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ABSTRACT 

A computer code package i s  described by which a  f a u l t  t r e e ,  a l ready 

const ructed ,  can be  evaluated.  The f a u l t  t r e e  may be of genera l  complex- 

i t y ,  may c o n s i s t  of up t o  2000 components .and 2000 g a t e s ,  and may include 

any number ..of i n h i b i t  condi t ions .  The g a t e  s t r u c t u r e  of t h e  fau- l t  t r e e  

i s  l i m i t e d  t o  "ANL)" g a t e s  and "OR" g a t e s ,  and t he  unique components on t h e  

t r e e  a r e  assumed t o  be  independent. 

The code package c o n s i s t s  of two d i s t i n c t  s e t s  of compu.ter codes: 

t h e  PREP codes which ob ta in  t h e  -minimal cu t  s e t s  ( f a i l u r e  modes) o r  t h e  

minimal path s e t s  ( success  modes) of t h e  f a u l t  t r e e  and t h e  KITT codes 

which obta in  t h e  numerical p r o b a b i l i t i e s  associa ted  with t h e  t ree ' .  The 

PREP :c,odes ob ta in  t h e  minimal c u t  s e t s  or  p.ath s e t s  ,eit,her by" Monte Carlo 

s ' imulation or  by de te rmin i s t i c  t e s t i n g .  The KITT codes obt,a5:,n t h e  n.i.lmer- 

i c a l  p r o b a b i l i t i e s  by means of Kinetic  Tree Theory,:a me~hodology - .  by 

which exact ,  time-dependent p r o b a b i l i s t i c  information i s  obtained. I n  t h e  

KITT codes, cons tant  r e p a i r  t imes ,  exponential  r e p a i r  d i s t r i b u t i o n s ,  and 

n o n r e p a i r a b i l i t y - c a n  be handled. Also, phasing can be included,  where each 

component may have i t s  own unique phases and t h e  f a i l u r e  and r e p a i r  da ta  

f o r  t h e  component may a r b i t r a r i l y  vary from phase t o  phase. - 
Input d e s c r i p t i o n s  - f o r  t h e  PREP and K'ITT codes a r e  given,  along .with 

d e t a i l e d  d iscuss ions  on t h e  e f f i c i e n t  use of t h e  codes and t h e  meanings 

and s ign i f i cances  of t h e  r e s u l t s  obtained.  A sample problem i s  a l s o  

included.  



PREFACE 

This repor t .  describes a  computer code package w r i t t e n  i n  For t ran  I V  

f o r  t h e  IBM 360175 computer. The code package i s  t o  be used f o r  t h e  

evaluat ion  of a  f a u l t  t r e e  which has been already constructed.  The f a u l t  

t r e e ;  used i n  r e l i a b i l i t y  engineering and system s a f e t y  a n a l y s i s ,  i s  a  

formal l o g i c a l  diagram of a l l  t h e  causes t o  a  p a r t i c u l a r  "top" event .  The 

causes a re  t h e  b a s i c  events which give r i s e  t o  t h e  t o p  event and which 

determine t h e  l i m i t  of r e so lu t ion  of the  f a u l t  t r e e .  The t o p  event i s  any 

f i n a l  event of predetermined i n t e r e s t ,  whose causes a r e  des i red .  Since 

t h e  r epor t  i s  concerned with t h e  evaluat ion  of t h e  f a u l t  t r e e ,  and not i t s  

a c t u a l  cons t ruct ion ,  t h e  reader  i s  assumed t o  have knowledge of t h e  par- 

t i c u l a r  corlcepts involved i n  f a u l t  t r e e  cons t ruct ion .  

