p o r t -  

i n g  systems and from any special d a t a  c o l l e c t i o n  programs implemented on 

systems or  equipment. The r e s u l t s  of t h e  a n a l y s i s  should be used as a n  

i n p u t  t o  d a t a  record  B " I t e m  r e l i a b i l i t y  ( R )  and maintenance (M)  charac-  

terist ics '@ of 1388-28. The Navy's s t anda rd  r e f e r e n c e  f o r  ReM f.s 

MIL-HDBK-266 (Ref. I ) .  

A GAO r e p o r t  - AD-8147911, The Air Force Can Improve i t s  Forecas t -  

ing of A i r c r a f t  Spare Par ts  Ueq,uirements2 - t o  the S e c r e t a r y  of t he  Air 

Force  is  a l s o  of p a r t i c u l a r  i n t e r e s t  because i t  o u t l i n e s  t h e  problems of 

s p a r e  p a r t s  f o r e c a s t i n g .  Add i t iona l  d e t a i l s  of t h e  GAO f i n d i n g s  may b e  

found i n  Sect. 1 . 1  o f  t h i s  document. Note, however,, t h a t  the GAO f i n d -  

ings i d e n t i f y  a lmost  i d e n t i c a l  problems wi th  those  exper ienced  wl th  the 

WALC * 

DOD l o g i s t i c s  requi rements ,  as o u t l i n e d  i n  the  above three docu- 

ments, i n d i c a t e  t h a t  a l i t e r a t u r e  review should he concentrated in';o 

t h r e e  primary areas: (1) r e l i a b i l i t y  ana lys i s ,  ( 2 )  s t a t i s t i c a l  analy- 

sis,  and ( 3 )  combining (1) and ( 2 )  i n t o  r e l i a b i l i t y  model-ing. This 

r epor t  uses t h i s  recommendat.ion; the remaining e lements  of the l i tera-  

t u r e  review fo l low t h i s  format*  



1 .3 .1  R e l i a b i l i t y  ana lyses  

For r e l i a b i l i t y  d e f i n i t i o n s  and b a s i c s ,  t he  a n a l y s e s  of P--3 compn- 

nent  r e l i a b i l i t i e s  used s t anda rd  techniques ,  such a s  those r e f e r e n c e d  i n  

Henley and Kumamoto' s R e l i a b i l i t y  Engineer ing  and Risk Assessment,6 

Handbook of i n d u s t r i a l  Engineering_$ and M i 3 . i  t a r y  Standard 72 I-C 

R e l i a b i l i t y  of m i l i t a r y  weepons systems may be found i n  r e p o r t s  such a s  

t h e  IDh/OSD R e l i a b i l i t y  and M a i n t a i n a b i l i t y  Study ,9 which g i v e s  t h e  

r e s u l t s  Prom working groups t h a t  examined 16 i n d i v i d u a l  teclinology areas 

on 8 weapons systems.  These s t u d i e s  r e s u i t e d  i n  s p e c i f i c  r e l i a b i l i t y  

and m a i n t a i n a b i l i t y  recommendations i n  e i g h t  a r eas :  

1. technology-based r e l i a b i l i t y  and m a i n t a i n a b l l i  t y  program, 

2. r e l i a b i l i t y  and m a i n t a i n a b i l i t y  demonst ra t ion  programs, 

3 .  f u l l - s c a l e  eng inee r ing  development (FSED) p lanning  and a n a l y s i s ,  

4 .  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  s t a n d a r d s ,  

5. FSED managelnetit awareness of r e l i a b i l i t y  and m a i n t a i n a b i l i t y ,  

6. new systems ma tu r i ty ,  

7. c o l l e c t i o n  and use of r e l i a b i l i t y  and m a i n t a i n a b t l i t y  d a t a ,  and 

8. r e l i a b i l i t y  and m a i n t a i n a b i l i t y  t r a i n i n g .  

R e l i a b i l i t y  of o t h e r  types of systems m y  be found i n  a number of 

reports. ,  such as t h e  P a r t  F a i l u r e  R a E  Data Book Out l ine  f o r  Gas Turbine  

and Combined Cycle P lan t s .  I 

--- 

1 . 3 . 2  S t a t i s t i c a l  a n a l y s i s  

S t a t i s t i c a l  a n a l y s i s  of t h e  NALC d a t a  bases  was done us ing  s t anda rd  

s t a t i s t i c a l  t echn iques ,  such as those  grc:sented i n  Duncan's Q u a l i t y  Con- 

t r o l  and I n d u s t r i a l  S t a r i s t i c s l P  and Hines and Montgomery's P r o b a b i 1 i t y  

and S t a t i s t i c s  i n  E n g i n e e a  ~- .__-̂ ._.I and M a n E n e n t  y_- Science.12 The S t a t i s t i c a l .  

Analysis  System ( S A S ) 1 3  w a s  used f o r  distribution a n a l y s e s ,  l i n e a r  and 

n o n l i n e a r  model development, and v e r i f i c a t i o n  of t h e  pe r sona l  cormputer 

ana lyses  2nd modeling, 

1 . 3 . 3  R e l i a b i l i t y  modeling 

Modeling of t h e  r e l i a b i l i t y  of the  P-3 components was based  on 

r e l i a b i l i t y  and s t a t i s t i c a l  ana lyses  of the NALC P-3 d a m  base.  Model 
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development was based p r i m a r i l y  on task 209 (of MIL Standard  785Dlb), 

which has  as Its purpose t h e  development of a r e l i a b i l i t y  model f a r  

making numerical  approximations and esttmates t o  e v a l u a t e  system, sub- 

system, and equipment r e l f a b i l i t y .  

Most r e l i a b i l i t y  models use p r e d i c t i o n  techniques  s i m i l a r  t o  those 

r e p o r t e d  by General  E lec t r ic ' s  K. B, Specear i n  h i s  paper " R e i i a b i l i t y  

P r e d i c t i o n  Techniques f o r  Second Generat ion Marine and I n d u s t r i a l  Gas 

T u r b f n e ~ . " ~ ~  The p r e d i c t i o n  techniques  are u s u a l l y  based on a f a i l u r e  

mode, e f f e c t ,  and c r i t i c a l i t y  a n a l y s i s  technique  u s i n g  g e n e r i c  f a i l u r e  

rates der ived  from o p e r a t i o n a l  equipment. These t y p e s  of a n a l y s e s  gen- 

e r a l l y  r e s u l t  i n  a c o n s t a n t  f a i l u r e  rate or ,  a t  b e s t ,  a time-dependent 

f a i l u r e  rate r e s u l t i n g  i n  a Weibull-type d i s t r i b u t i o n .  The l i t e r a t u r e  

does not  r e p o r t  any mul t i - regress ion  a n a l y s e s  and modeling as they are 

used i n  t h i s  p r o j e c t .  

Inc luded  i n  t h e  p r o j e c t  r e s u l t s  are comfidence l i m i t s ,  e r r o r  analy-  

sis, and s p a r e  parts requi rements .  These compare f a v o r a b l y  wi th  ptah- 

l i s h e d  da ta ,  such as t h a t  i n  Beers '  I n t r o d u c t i o n  t o  t h e  Theory of 

-9 E r r o r  16 P a s c a l ' s  paper  " R e l i a b i l i t y  Confidence Levels  and OC Curves," l7  

Kacecioglu and Lamarre 's  paper  " K e l i a b i l i t y  Confidence Levels  and 06: 

Curves '* l7 Kacecioglu and Lamarre's paper "Mechanical R e l i a b i l i t y  Con- 

f i d e n c e  Limits ,"18 t h e  N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n ' s  

Technica l  Support  Package: Computation of Spare P a r t s  Requiremen&, l9 

and Hahmoud's "Accuracy i n  F o r e c a s t i n g :  A Survey".20 

Based on t h i s  phase of t h e  NALG work, f u t u r e  phases should i n c l u d e  

some a v a i l a b i l i t y  a n a l y s i s  such as t h a t  demonstrated i n  Pard ey ' s 

A v a i l a b i l i t y  Analysis  Program,21 as wela as some r i s k  a n a l y s i s ,  such as 

those  i n  Covel lo  and Mumpower's "Risk Analysis  and Risk Management: An 

H i s t o r i c a l  P e r s p e c t i v e ,  " 2 2  and Pate-Cornel l  and Neu' s "Warning ~ystems 

and Defense P o l i c y :  A R e l i a b i l i t y  Model f o r  t h e  Command and Control  of 

U.S. Nuclear  Forces. "23  
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2. TASK APPROACH 

The approach t o  performing t h e  t a s k  WQS based on d i s c u s s i o n s  among 

OKNL eng inee r s  wi th  r e l a t e d  exper ience .  Th i s  chap te r  d e s c r i b e s  t h a t  

approach and t h e  c o n s t r a i n t s  t h a t  were observed i n  t h i s  s tudy .  