In  t h i s  r e p o r t ,  t h e  bas ic  events  (causes)  of t h e  f a u l t  t r e e  w i l l  be 

termed "component f a i l u r e s " ,  and t h e  t o p  event of t h e  f a u l t  t r e e  w i l l  be 

termed the  "system f a i l u r e " .  The f a i l i n g  of t h e  component then corresponds 

t o  t h e  bas ic  event occurring,  and t h e  f a i l i n g  of t h e  system. correspond t o  
. . 

t h e  t o p  event occurring.  I n  a  complementary manner, t h e  "functioning" 

s t a t e  of t h e  component corresponds t o  t h e  nonexistence of t h e  component 

f a i l u r e  (bas ic  e v e n t ) ,  and t h e  "functioning" s t a t e  of t h e  system corresponds 

t o  t h e  nonexistence of t h e  system f a i l u r e  ( t o p  event ) . In  genera l ,  t h e  

" f a i l e d  s t a t e "  corresponds t o  t h e  existence of t h e  f a i l u r e  ( e v e n t ) ,  and 

t h e  "functioning s t a t e "  corresponds t o  i t s  nonexistence. The occurrence 

of a  f a i l u r e  then corresponds t o  t h e  passage from a  functioning s t a t e  t o  

a  f a i l e d  s t a t e ,  with regard t o  both t h e  system and i t s  components. 

Once const ructed ,  the  f a u l t  t r e e  i s  f i r s t  evaluated t o  obta in  t h e  

unique modes by which the  system f a i l u r e  can occur and, secondly, i s  

evaluated t o  obta in  the  associa ted  p robab i l i ty  c h a r a c t e r i s t i c s .  The unique 

modes of occurrence a r e  sometimes termed minimal cut  s e t s ,  sometimes c r i t -  

iii 



i c a l  paths,  and sometimes mode f a i l u r e s .  In  t h i s  r epo r t ,  t h e  terminology 

"minimal cu t  s e t s "  w i l l  be used. -A minimal cut  s e t  i s  a smallest  group 

( s e t )  of component f a i l u r e s  which must a l l  simultaneously e x i s t  i n  order 

f o r  t h e  system f a i l u r e  t o  e x i s t .  Any other  component f a i l u r e s  may co- 

e x i s t  with t h i s  smal les t  s e t ,  but these  other  component f a i l u r e s  a r e  en- 

t i r e l y  redundant and do not d i r e c t l y  cause t he  system f a i l u r e .  The f i n i t e  

co l l e c t i on  of a l l  t h e  unique minimal cut  s e t s  of a f a u l t  t r e e  represents  

a l l  t h e  unique, nonredundant ways by which t he  system f a i l u r e  can occur. 

The system f a i l u r e  can only occur by one of these  unique ways o r  by various 

combinations of these  uniq-ue ways. 

Of a complementary nature t o  t h e  mirlimal cut  s e t s  a r e  the  minimal 

p a t h a s e t s  of t h e  f a u l t  t r e e .  A minimal path s e t  i s  a smallest  group of 

component f a i l u r e s  which must e x i s t  i n  order f o r  t he  system f a i l u r e  

t o  - not e x i s t .  Any other  component f a i l u r e s  ex i s t i ng  with t he  minimal path 

s e t  wi'l.1 not cause system f a i l u r e .  The f i n i t e  co l l ec t ion  of a l l  t h e  u n i q u e  

minimal -path s e t s  represent  a l l  t h e  uni'que ways 'by which t he  syst,em f a i l -  

u re  w i l l  not occur. The system f a i l u r e  w i l l  not occur i f  t he  component 

f a i l u r e s  i n  one o r  more of these  m:nimal path s e t s  do not r-ccur. The 

f a u l t  t r e e  can the re fore  a l s o  be evaluated t o  obtain i t s  minimal path s e t s .  

After  having obtained e i t h e r  t h e  minimal cut  s e t s  o r  the  minimal path 

s e t s ,  t h e  f a u l t  t r e e  i s  then secondly evaluated t o  okitain t h e  p robab i l i ty  

c h a r a c t e r i s t i c s .  The minimal cu t  s e t s  o r  the  minimal path s e t s  must LC 

f i r s t  obtained i n  order t o  obtain these  cha r ac t e r i s t i c s .  Since they a re  

of a complementary nature ,  e i t h e r  t h e  min5mal cu t  s e t s  or  t he  minimal path 

s e t s  a r e  s u f f i c i e n t  t o  obta in  t h e  p robab i l i ty  cha r ac t e r i s t i c s ;  t he  same 

system c h a r a c t e r i s t i c s ,  having t h e  same numerical values,  w i l l  be obtained 

from t h e  minimal cut  s e t s  as  from the  minimal path s e t s .  For most f a u l t  

t r e e  evaluat ions ,  t he  minimal cu t  s e t s  a r e  obtained and used t o  determine 



the  p robab i l i ty  c h a r a c t e r i s t i c s  s ince  t h e  minimal cu t  s e t s  d i r e c t l y  exhib- 

it t h e  ways by whidh t h e  system f a i l u r e  can occur. 

With t h e  use of t h i s  code package, t h e  p robab i l i ty  c h a r a c t e r i s t i c s ,  

which a r e  obtained from t h e  minimal cut  o r  path s e t s ,  completely q u a n t i e  

t h e  f a u l t  t r e e .  These p robab i l i ty  c h a r a c t e r i s t i c s  include:  

1. The p robab i l i ty  of t h e  f a i l u r e  e x i s t i n g  a t  time t 
( t h e  "unava i l ab i l i tyn) .  

2. The p robab i l i ty  of t h e  f a i l u r e  not occurring t o  time t 
( t h e  " r e l i a b i l i t y "  ) . 

3 1  The.expected number of f a i l u r e s  occurring t o  time t .  

4 .  The f a i l u r e  r a t e  a t  time t .  

5 .  The f a i l u r e  i n t e n s i t y  a t  time $ ("lambda" 1. 

These p robab i l i ty  c h a r a c t e r i s t i c s  a r e  obtained not only f o r  t h e  system 

f a i l u r e ,  but a r e  obtained f o r  each component on t h e  f a u l t  t r e e  and f o r  

each minimal cu t  s e t  o r  path s e t .  From t h i s  d e t a i l e d  information, t h e  

importances of various components and minimal cut  s e t s  o r  path  s e t s  can 

be simply ascer ta ined.  Moreover, t h e  c h a r a c t e r i s t i c s  a r e  obtained a t  

a r b i t r a r y  time points  t spec i f i ed  by the  use r ,  and hence complete time 

behavior with respect  t o  s a f e t y  or  r e l i a b i l i t y  i s  obtained. 

The input  data  necessary t o  obta in  these  c h a r a c t e r i s t i c s ,  besides t h e  

f a u l t  t r e e  i t s e l f ,  a r e  t h e  component f a i l u r e  i n t e n s i t i e s  (lambdas) and 
. . 

r e p a i r  times. The f a i l u r e  i n t e n s i t i e s  may be constant  o r  may vary with 

respect  t o  phasing. The component f a i l u r e s  may have constant  r e p a i r  t imes,  

exponential  r e p a i r  d i s t r i b u t i o n s ,  o r  may be nonrepairable. The r e p a i r  da ta  

may be constant  o r  may vary w<.t,h respect  t o  phases. Any mixture of various 

types of component f a i l u r e s  can be handled, and f u r t h e r ,  any i n h i b i t  con- 

d i t i o n s  may a l s o  be incorporated.  The component f a i l u r e s  on t h e  f a u l t  t r e e  

a r e  a~sumed independent; any component f a i l u r e  may occur a t  riumerous places 

on t h e  f a u l t  t r e e  but  those component f a i l u r e s  which a r e  d i s t i n c t  a r e  assumed 

independent. 
v 



With *his  code package, f a u l t  t r e e s  o r  any s t r u c t u r e  may be handled, 

.and t h e  f a u l t  t r e e s  may be of any complexity, up t o  a m$ximm of 2000 com- a 
pdnents and 2000 g a t e s .  Even f o r  l a r g e r  f a u l t  t r e e s  t h e  comput.er time needed 

f o r  a  complete evaluat ion i s  r e l a t i v e l y  small ,  w i t h  approximately one min- 

u t e  needed f o r  a  500 component t r e e .  