2.1 Scope 

For t h e  r e s u l t s  of t h e  p i l o t  e f f o r t  t o  be of more immediate 

u s e f u l n e s s  t o  NALC, i t  was proposed t h a t  ORNL l i m i t  t he  Phase I1 scope 

t o  a select  l i s t  of a i r c r a f t  components. It w a s  sugges ted  t h a t  N L U C  

compile a l i s t  of a i r c r a f t  Work Codes (WUCs) accord ing  t o  some measure 

of importance.  Consequent ly ,  t h e  t'm WCs (f i v e - d i g i t  l e v e l )  chosen t o  

be i n v e s t i g a t e d  (Table  1) were s e l e c t e d  because of t h e i r  adverse  impact 

on t h e  l e v e l  of f l e e t  r e a d i n e s s  p r i m a r i l y  because of unscheduled 

maintenance. The i n v e s t i g a t i o n  was l i m i t e d  t o  P-3C type/model 

a i r c r a f t .  The p a r t i c u l a r  t i m e  per iod  f o r  d a t a  extended from January 

1979 t o  December 1982. 

Tah1.e 1. P--3 work u n i t  codes 
i d e n t i f i e d  f o r  i n v e s t i g a t i o n  

wuc N ome nc l a t u r  e 
-.------.-.. -- 
65341 IFF r e c e i v e r  t r a n s m i t t e r  

73668 319 and 319A t a p e  t r a n s -  

2 I) 2 General  A D D r o a c h  

The primary d a t a  sets r ece ived  from NALC were genera ted  u s i n g  t h e  

A n a l y t i c a l  Maintenance Program Analys is  Support  system (AMPAS). 

S p e c i f i c a l l y ,  the  f a i l u r e  data, which w c r e  t r a n s m i t t e d  i n  a r e p o r t  No. 

520* format ,  w e r e  s o r t e d  by organization code ,  bureau number, and j o b  
_______l__l~ 

* 
For samples of bot11 t h e  570 atid 710 r e p o r t s  see the  Phase I 

r e p o r t ;  Kef. 3. 
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c o n t r o l  number da t e .  Records i n v o l v i n g  t h e  s p e c i f i c  WCs s p e c i f i e d  f o r  

Phase 11 a n a l y s e s  were c u l l e d  and t a b u l a t e d .  

These records  were then processed  ( f o r  i n d i v i d u a l  WCs) t o  assess 

the t i m e  between v e r i f i e d  f a i l u r e s  on a g iven  a l r c r a f t  (i.e.* bureau 

number) i n  a g iven  squadron ( i*e. ,  o r g a n i z a t i o n a l  code). T h i s  TBF 

parameter  s e rved  as t h e  v e h i c l e  f o r  a t  tempted c o r r e l a t i o n  wi th  o t h e r  

independent  parameters ,  i n c l u d i n g  t h e  va r ious  o p e r a t i o n a l  q u a n t i t i e s  

t h a t  are c o l l e c t e d  on t h e  AMPAS Report WQ. 710 format  ( f l i g h t  a c t i v i t y ,  

i n v e n t o r y ,  and r e a d i n e s s ) .  

* 

The f a i l u r e  o f  t h e s e  WUCs d i d  no t  appear  t o  c o r r e l a t e  with any 

s i n g l e  parameter  or set of parameters .  However, f l i g h t - h o u r s  were 

s i n g l e d  out f o r  f u r t h e r  i n v e s t i g a t i o n .  O r i g i n a l l y ,  t h i s  a d d i t i o n a l  

r e s e a r c h  w a s  i n t ended  t o  be a modified-Delphi i n fo rma t ion  g a t h e r i n g  

e f f o r t .  However, t i m e  c o n s t r a i n t s  pe rmi t t ed  only l i m i t e d  discussions 

with  personnel  who were knowledgeable about t h e  WUCs and t h e i r  f a i l u r e  

c h a r a c t e r i s t i c s .  The purpose of t h e  d i s c u s s i o n s  was t o  uncover 

in fo rma t ion  about o t h e r  (perhaps  unknown) parameters  t o  which TBF might 

be c o r r e l a t e d .  If q u a n t i t a t i v e  d a t a  were indeed a v a i l a b l e  on t h e s e  

v a r i a b l e s  and could be c o r r e l a t e d ,  then  an a l g o r i t h m  could be developed 

t o  be used as a p r o j e c t i o n  or f o r e c a s t i n g  tool. 

2.3 Data A c q u i s i t i o n  

The computer program developed du r ing  Phase I3 w a s  modif ied du r ing  

this Phase I1 e f f o r t  t o  i nc lude  t h e  c a p a b i l i t y  of doing m u l t i v a r i a b l e  

r e g r e s s i o n  a n a l y s i s .  Add i t iona l  m o d i f i c a t i o n s  were made to t h e  programs 

developed i n  the  Phase I e f f o r t  t o  inc lude  expanded d a t a  base  management 

c a p a b i l i t i e s  and more-varied a n a l y s i s  o p t i o n s ,  such as r a p i d l y  evalluat- 

i q  o t h e r  s t a t i s t i c a l  parameters .  Phase I1 a l s o  inc luded  e x t e n s i v e  SAS 

a n a l y s e s  t o  v e r i f y  t h e  IBM p e r s o n a l  computer a n a l y s i s  of t h e  @3 compo- 

nen t s .  A remote job  entry was e s t a b l i s h e d  dur ing  Phase I T  t o  a l l o w  

d i r e c t  access t u  t he  AMPAS and Naval Av ia t ion  L o g i s t i c  Data Ana'Lysis 

* 
For samples  of bo th  t h e  520 and 710 r e p o r t s  see t h e  Ptiase I 

r e p o r t ;  Kef. 3.  
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AIRCRAFT 
QP&RAThlOPdAL DATA 

system a t  Harry Diamond Laboratory.  This  connec t ion ,  when f u l l y  imple- 

mented, w i l l  p rovide  fo r  quick turriaroiind and improved d a t a  a n a l y s i s  

c a p a b i l i t y .  

WWC MAINTENANCE 
DATA 

A f t e r  t h e  d a t a  f o r  the two W C s  of i n t e r e s t  had been ob ta ined  from 

t h e  NALC d a t a  base ,  the  procedure f o r  ana lyses  and f a i l u r e  p r o j e c t i o n s  

(F ig .  l ) ,  w a s  used t o  esti-mate component f a i l u r e  and replacement  re- 

quirements .  The f i r s t  s t e p  i n  t h e  process  i s  t o  ana lyze ,  s o r t ,  and cor -  

rect  the  data. Experience with these  p a r t i c u l a r  components i n d i c a t e d  

t h a t  25 to  30% of the  d a t a  had t o  be c o r r e c t e d  or updated. The an- 

a l y s e s ,  s o r t i n g ,  and cor rec t i .ng  process i s  an i t e r a t i v e  process  i n  which 

t h e  t i m e  between f a i l u r e s  is  e s t ima ted  and then analyzed t o  v e r i f y  t h a t  

ORNL-IPWG IIOC-4193 ETD 

DATABASE 

t ANALYZE, SORY, CORRECT 
DATA 

I, 

ESTIMATE FAKIERE OF 4 DiSTRDBUTlON PARAMETERS 1 

Pig.  1. Replacement component methodology, 



1 1  

the r e s u l t s  are reasonab le ;  t h i s  task f r e q u e n t l y  reqmired t h a t  t h e  i n p u t  

d a t a  had t o  be screened  more ca re f* iP ly  and obvious e r r o r s  d e l e t e d  o r  

c o r r e c t e d  where poss ib l e .  Af t e r  t h e  i t e r a t i v e  process w a s  completed,  

TBF was es t ima ted  by r e g r e s s i o n  a n a l y s i s .  