Because t h e  f a u l t  t r e e  i s  evaluated i n  two s tages ,  f i r s t  t o  ohta in  t h e  

.mi.nimal cu t  s e t s  o r  pa th  s e t s  and secondly t o  obta in  t h e  ,probabi l i ty  char- 

a c t e r i s t i c s ,  t h i s  r epor t  n a t u r a l l y  divides i n t o  two main sec t ions .  The 

f i ~ ; s L  s e c t i o n  enz i t led  "'l'he Use of the  PREP Codes" describes the  use of t h e  

PREP computer codes t o  obta in  t h e  minimal cu t  s e t s  o r  path s e t s  of t h e  f a u l t  

t r e e .  The second s e c t i o n  e n t i t l e d  "The Use of t h e  KITT Codes" descr ibes  t h e  

use of t h e  KITT computer codes t o  obta in  t h e  p robab i l i ty  c h a r a ~ t ~ e r i s t i c s  

once t h e  minimal cu t  s e t s  o r  path s e t s  have been obtained. The s igni f icance  

and meanings of t h e  p robab i l i ty  c h a r a c t e r i s t i c s  obtained a r e  a l s o  explained 

i n  t h i s  ,sect ion.  

I n  a complete evaluat ion of a  -fault  t r e e ,  t h e  . f au l t  t r e e  i s  f i r s t  in- 

put  i n  a simple coded form t o  t h e  PREP computer codes t o  obta in  t h e  minimal 

c u t  s e t s  o r  path secl;s. The punche8 output from t h e  PREP codes, with addi- 

t i o n a l  component f a i l u r e  and r e p a i r  da ta ,  i s  then input  t o  t h e  KITT codes 

t o  ob ta in  t h e  time-dependent, numerical p r o b a b i l i t i e s .  In  t h i s  two-stage 

use ,  t h e  PREP and KITT codes form one code. The codes a r e  designed such 

t h a t  they may a l s o  be used independently; i f  t h e  minimal cu t  s e t s  o r  pa'l;h 

set.s are only desired then PREP may bc oingularly'  .used, and If the minimal 

c u t  s e t s  or  path s e t s  a r e  already known 07: i f  add i t iona l  s e n s i t i v i t y  Guns 

a r e  t o  be analyzed with t h e  same s e t s ,  then t h e  KITT codes can be s ingu la r ly  

used. I n  t h i s  same sense ,  t h e  two sec t ions  of t h i s  r epor t  a r e  complementary, 

but  a r e  also. independent and self-contained.  a 
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I. INTRODUCTION 

The PREP computer program package i s  designed f o r  use  as a prepro- 

cessor f o r  t h e  KITT computer programs ( s e c t i o n  2 ) .  The PREP programs f i n d  

t h e  minimal c u t  s e t s  and/or t h e  minimal path s e t s  from t h e  system's f a u l t  

t r e e ,  and output them i n  a format compatible f o r  use with KITT. 

The programs a r e  w r i t t e n  i n  For t ran  I V  f o r  t h e  IBM 360175 computer, 

arid a r e  capable of f inding'  t h e  minimal c u t  and path s e t s  ' for  f a u l t  t r e e s  

with up t o  2000 components and.up t o  2000 l o g i c a l  ga tes .  The system's 

minimal cu t  s e t s  may be obtained by e i t h e r  de te rmin i s t i c  t e s t i n g  o r  Monte 

Carlo simulat ion.  The system's minimal path s e t s  a r e  found by Monte Carlo 

simulat ion.  

The input  formats have been designed t o  make t h e  desc r ip t ion  of t h e  

system f a u l t  t r e e  t o  t h e  programs n a t u r a l . f o r  t h e  engineer f ami l i a r  with 

standard f a u l t  t r e e  terminology. Extensive e r r o r  checking i s  done on t h e  

input  t o  reduce t h e  chance of obtaining erroneous information from t h e  

programs . 

1 . Fault Trees 

I n  order ' to  obta in  r e l i a b i l i t y  information about a system from t h e  

PREP and KITT programs t h e  defined f a i l e d  s t a t e  of t h e  system must f i r s t  

be described i n  terms of poss ib le  combinations o f ' de f ined  component f a i l e d  

s t a t e s .  This i s  done by means of a schematic device c a l l e d  a f a u l t  t r e e .  