A s  i n  Phase 1, t h e  r e g r e s s i o n  a n a l y s i s  deterrrdned TEF as a f u n c t i o n  

of s e v e r a l  independent  v a r i a b l e s  (e.g., t i m e ,  f l i g h t - h o u r s ,  Landings, 

and t a k e o f f ) .  The r e g r e s s i o n  a n a l y s i s  i d e n t i f i e d  p o s s i b l e  c o r r e l a t a b l e  

independent  v a r i a b l e s  f o r  the e n t i r e  P-3 f l e e t .  An a n a l y s i s  of f a i l u r e s  

a t  each P 3  o r g a n i z a t i o n  was made t o  i d e n t i f y  those  squadrons t h a t  

showed either very good or very bad maintenance h i s r o r i e s .  Inc luded  i n  

t h e  a n a l y s i s  w a s  t h e  u s e  of e x p e r t  op in ion ,  p r i m a r i l y  from the Patuxent  

River  P-3 maintenance squadron. 

A f t e r  t h e  r e g r e s s i o n  was completed,  t h e  type  of f a i l u r e  d i s t r i b u -  

t i on  w a s  e s t ima ted  by examining the f requency  d i s t r i b u t i o n s  of the i n -  

d i v i d u a l  parameters  (TBF, f l i g h t - h o u r s ,  and ca l enda r  t ime) .  Th i s  ft-e- 

quency d t s t r i b u t i o n  a n a l y s i s  de te rmines  t h e  type  of d i s t r i b u t i o n  (e.%. ~ 

e x p o n e n t i a l ,  Normal, Weibul l ,  OK o t h e r  s t a n d a r d  r e l i a b i l i t y  d i s t r i -  

b u t i o n s ) .  Given the  type of f a i l u r e  d i s t r i b u t i o n ,  t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  parameters  (e.g., sigma, mu, beta, o r  lambda) were 

es t ima ted .  Once t h e  type of f a i l u r e  d i s t r i b u t i o n  w a s  e s t a b l i s h e d ,  tmre- 

l i a b i l i t y  w a s  e s t ima ted .  From t h a t  estimate t h e  a p p r o p r i a t e  f a i l u r e  

rate for  t h e  component was e s t a b l i s h e d .  With an estimate of f a i l u r e  

ra te ,  t h e  expec ted  number of f a i l u r e s  over  a given  t i m e  o r  number of 

f l i gh t -hour s  w a s  p r o j e c t e d .  The las t  s t e p  i n  t h i s  a n a l y s i s  w a s  t o  es t i -  

m a t e  t he  replacement  components r equ i r ed  f o r  t h e  number of f a i l u r e s  

p ro jec t ed .  However, w a s  not p o s s i b l e  t o  accomplish t h i s  l as t  s t e p  be- 

cause  of a l a c k  of depo t - l eve l  d a t a ,  which were comple te ly  miss ing  from 

t h e  NALC d a t a  base €or  t h e  components of i n t e r e s t .  Thus, because t h e  

depot  l e v e l  i s  t h e  l e v e l  a t  which the component i s  u l t i m a t e l y  e i t h e r  re- 

p a i r e d  o r  r ep laced ,  i t  w a s  not p o s s i b l e  t o  de te rmine  how many f a i l u r e s  

r e s u l t e d  i n  a component replacement .  
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3. RESULTS 

A goa l  of the  Phase I1 e f f o r t  was to demonstrate  the  proposed 

methodology and approach through examples, The r e s u l t s  presented  are 

some i n d f c a  t i on  of the p o t e n t i a l  improvement i n  the f o r e c a s t i n g  of main- 

tenance  a c t i o n s  us ing  the  method desc r ibed  i n  Chap. 2. The concept  of 

c o r r e l a t i o n  has  been f u l l y  covered i n  the  Phase X r e p ~ r t . ~  Note t h a t  

when the  r e s u l t s  a r e  reviewed, t h e  c o e f f i c i e n t s  of c o r r e l a t i o n  d i s c u s s e d  

are based on r e g r e s s i o n  a n a l y s i s  us ing  mult iple- independent  v a r i a b l e s .  

Some of t h e  fo l lowing  d i s c u s s i o n  is f a i r l y  t e c h n i c a l ,  and i n  an a t t empt  

t o  be a s  c l e a r  a s  p o s s i b l e ,  some terms a r e  desc r ibed  from a layman's 

viewpoint .  For a f u r t h e r  d e f i n i t i o n  of terms, p l e a s e  see Appendix A and 

the  d i s c u s s i o n  o f  c o r r e l a t i o n  i n  the  Phase I r e p o r t .  

3.1 Regression R e s u l t s  

NAIX reques t ed  that two P-3 components (TFF r e c e i v e r  t r a n s m i t t e r  

and 319 tape  t r a n s p o r t )  be analyzed and a p r o j e c t i o n  of rep lacement  

p a r t s  inade €or  a 5-year per iod  (1983-1987). "lie r e s u l t s  of a mul t ip l e -  

r e g r e s s i o n  a n a l y s i s  are shown i n  Table  2. Note t h a t  no s t r o n g  c o r r e l a -  

tions; e x i s t  w i th  any of the  independent  v a r i a b l e s  i n v e s t i g a t e d .  As a 

r e s u l t ,  the  f a i l u r e  informat ion  y i e l d e d  l i t t l e  i n s i g h t  i n t o  l o g i s t i c s  

problems o the r  than the  f a c t  t h a t  t he  d i s t r i b u t i o n  i s  h i g h l y  skewed wirh  

a l a r g e  s t anda rd  dev ia t ion .  

Regress ion  a n a l y s i s  was a l s o  run on i n d i v i d u a l  squadrons t o  iden- 

t i f y  any s i te -dependent  v a r i a b l e s .  Tables  3 and 4 summarize t h e  r e s u l t s  

of t h a t  a n a l y s i s ,  The IFF squadron f a i l u r e  a n a l y s i s  (Table  3), when 

compared with the o v e r a l l  average ,  i n d i c a t e s  no a p p r e c i a b l e  d i f f e r e n c e s  

between squadrons.  On the  o t h e r  hand, t he  P-3 squadron l e v e l  a n a l y s i s  

of the tape  t r a n s p o r t  (Table  4 )  does i n d i c a t e  some d i f f e r e n c e s  among 

squadrons.  For example, squadron AT2 iii t h  a mean-tilne-beDw~en-failure 

(MTBF) of 80 d and squadron PX5 wi th  a MTRF of 127 d both  have very low 

average  TBFs when compared wi th  the  224-6 MTBF for  a l l  squadrons.  A l s o ,  

t h e r e  a r e  two squadrons,  AT3 and P71,  t h a t  have very  high average TBFs 

of 773 and 490 d ,  r e s p e c t i v e l y ,  when compared wi th  the  MTBF of a l l  

s quadr oris . 



U 
Table 2. Regression c o r r e l a t i o n  c o e f f i c i e n t s  

V a r i a b l e s  
(%> (R2) 

Component 
Best Best Bes e: 

2 -var iab le  3 -va r i ab le  4-variable Landings 
Calendar  

S o r t i e s  
t i m e  hours 

~~ ~~ 

IFF 4.11 0.12 0.41 0.00 4.57 4.54 4.84 
Tape t r a n s p o r t  2.04 0.68 0 e 5 2  0.40 2.61 2 093 3.09 

%eptember 1 2 ,  1985, data. 