A f a u l t  t r e e  r ep resen t s  a system f a i l e d , s t a t e  by means of t h e  l o g i c a l  r e -  

l a t i o n s h i p s  between t h e  individual  component f a i l e d  s t a t e s  of t h e  system. 

Figure 1 i s  an example of a f a u l t  t r e e L a 1 .  The g a t e  l abe l l ed  "TOP" i n  

la's d e t a i l e d  desc r ip t ion  of t h e  process of drawing a system f a u l t  t r e e  
can be found i n  Reference 1. 



Figure  1 represen t s  t h e  f a i l e d  s t a t e  of t h e  system. That i s ,  t h e  TOP event 

occurs when t h e  system passes from t h e  unfa i led  t o  t h e  f a i l e d  s t a t c .  The 

symbology used t o  draw f a u l t  t r e e s  i s  explained I n  Figure 2 .  

2. Cut Sets 

The f a u l t  t r e e  al lows t h e  determination of s e t s  of components which 

when f a i l e d  w i l l  cause t h e  system t o  be f a i l e d .  For example, i n  t h e  f a u l t  

t r e e  of Figure 1, i f  t h e  components 1 and 2 a r e  simultaneously i n  t h e  f a i l -  

ed s t a t e  t h e  system w i l l  be i n  t h e  f a i l e d  s t a t e .  Such a  s e t  of components 

i s  c a l l e d  a  cu t  s e t  f o r  t h e  system. A cu t  s e t  i s  forma1l.y defined a s  any 

s e t  of system comgonents which   hen simultnncouoly f a i l e d  cause  L11e system 

t o  be i n  t h e  f a i l e d  s t a t e .  

From t h e  d e f i n i t i o n  of a  cu t  s e t  it can be seen t h a t  t h e  s e t  of compo- 

nents  ( 4 ,  5, 7 )  r ep resen t s  a  cu t  s e t  of t h e  sample f a u l t  t r e e .  Examina- 

t i o n  of t h e  l o g i c a l  re1a:tionships defined by t h e  t r e e  shuws t h a t  t h e  set. 

of components ( 4 3 )  a l s o  comprises a  cu t  s e t .  The f a i l u r e  of component 

\ 7 i s  not  necessary t o  cause t h e  TOP event i f  components 4 and 5 a l s o  f a i l .  

O n  t h e  o the r  hand, n e i t h e r  component 4 nor 5 can cause system f a i l u r e  by 

i t s e l f .  Such a c u t  s c t  i s  c a l l e a  a minimal c u t  s e t  of t h e  system. A 

minimal c u t  s e t  i s  a  smal les t  s e t  of system components which when f a i l e d  

w i l l  cause t h e  system t o  be f a i l e d .  A minima.1 rut set i s  defined t o  be 

i n  t h e  f a i l e d  o r  nonfunction'ing s t a t e  i f  and only i f  a l l  of i t s  co~nponents 

a r e  i n  t h e  f a i l e d  s t a t e ,  and i s  defined to .  be i n  t h e  non-Failed or  func- 

t i o n i n g  sLate If and only i f  a t  least, one nf itas componento i . ~  i n  t h e  

func t ion ing  s t a t e .  It can be seen t h a t  t h e  system i s  i n  t h e  f a i l e d  s t a t e  

i f  and only i f  at  l e a s t  one of i t s  minimal cut. s e t s  i s  i n  t h e  f a i l e d  s t a t e .  

Thus,, t h e  minimal c u t  s e t s  r ep resen t  t h o s e  s e t s  of components which a r e  

c r i t i c a l  wi th  regard  t o  system f a i l u r e .  



FIGURE 1 . Sampl e. Faul t Jree 



F A U L T  T R E E  S Y M B O L O G Y  

I I 

0 System ~ o m ~ o n e n t  or  -3asi- f a u l t  
event. 

ff OR Gate. 
This ga te  i s  i n  t h e  f'aPled s t a t e  
if a t  l e a s t  one of i z s  inputs  i s  

Inputs i n  t h e  f a i l e d  s t a t e .  

-AND Gate . 
This ga te  i s  i n  t h e  f a i l e d  s t a t e  
~ n i y  i f  a l l  of i t s  i n p u t s - a r e  
s h ~ l t a n e o u s l y  i n  t h e i r  f a i l e i  
st 'ates . 