Tab le  3 .  P-3 IFF f a i l u r e  ana lyses  a t  t h e  o r g a n i z a t i o n a l  l e v e l a  

Mean TBF SIP-TBF Mean Me an Best s i n g l e  M u l t i v a r i a b l e  
v a r i a b l e  c o r r e l a t i o n  

c o r r e l a t i o n  
( 6 )  ( d )  s o r t i e s  flight-hours 

Number of 
Squadron 

( % >  
observa  t i o n s  

A l l  squadrons  

AT2 
AT3 
AT4 
AT5 
AT6 
AU 1 
AU3 
AU6 
A21 
PW2 
PW3 
PW4 
PW5 
PX5 
P7 1 
P7 2 
P7 3 

1083 

a2 
61 
54 
64 
92 
71 
76 
5 1  
24 
32 
41 

4 36 
81 
4 0 
59 
44 
55 

T i m e  

Landings 
T izw 
Sorties 
T i m e  
Landings 
T ime  
Time 
Time 
S o r t i e s  
Landings 
Tim&? 
T ime  
Landings 
S o r t i e  t i m e  
Ti m e  
T i m e  
S o r t i e  time 

4.6 

35.2 
31.5 

38.6 
17.4 
10.7 
11.8 
23 .o 
7 1 . 6  
41.9 
33.5 
30.7 
10.0 
42.1 
39.5 
34.6 

9.9 

22.8 

25% 

216 
302 
2 54 
27 1 
263 
225 
292 
259 
317 
276 
278 
280 
233 
29 1 
292 
226 
24% 

268 

225 
295 
258 
292 
290 
220 
284 
236 
385 
293 
239 
246 
261 
235 
311. 
26 1 
263 

106 

100 
t 14 
100 
102 
153 
104 
100 
104 

60 
114 
111 

95 
89 

101 
103 
104 
101 

518 

47 2 
582 
52 4 
522 
538 
54 7 
568 
52 1 
i 94 
577 
61 1 
367 
481 
504 
503 
586 
55 1 

~~~ 

a h g u s t  1 3 ,  1985, data .  



Table 4. P-3 tape t r a n s p o r t  a n a l y s e s  a t  the o r g a n i z a t i o n a l  leve l '  

Mean TBF SD-TBF Mean Mean 
Best s i n g l e  M u l t i v a r i a b l e  

c o r r e l a t i o n  

Number of 
o b s e r v a t i o n s  ( d )  (a s o r t i e s  f l i g h t - h o u r s  

Squadron v a r i a b l e  c o r r e l a t i o n  
( % >  

A l l  squadrons 

AT2 
AT3 
AT4 
AT5 
AT6 
AU 1 
AU3 
AU6 
A21 
PW2 
PW3 
PW4 
PW5 
PX5 
P7 1 
P72 
P? 3 

2314 

151 
10 

109 
124 
116 
131 
155 
86 
30 
36 
10 

826 
117 
127 

14 
154 
128 

T ime  

T i m e  
T ime  
T i  m e  
T i m e  
T i n e  
Time 
Time  
T i m e  
T i m e  
Tine 
Landings 
T ime  
Time 
T i m e  
Time 
T ime  
T i m e  

2 .s 
10.2 

44.0 
62.8 
49.8 
33.7 
27.6 
40 .G 

87.8 
97.2 
50 a 6  
29.6 
12.8 
64.3 
41.5 

a7.4 

93.8 

42.5 

224 

80 
773 
28 1 
277 
160 
188 
180 
207 
4 15 
297 
444 
245 
316 
127 
490 
265 
253 

350 

156 
493 
395 
40 1 
265 
319 
282 
340 
454 
27 2 
426 
333 
432 
215 
400 
396 
410 

103 

102 
113 

97 
104 
147 
111 
I04 
98 
49 

123 
111 
96 
85 
94 

105 
101 

98 

518 

491 
546 
513 
5 3 3  
504 
633 
602 
47 3 
158 
584 
599 
366 
455 
456 
435 
543 
532 

P 
in 
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I n t e r v i e w s  were he ld  i n  an a t tempt  t o  de te rmine  why t h e s e  four  par- 

t i c u l a r  squadrons had such a l a r g e  v a r i a n c e  in MTBFs compared with t h e  

t o t a l  squadrons'  average. However, there was no e a s i l y  e x p l a i n a b l e  rea-  

son f o r  t h e s e  l a r g e  v a r i a n c e s .  This q u e s t i o n  should be pursued t o  

de te rmine  i f  t h e r e  are si  re-dependen t e f f e c t s  evidenced by t h e s e  d a t a .  

1. 

2. 

There a r e  some o t h e r  observatloxis about the  r e g r e s s i o n  a n a l y s i s :  

Table 2 d a t a  c o n t a i n  some r e f i n e d  d a t a  c o r r e c t i o n  f a c t o r s  t h a t  a r e  

not inc luded  i n  Tables  3 and 4 (note  the  d i f f e r e n c e  i n  d a t a  d a t e s ) ,  

t h u s  r e s u l t i n g  i n  s l i g h t l y  d i f f e r e n t  c o r r e l a t i o n  c o e f f i c i e n t s  among 

the t h r e e  t a b l e s .  However, these  d i f f e r e n c e s  do n o t  change t h e  

o v e r a l l  resu1t.s.  

The mathematics of r e g r e s s i o n  computation always r e s u l t s  in a h igher  

r e g r e s s i o n  c o r r e l a t i o n  f o r  smal le r  numbers of o b s e r v a t i o n s .  T h i s  

f a c t  p a r t l y  e x p l a i n s  t h e  h igher  c o r r e l a t i o n  wi th  i n d i v i d u a l  squad- 

r o n s  * 

3.2 Frequency D i s t r i b u t i o n  R e s u l t s  

Unless  they a r e  condensed or  reduced t o  a more s u i t a b l e  form, 

s t a t i s t i c a l  d a t a  a r e  o f t e n  SO numerous t h a t  they a r e  v i r t u a l l y  use- 

less. Thus, t h e  f i r s t  s t e p  of a s t a t i s t i c a l  a n a l y s i s  i s  o f t e n  t h e  con- 

s t r u c t i o n  of a f requency d i s t r l h u t i o n  his togram t h a t  d i v i d e s  the d a t a  

i n t o  a small  number of c l a s s e s  showing the  number of o b s e r v a t i o n s  in 

each c l a s s .  These frequency d i s t r i b u t i o n  his tograms show the  symmetry, 

number of modes, etc., of the  da ta .  They a l s o  g ive  a v i s u a l  i n d l c a t i o n  

of the type (normal,  Weibull ,  log-normal, e t c . )  of d i s t r i b u t i o n  t h e  data  

appear  t o  follow. I d e n t i f i c a t i o n  of t h e  type of d i s t r i b u t i o n  is then 

t h e  b a s i s  f o r  f u r t h e r  a n a l y s e s  to determine  t h e  d i s t r i b u t i o n ' s  

parameters.  

F i g u r e s  2 - 4  show exainples of the  component f a i l u r e  frequency d is -  

t r i b u t i o n s  for  f l i g h t - h o u r s ,  TBPs, and ca lendar  t i m e .  Note t h a t  most of 

t h e s e  frequency d i s t r i b u t i o n  t a b l e s  tend t o  fo l low the  c l a s s i c  log- 

normal. or Weibull d i s t r i b u t i o n  with the mode skewed t o  the  l e f t  i n  a l l  

c a s e s  I 
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Fig.  4 .  Tape t r anspor t  (339)  failure frequency distribution f o r  
calendar  t i m e .  



Note t h a t  the a b s c i s s a  va lues  of t h e  frequency d i s t r i b u t l o n s  r e p -  

r e s e n t  the  range of d a t a  va lues  wi th  t h a t  inidpoint.  For example, i n  

F ig .  2 t h e  f i r s t  bar i s  t h e  sum of f requency percentage  from 60 t o  180 h 

(midpoint 120 h ) .  The second bar  is  the s l i m  of t he  pe rcen tages  i n  t h e  

range  of 180 t o  300 11. i n  F ig .  3 t h e  ba r  w i t h  a midpoint shown as zero 

r e p r e s e n t s  the  i n t e r v a l  of -80 t o  80 days and the  160 days midpoint  i s  

t he  t o t a l  percentages  from 80 t o  240 days. ( T h e  nega t ive  t i m e  r e s u l t s  

from a number of 0 day f a i l u r e s .  I n  Fig.  4 the  t o t a l  pe rcen tage  from 50 

t o  150 days i s  Shawn as midpoint  100 days with t h e  second ba r  r ep resen t -  

ing  f a i l u r e s  which occurred  from 150 t o  250 days.  

3 . 3  R e l i a b i l i t y  Parameters  R e s u l t s  

Tables  5-7 show t h e  c a l c u l a t e d  (from non-l inear  r e g r e s s i o n  an- 

a l y s e s )  f a i lu re  d i s t r i b u t - t o n  parameters  f o r  t h e  components of 

i n t e r e s t .  Note t h a t  f l i g h t  hours and f a i l u r e  rates are a l l  p o s i t i v e l y  

skewed ( a  measure of the  d e v i a t i o n  froin symmetry about the po in t  of 

c e n t r a l  tendency - a normal d i s t r i b u t i o n  has  zero  skewness) wi th  more 

t h a n  normal k u r t o s i s  (a  w a s u r e  of t h e  r e l a t i v e  occurrences  a t  t h e  

c e n t e r  r e l a t i v e  t o  t h a t  a long t h e  t a i l s  of the  d i s t r i b u t i o n  - a  normal 

d i s t r i b u t i o n  has  zero  k u r t o s i s ) .  Calendar  t i m e ,  however, shows both 

nega t ive  and p o s i t i v e  skewness and a less-than-normal k u r t o s i s ,  

i n d i c a t i n g  a f a i r l y  f l a t  d i s t r i b u t i o n .  These f a i l u r e  p a t t e r n s  can cause 

d i f f i c u l t y  in p r o j e c t i n g  spa re -pa r t s  needs because the  m a x i m u m  number nf 

€ai lures  occur s  someplace in the v i c i n i t y  of 20 d and t h e  average  miniher 

of f a i l u r e s  i s  -200 d. A f a c t o r  of 10 e x i s t s  between t h e  20 and 501 

p r o b a b i l i t y  va lues .  This  type of f a i l u r e  r a t e  r e l a t i o n s h i p  g e n e r a l l y  

i n d i c a t e s  a des ign  problem with the  components. If t he  des ign  s o l u t i o n  

i s  a long t i m e  i n  co~ning, the spa re -pa r t s  s t o c k - p i l e  m u s t  supply a 

b u f f e r  t o  provide  i n v e i l t o r y  f o r  the  t i m e s  when the  high f a i l u r e  rates 

combine s t a t i s t i c a l l y  t o  reduce the  s t o c k p i l e  a t  t e n  times the average 

r a t e s .  

F igu res  5 and 6 show t ire  l e a s t - s q u a r e s  f i t  of t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  superimposed on t h e  frequency d i s t r i b u t i o n  ce l l s .  Note 

t h a t  both f i g u r e s  show clip classic Weibull  d i s t r i b u t i o n  f o r  fali lure rate 

o r  TRFs wi th  a mode a t  -20 d. 



Table 5. P r o j e c t e d  IFF f a i l u r e  d i s t r i b u t i o n s a  

D i s t r i b u t i o n  parameters D i s t r i b u t i o n  c h a r a c t e r i s t i c s  D i s  tr i bu t ion  
Var i ab le  

type €r , / B b  Skewness Kur t s s i s  

Calendar t i m e  0.95 6.10 -0 * 09 -1 E6 

Average f l i g h t -  Log-normal 0.21 6.10 0.71 0.40 

F a i l u r e  r a t e  Wei b u l l  19.65 0.97 5.84 38.21 

hours 

% a i l u r e  rate = l/TBF. 

bp f o r  a log-normal d i s t r i b u t i o n  and $ f o r  a Weibull. 
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3 . 4  Spares  P r o j e c t i o n  - 

The fo l lowing  a lgor i thm w a s  developed t o  p r o j e c t  spa re -pa r t  re- 

placement requi rements  and s t o c k p i l e  needs f o r  a i r c r a f t  components. 

T h i s  p r o j e c t i o n  i s  based on a f a i l u r e  ra te  t h a t  can be a f u n c t i o n  of 

many v a r i a b l e s .  For the s t u d i e s  i n  t h i s  r e p o r t ,  time was t h e  only  v a r i -  

a b l e  t h a t  had s i g n i f i c a n t  c o r r e l a t i o n ;  however, i n  g e n e r a l ,  t h i s  and 

o t h e r  replacement equa t ion  parameters  w i l l  be f u n c t i o n s  of s e v e r a l  inde-  

pendent v a r i a b l e s .  The e q u a t i o n  f o r  replacement  i s  g iven  by 

where 

= p r o j e c t  replacement  rate (numbers p e r  u n i t  t ime) ,  RP 
F, = f r a c t i o n  r e c y c l e d ,  

r ( v )  -. f a i l u r e  r a t e  (numbers per  u n i t  t ime) ,  

Na( t )  = number of a i r c r a f t ,  

q = number of components per  a i r c r a f t ,  

s ( t )  = s t o c k p i l e  f a c t o r ,  

t = t i m e  dependence, 

v = m u l t i v a r i a b l e  dependence ( i . e . ,  v = V 1, V2, V3, etc.1. 

For t h e  two components i n v e s t i g a t e d  as examples, t he  f r a c t i o n  r ecyc led  

(F,) could not  be e s t i m a t e d  because of t h e  l a c k  of depot - leve l  d a t a  and 

was assumed t o  be zero.  However, when the model i s  f u l l y  implemented, a 

v a l u e  would be e s t ima ted  f o r  each component f o r  which p r o j e c t i o n s  are 

r equ i r ed .  

The f a i l u r e  ra tes  would normally be a f u n c t i o n  of f l i g h t - h o u r s ,  

number of l and ings ,  etc.  However, t h i s  s tudy  i n d i c a t e d  t h a t  the  tape 

t r a n s p o r t  and I F F  demonstrated the bes t  c o r r e l a t i o n  with t i m e .  There-- 

f o r e ,  s t anda rd  r e l i a b i l i t y  p r o j e c t i o n  t echn iques  were iised. For ease of 

c a l c u l a t i o n ,  t h e  f a i l u r e  rate w a s  assumed t o  be t h e  Weihul l  haza rd  func- 

t i  011; 
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The number of a i r c r a f t  Ps assumed t o  be a l i n e a r  f u n c t i o n  of t i m e ,  and, 

t h u s ,  

Na(t) = No + h N ( t  - t o )  , 

where 

to = a base y e a r  from which numbers of a i r c r a f t  are known, 

No = t h e  number of a i r c r a f t  a t  base y e a r ,  

AN = t h e  number of a i r c r a f t  added per u n i t  time. 

The number of P--3 a i r c r a f t  r e p o r t e d  over  t h e  4 y e a r s  is shown i n  

Fig.  7. According t o  t h e  d a t a  r e t r i e v e d  from t h e  R710 r e p o r t ,  no te  t h a t  

t h e  inventory  i s  decreas ing .  This  d e c r e a s e  w a s  checked o u t  wi th  Navy 

personnel  and deemed t o  he i n c o r r e c t ;  d a t a  were o b t a i n e d  d i r e c t l y  on t h e  

P-3 i n v e n t o r y  t o  make t h e  p r o j e c t i o n s ,  

The t e r m  S ( t )  i s  a f a c t o r  t h a t  w i l l  ensure  that.  t h e  number of p a r t s  

w i l l  be s u f f i c i e n t  t o  main ta in  some level  of conf idence  t h a t  s t a t i s t i c a l  

f l u c t u a t i o n s  w i l l  neat exhaus t  t h e  s t o c k p i l e  between t h e  replenishment  of 

components i n  t h e  inventory .  The e q u a t i o n  f o r  t h i s  f a c t o r  is  

where 

z = one over  t h e  mode o r  f a i l u r e  rate a t  t h e  made, 

y = t h e  number of times t h e  s t o c k p i l e  is res tocked ,  and 

g = a f a c t o r  t h a t  r e l a t e s  t o  t h e  confidence t h a t  the p a r t s  supy1.y 
w i l l  n o t  be exhausted.  

The va lue  f o r  g i s  a f u n c t i o n  of t h e  r e q u i r e d  conf idence  and a l so  may be 

a f~nct101-1 of o t h e r  v a r i a b l e s .  Figures  8 and 9 show t h e  v a l u e s  r e s u l t -  

Eng froin Monte Car lo  s t u d i e s .  Note t h a t  t h e  s o l i d  l i n e  i n  Figs.  8 and 9 

i s  the  model p r o j e c t i o n  while  t h e  s m a l l  t r i a n g l e s  a r e  a sample of the  

random number. 

Monte Car lo  s i m u l a t i o n s  were used because t h e  v a r i a b l e s  r e l a t i o n -  

s h i p s  i n  t h e  model are too complex f a r  a n a l y t i c  s o l u t i o n s .  Monte C a r l o  

s i m u l a t i o n  uses  a computer t o  e v a l u a t e  t h e  model numer ica l ly  over  t h e  
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t i n e  pe r iod  of i n t e r e s t ,  and d a t a  are ga the red  t o  estimate t h e  t r u e  

c h a r a c t e r i s t i c s  of t h e  model. 

The Monte Car lo  mode9 was used t o  de te rmlne  conf idence  i n t e r v a l s  

f o r  t he  s t o c k p i l e  model and t o  p r o j e c t  numbers of r e p a i r s  a t  the o rgan i -  

z a t i o n  ( O ) ,  i n t e r m e d i a t e  (I), and depot  (D) Bevels. F igu res  10 and I 1  

show the number of f a i l u r e s  each month, and superimposed on t h i s  i s  t h e  

Weibul l  p r o j e c t i o n  used t o  e s t i m a t e  the number of r e q u i r e d  a c t i o n s  a t  

each l e v e l  by mul t ip ly ing  the f a c t o r  g times the p r o j e c t i o n  l i n e .  Note 

t h a t  t h i s  cont ingency i s  c o n s t a n t  wi th  time and, t h e r e f o r e ,  cont ingency 

p a r t s  a r e  acqu i r ed ,  spare p a r t s  do no t  con t inue  to b u i l d  up. The d i v i -  

s ion  of f a i l u r e  p r o j e c t i o n  i n t o  t h e  v a r i o u s  maintenance l e v e l s  was 

accomplished by s tudy ing  the r a t i o  of a c t i v i t i e s  a t  each  l e v e l  over 4 

y e a r s  preceding  the  p r o j e c t l o n  years .  These r a t i o s  were approximate ly  

c o n s t a n t  and were assumed t o  be i n v a r i a n t  dur ing  the  p r o j e c t i o n .  T h i s  

c o n s t a n t  assumption should he examined f u r t h e r  because fo r  o t h e r  a i r -  

c r a f t  and o t h e r  p a r t s  i t  may w e l l  be a f u n c t i o n  of o t h e r  v a r i a b l e s  

(e.g., number of c a t a p u l t  l aunches  and hours  a t  s e a ) .  

3.5 S t a t i c  F a i l u r e  Model 

To unders tand  t h e  e f f e c t  o f  a wide and h igh ly  skewed f a i l u r e  d i s -  

t r i b u t i o n  on a p a r t  i nven to ry  and purchase schedu le ,  a model w a s  deve- 

loped  t o  s i m u l a t e  t h e  f a i l u r e  p a t t e r n s  t h a t  could occur a f t e r  s e v e r a l  

y e a r s ,  The f a i l u r e s  were modeled using the  observed f a i l u r e  d i s t r i b u -  

t i o n  curve f o r  t h e  t ape  t r a n s p o r t .  Each simul.ation was run over a 

4-year per iod  using d i f f e r e n t  va lues  f o r  g i n  t he  i n v e n t o r y  equa t ion .  

The number of: p a r t s  purchases  per yeas  was assumed t o  be one i n  the  

absence of any in fo rma t ion  ( t h e  number of purchases  per year i s  an  

economic c o n s i d e r a t i o n ) .  Each s i m u l a t i o n  r e s u l t s  i n  a t i m e  h i s t o r y  of a 

p a r t  usage and r e s u l t a n t  i nven to ry  l e v e l s  ( F i g s ,  12 and 13).  Note t h a t  

t h e  resu l t s  go below zero du r ing  t h e  s i m u l a t i o n  and tha t  the  r a t i o  of 

t he  number of n e g a t i v e  days t o  to ta l .  days is  used a s  an i n d i c a t o r  of 

p r o b a b i l i t y  of ze ro  inven to ry  us ing  a p a r t i c u l a r  g D  Figure  12 i s  an 

example inven to ry  p r o f i l e  us ing  g = 0 (i.e., no e x t r a  u n i t s  a r e  bought 

t o  ensu re  a g a i n s t  zero  inven to ry  p r o b a b i l i t i e s ) .  I n  t h i s  example, t he  
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Fig. 12. Simulated 4-year  h i s t o r y  of invei l tory l e v e l  o f  t a p e  
t r a n s p o r t  f o r  g = 0.0. 
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SlMl lLATlON OF TAPE INVENTORY O I V E 9  FOUR Y E A R S  (g = 0) 

0 150 300 410 600 750 300 1050 l ? Q O  1350 1500 
DAYS 

Fig .  13. S i a u l a t e d  4-year h i s t o r y  of i n v e n t o r y  l e v e l  of t a p e  
t r anspor t :  f o r  g = 0.02. 
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inven to ry  went n e g a t i v e  t w o  t i m e s  i n  the 4-year s imula t ion  and was nega- 

t i v e  -6% of the  t o t a l  t i m e .  The example shown i n  Fig. 15 i l l u s t r a t e s  a 

run us ing  g = 0.02, cor responding  t o  a 99.50% conf idence  l e v e l .  

3.6 F a i l u r e  P r o j e c t i o n s  

F i g u r e s  14 and 15 show the  M I K  p r o j e c t i o n s  of t h e  expected numbers 

of IFF and tape  t r a n s p o r t  f a i l u r e  p r o j e c t i o n s  f o r  conf idence  i n t e r v a l s  

of 95 and 99.5%. The e s t i m a t e s  are f o r  y e a r s  1983-1987, assuming 

monthly f l i g h t - h o u r s  a r e  a t  the  h i s t o r i c a l  mean f o r  y e a r s  1979-1982. 

These v a l u e s  were genera ted  us ing  the computer programs and models 

developed dur ing  the  Phase I T  e f f o r t .  F i r s t ,  t h e  f a i l u r e  r a t e  and 

number of a i r c r a f t  were e s t ima ted  over the  4-year pe r iod .  As can be  

seen  i n  F igs .  14 and 15, t h e  tape  t r a n s p o r t e r  r e p a i r  requi rements  were 

p ro jec t ed  t o  be c o n s t a n t  and the  TFP to  have an i n c r e a s i n g  number of 

maintenance a c t i o n s .  The Monte Car lo  s t u d i e s  were used i o  e v a l u a t e  the  

“ e x t r a ”  o r  cushion amount r e q u i r e d  t o  ensu re  a d e s i r e d  conf idence  i n  t h e  

es tima te. 

The computer codes scanned the 197p-1982 d a t a  of type of mainten- 

ance  codes and e s t ima ted  the  f r a c t i o n  of components t h a t  pass  through or  

r e q u i r e  a c t i o n s  a t  t he  t h r e e  maintenance l e v e l s  1, 2 ,  and 3. These h i s -  

t o r i c a l  d a t a  were used t o  p r o r a t e  the a c t i o n s .  



3 ‘I 



38 

a t- 
IU 
0
 

t
 

t
 I 

(D
 

LD 

0
 

m
 

3
 

n
 I J
 

2
 

0
 

a
 

a x t R x 
I

l
l

l
l

l
l

l
 I

I
I

I
I

I
I

 I
l

l
 I

l
l

 I
I

I
l

Z
 

0
 



39 

The s i n g l e ,  most s i g n i f i c a n t  conclus ion  reached i n  t h e  course  of 

t h i s  s tudy is  t h a t  ( c o n s i d e r i n g  both Phase P and Phase H I  r e s u l t s )  a 

methodology i n  which s y s t e m a t i c  analys5s af h i s t o r i c a l  data i s  coupled 

w i t h  i n p u t  from e x p e r t s  r e s u l t s  in an improved p r e d i c t i v e  a b i l i t y .  AII 

a d d i t i o n a l  conclus ion  is t h a t  many c o r r e l a t i o n  “numbers ) * ‘  e s t a b l i s h e d  

from d a t a  a n a l y s i s  a lone ,  raise o t h e r  q u e s t i o n s  i n s t e a d  of provid ing  

answers. For example, the complete lack of depot - leve l  d a t a  s e v e r e l y  

l i m i t e d  l o g i s t i c s  model development. Such p e c u l i a r i t i e s  g i v e  r ise t o  

doubts  about t h e  u s e f u l n e s s  o f  t h e  d a t a  base and u n d e r l i n e  t h e  need f o r  

i n f o r m a t i o n  g a t h e r i n g  at t h e  o r g a n i z a t i o n a l  l e v e l .  This approach w a s  

amply i l l u s t r a t e d  i n  t h e  d i s c u s s i o n s  dur ing  which i t  w a s  concluded t h a t  

a modif ied-Delphi o r  some o t h e r  i n t e r a c t i v e  technique is a necessary  

element in developing a r e a l i s t i c  f o r e c a s t i n g  a b i l i t y .  

Note t h a t  t h e  f a i l u r e  records  have been shown t o  r equ i r e  con- 

s i d e r a b l e  c o r r e c t i o n .  However, t h e  p r i n c i p a l  in format ion  on t h e  r e c o r d s  

( a i r c r a f t  bureau number, squadron, f a i l e d  p a r t ,  date! of f a i l u r e ,  cause 

codes,  r e p a i r  codes,  e t c . )  can meet most of t h e  d a t a  needs f o r  f a i l u r e  

p r o j e c t i o n s .  

The recommendat i o n s  presented  here  are p r i n c i p a l l y  s u g g e s t i o n s  f o r  

program d i r e c t i o n .  They p e r t a i n  p r i m a r i l y  t o  t h e  next  immediate phase  

of work. The recommendations r e f l e c t  comments from p r o j e c t  sponsors  a t  

NALC who rece ived  p r e l i m i n a r y  r e s u l t s  b e f o r e  p u b l i c a t i o n  O F  t h i s  docu- 

ment. 

The foremast  recommendation i s  t o  cont inue  t o  work toward t h e  i a l . t i -  

mate program o b j e c t i v e s  of ( 1 )  developing procedures ,  g u i d e l i n e s ,  com- 

p u t e r  models, and o t h e r  t o o l s  t h a t  w i l l  assist NALC i n  i t s  dec is ion-  

naking processes  and (2) t r a n s f e r r i n g  t h e  system i n t o  pract ical  u s e  by 

NALC managers. The fo l lowing  Phase 3 t a s k  i s  t h e  next  l o g i c a l  s t e p  

toward t h a t  o b j e c t i v e  e 
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Appendix A 

RET, I A BT L IPY DE FIN IT ION SI 

AVAILABILITY: A measure of t he  degree  t o  which an i t e m  is i n  an oper- 

a b l e  and commit table  s t a t e  a t  the  s t a r t  of a miss ion  when t h e  m i s -  

s i o n  i s  c a l l e d  o r  a t  an unknown t i m e .  

FAILURE: The even t ,  or  i nope rab le  s t a t e ,  i n  which any item or  p a r t  of 

an i t e m  does n o t ,  o r  would n o t ,  perEorm a s  prev ious ly  s p e c i f i e d .  

FAILURE MECHANISM: The phys ica l ,  chemical ,  e l e c t r i c a l ,  thermal  o r  o t h e r  

p rocess  which r e s u l t s  i n  f a i l u r e .  

FAILURE MODE: The consequence of the  mechanism through which the  f a i l -  

u r e  occur s ,  i.e., s h o r t ,  open, fraction, e x c e s s i v e  wear. 

FAILLTEE, RANDOM: F a i l u r e  whose occurrence  is p r e d i c t a b l e  only  i n  a pro- 

b a b i l i s t i c  o r  s t a t i s t i c a l  sense.  T h i s  a p p l i e s  t o  a l l  d i s t r i b u -  

t i ons .  

FAILURE RATE: The t o t a l  number of f a i l u r e s  w i t h i n  an i t e m  popu la t ion ,  

d iv ided  by the t o t a l  number of l i f e  u n i t s  expended by t h a t  popula- 

t i o n ,  du r ing  a p a r t i c u l a r  measurement i n t e r v a l  under s t a t e d  condi- 

t i ons .  

MAINTAINARILITY: The measure of the  a b i l - i t y  of an i t e m  to be r e t a i n e d  

i n  or r e s t o r e d  to  s p e c i f i e d  cond i t ion  when maintenance i s  performed 

by personnel  having s p e c i f i e d  s k i l l  l e v e l s ,  u s i n g  p r e s c r i b e d  pro- 

cedures  and r e s o u r c e s ,  a t  each p resc r ibed  l e v e l  of maintenance and 

r e p a i r .  

MAINTENANCE: All a c t i o n s  necessa ry  f o r  r e t a i n i n g  an i t e m  i n  or r e s t o r -  

ing  i t  t o  a s p e c i f i e d  cond i t ion .  

MAINTENANCE, CORRECTTVE: A l l  a c t i o n s  performed as a r e s u l t  of f a i l u r e ,  

t o  r e s t o r e  an i t e m  to a s p e c i f i e d  cond i t ion .  C o r r e c t i v e  mainten- 

ance  can i n c l u d e  any or a l l  of t h e  following s t e p s :  L o c a l i z a t i o n ,  

I s o l a t i o n ,  Disassembly,  In t e rchange ,  reassembly,  Alignment, and 

Checkout e 
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MEAN-TIME-BETW~eN-FAILURE (MTBF) : A b a s i c  m a s u r e  of r e l i s b i l i  t y  f o r  

r e p a i r a b l e  items: The mean number of l i f e  u n i t s  dur ing  which a l l  

p a r t s  of t h e  i tem perform w i t h i n  t h e i r  s p e c i f i e d  l i m i t s ,  dur ing  a 

p a r t i c u l a r  measurement i n t e r v a l  under s t a t e d  c o n d i t i o n s .  

~EAN-TIME-BETWEEN-~.~lAINTENRNCE (MTBM) : A measure of t h e  r e l i a b i l i t y  tak- 

i ng  i n t o  account  maintenance p o l i c y .  The t o t a l  number of l i f e  

u n i t s  expended by a given time, d i v i d e d  by t h e  t o t a l  number of 

maintenance e v e n t s  (scheduled and unscheduled)  due t o  t h a t  i t e m ,  

MEAN-TIAPE-TO-REPAIR (MTTR) : A b a s i c  naeasure of m a i n t a i n a b i l i t y :  The 

sum of c o r r e c t i v e  maintenance times a t  any s p e c i f i c  l e v e l  of re- 

p a i r ,  di-vided by the  t o t a l  number of f a i l u r e s  w i t h i n  an item re- 

p a i r e d  a t  t h a t  l e v e l ,  during a p a r t i c u l a r  i n t e r v a l  under s t a t e d  

c o n d i t i o n s .  

R E L I A B I L I T Y :  (1) The d u r a t i o n  or  p r o b a b i l i t y  of f a i l u r e - f r e e  per for -  

inance under s t a t e d  c o n d i t i o n s .  

( 2 )  The p r o b a b i l i t y  t h a t  an i t e m  can  perform i t s  in- 

tended f u n c t i o n  f o r  a s p e c i f i e d  i n t e r v a l  under 

s t a t e d  c o n d i t i o n s .  

SYSTEM: General  - A composite of equipment and s k i l l s ,  and techniques  

c a p a b l e  of performing or  s u p p o r t i n g  an o p e r a t i o n a l  r o l e ,  or both. 

A complete system i n c l u d e s  a l l  equipment,  r e l a t e d  f a c i l i t i e s ,  mate- 

r i a l ,  so f tware ,  s e r v i c e s ,  and personnel  r e q u i r e d  f o r  i t s  o p e r a t i o n  

and suppor t  t o  t he  degree t h a t  i t  can be cons idered  s e l f - s u f f i c i e n t  

i n  i t s  in tended  o p e r a t i o n a l  environment. 

TIME: The u n i v e r s a l  measure of d u r a t i o n .  The g e n e r a l  word " t i m e "  w i l l  

be modif ied by an a d d i t i o n a l  t e r m  when used i n  r e f e r e n c e  t o  opera t -  

i ng  t i m e ,  mission time, t e s t  t i m e ,  e tc .  I n  g e n e r a l  e x p r e s s i o n s  

such as  "Xean-Time-Between-Failure (YTHF) ," t i m e  s t a n d s  f o r  " l i f e  

un i t s ' '  which must be more s p e e i f  i c a l l y  d e f i n e d  whenever the  g e n e r a l  

term r e f e r s  t o  a p a r t i c u l a r  i t e m .  

WEAROUT: The process  which r e s u l t s  i n  an i n c r e a s e  of the  f a i l u r e  r a t e  

o r  p r o b a b i l i t y  of f a i l u r e  wi th  i n c r e a s i n g  number of l i f e  units. 
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1. MIL-STD-721-C, Defiazii;ians of T e ~ m  far Reliability and Mairltain- 
a b i l i t y ,  Department of Defense, Washington, D.c., ,June 12, 1981. 
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Appendix R 

To model t he  e f f e c t  of s e v e r a l  v a r i a b l e s  on a i r c r a f t  p a r t  f a - l l u r e s ,  

i n d i v i d u a l  f a i l u r e s  must be t r acked  as  a f u n c t i o n  of time-between- 

f a i l l i r e s  (TBFS). This  i s  r e q u i r e d  to r e l a t e  t h i s  t i m e  I n t e r v a l  t o  

o p e r a t i o n a l  v a r i a b l e s  cor responding  t o  t h e  same t i m e  pe r iod  (e.g., 

f l i g h t - h o u r s  and number of l a n d i n g s ) .  However, i n  most c a s e s  da t a  a r e  

n o t  a v a i l a b l e  f o r  the e n t i r e  t i m e  an a i r c r a f t  has  been o p e r a t i o n a l ,  and 

TBF must be e s t ima ted  for t h a t  p o r t i o n  of t he  t o t a l  t i m e .  For example, 

though t h e  d a t a  m y  s t a r t  in 1979, t h e  a i r c r a f t  has  had r e p a i r s  and 

rep lacements  of p a r t s  i n  yea r s  b e f o r e  1979; i t  i s  i m p r a c t i c a l  o r  

imposs ib l e  t o  o b t a i n  these ear l ier  da ta .  

To e s t i m a t e  TBF's, a t echnique  t h a t  i n t roduces  l d t t l e  o r  no b i a s  

b u r  enhances t h e  r e g r e s s i o n  a n a l y s i s  r e s u l t s  i s  used. The technique  

uses  a s t o c h a s t i c  model t h a t  by i t s  very n a t u r e  reduces  t h e  p r o b a b i l i t y  

o f  i n t r o d u c i n g  b i a s  wh i l e  i n c l u d i n g  a s  mch i n f e r r e d  in fo rma t ion  as  

poss ih l e .  

F i g u r e  3.1 i l l u s t r a t e s  TBF as  a l tnear  f u n c t i o n  of ca l enda r  t i m e .  

The 45" l i n e  on t h i s  f i g u r e  i n d i c a t e s  t he  d i v i s i o n  between r e g i o n s  des- 

i g n a t e d  1 and 2. I n  Region 1 each TRF must be es t t rna ted  because no 

f a i l u r e  data are a v a i l a b l e  be fo re  t h a t  t i m e ,  For example, a t  c a l e n d a r  

t i m e  100 no TBF va lue  above 100 can be e v a l u a t e d  because no d a t a  a r e  

a v a i l a b l e  b e f o r e  t P m e  1, Consequent ly ,  Region 1 v a l u e s  f o r  TBF must be  

e s t ima ted .  In  Region 2 TBPs can be e v a l u a t e d  by s i m p l e  s u b t r a c t i o n ,  

Far example, i f  a f a i l u r e  i s  on day 134 and the prev ious  f a i l u r e  was on 

day 101 f o r  the same p a r t  and a i r c r a f t ,  TBF, n e g l e c t i n g  the r e p a i r  t i m e ,  

i s  33 d a t  day number 134.  The problem wi th  Region 1 i s  t h a t  we d o  n o t  

know t he  time a t  which t h e  prev ious  f a i l u r e  occurred. To e s t i m a t e  t h a t  

t i m e ,  the  average  f a i l u r e  ra te  will be assumed t o  be r e l a t i v e l y  c o n s t a n t  

w i t h i n  the  r eg ion  ( T I  t o  "2). This  assumption i m p l i e s  t h a t  t h e  mnean- 

t ime-between-fai lure  (XTBF) f o r  the  d a t a  set  i s  

Ns 

Nf 
MTBF = ( T  - T )- , 



where 

4a 

O R N L - D W G  86-4491 E T 0  

T l  

CALENDAR TIME 

Fig. B.1. TBF vs t t m e .  

T2 = time of l as t  d a t a  e n t r y ,  

T = time of f i r s t  d a t a  e n t r y ,  

Ns = average number of par t s  a t  r i s k ,  

Nf = t o t a l  number of p a r t  f a i l u r e s .  

1 

To s e p a r a t e  t h e  t w o  r e g i o n s ,  MTRF w i l l  be w r i t t e n  as 

T h i s  equat ion  simply s t a t e s  t h a t  the sum of each of t h e  two r e g i o n a l  

TBFs d iv ided  by t h e  number of f a i l u r e s  is equa l  t o  XTSF. The i n d i v i d i i a l  

v a l u e s  f o r  each r e g i o n  are g iven  by 

MTRFl = CTBFl/Nl 
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and 

MTBF2 = CTBF2/N2 , 

where 

MTBFl = MTBFs i n  Region 1, 

MTBF2 = MTBFs i n  Region 2 ,  

N 1  = number of f a i l u r e s  i n  Region 1, 

N 2  = number of f a i l u r e s  i n  Region 2. 

These e q u a t i o n s  a r e  used t o  d e r i v e  an estimate f o r  t h e  MTBF of Region 1: 

MTBFl = (MTBF*Nf - CTBF2)/N1 

To e v a l u a t e  Region 1 TBF e s t i m a t e d  (TBFE) a t  t i m e  (t), t h e  t i m e  t o  t h e  

f i r s t  d a t a  e n t r y  (TL) and t h e  MTFBl v a l u e  must be cons idered .  A f ina l .  

c o n s i d e r a t i o n  b e f o r e  an estimate can be made i s  t h e  type  of d i s t r i b u t i o n  

of t h e  d a t a  i n  Region 1. To i l l u s t r a t e  t h e  importance of t h e  d i s t r i b u -  

t i o n ,  c o n s i d e r  t h a t  an  average va lue  of 50 can be o b t a i n e d  w i t h  bimodal 

d a t a  of 55 and 45, and 50 i s  a l so  t h e  a v e r a g e - v a l u e  f o r  uniform d a t a  

between 1 and 99. In  t h e s e  a n a l y s e s ,  t h e  d i s t r i b u t i o n  i s  assumed uni- 

form, and, t h u s ,  a random number (RND) is g e n e r a t e d  between 0 and 1 f o r  

t h e  e q u a t i o n  

TBFE = 4/3*MTBFl*RND*g + T2*(1 - g )  , 

where g i s  a uniform f u n c t i o n  between 1 and 0 a s  r i n c r e a s e s  from Tl  to 

T2. Thus, g = (T2 - t)/T2. Note t h a t  4 / 3  t i m e s  an RND t h a t  averages  

1 / 2  r e s u l t s  i n  an average  2/3 v a l u e  t h a t  i s  t h e  geometr ic  c e n t e r  of 

Region 1. 
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