The diamond i s  used t o  represent  a  
f a - ~ l t  event which i s  not developed 
fu r the r  due t o  l ack  of information. 

out/'j- - Transfer Symbols. 
These symbols a r e  used t o  t r a n s f e r  

1 an e n t i r e  p a r t  of t h e  t r e e  t o  other 

x/\ locat ions  on t h e  t r e e .  

I n h i b i t  Gate. 
This represents  an e7rent 
which occurs with some f ixed 

I n h i b i t  p robab i l i ty  of occurrence. 
Condition 00 The i n h i b i t  ga te  i s  i n  t h e  

f a i l e d  s t a t e  only i f  i t s  
inputs  a r e  i n  t h e  f a i l e d  
s t a t e  and t h e  i n h i b i t  con- 
d i t i o n  has occurred. 

3vent Descriptor . 
The rec tane le  i s  used t o  describe 1 1  I 
%he event represented by 9 gate .  I I I 

Y2e house represents  an event which 
i s  normally expected t o  occur. It 
i s  t r e a t e d  a's a  switch on t h e  t r e e ,  
and i s  s e t  o n , o r  off  by t h e  PREP 
use r .  

. , - -. I 
FIGURE 2. 



3 .  Path Sets  

It i s  a l s o  p o s s i b l e  t o  u s e  t h e  f a u l t  t r e e  t o  determine s e t s  of com- 

-5onents  of a system which must func t ion  i n  order  t h a t  t h e  system f u n c t i o n .  

For example, i n  t h e  f a u l t  t r e e  of F igure  1, i f  components 1, 2 ,  4 ,  and 5 

a r e  a l l  func t ion ing  simul'taneously, t hen  t h e  system w i l l  f u n c t i o n  (cannot  

be  f a i l e d ) .  Such a  s e t  of components i s  c a l l e d  a  pa th  s e t  f o r  t h e  system. 

A p a t h  s e t  i s  formal ly  def ined  a s  any s e t  o f  system components which when 

s imultaneously func t ioning  cause t h e  system t o  func t ion .  

From t h i s  d e f i n i t i o n  it can be seen t h a t  t h e  s e t  of components ( 1 ,  

2 ,  4 ,  5 ,  61 i s  a l s o  a  pa th  s e t ,  bu t  t h a t  t h e  i n c l u s i o n  of component 6 w a s  

unnecessary. On t h e  o the r  hand, no s e t  of t h r e e  of  these.components of 

, t h e  system i s  s u f f i c i e n t  t o  keep t h e  system func t ion ing .  Analogeous t o  

t h e  d e f i n i t i o n  of minimal c u t  s e t  we de f ine  a minimal pa th  s e t  of t h e  

system a s  a sma l l e s t  s e t  of system components which must func t ion  i n - o r d e r  

f o r  t h e  system t o  func t ion .  A minimal pa th  s e t  i s  def ined  t o  b e  i n  t h e  

f a i l e d  s t a t e  i f  and only i f  a t  l e a s t  one of i t s  components i s  i n  t h e  f a i l e d  

s t a t e ,  and i s  de f ined  t o  be i n  t h e  func t ioning  s t a t e  i f  and only  i f  a l l  of 

i t s  components a r e  i n  t h e  func t ioning  s t a t e .  A s  i n  t h e  c a s e  of minimal 

c u t  s e t s ,  t h e  s t a t e  of t h e  system can be determined from t h e  s t a t e s  of t h e  

minimal pa th  s e t s .  The system i s  i n  t h e  f a i l e d  s t a t e  i f  and only i f  a l l  

of i t s  minimal pa th  s e t s  a r e  i n  t h e  ' f a i l e d  s t a t e ,  and t h e  system i s  i n  t h e  

func t ion ing  s t a t e  i f  and only i f  a t  l e a s t  one of i t s  minimal pa th  s e t s  i s  

i n  t h e  func t ion ing  s t a t e .  Thus, t h e  minimal pa th  s e t s  r ep re sen t  t hose  

s e t s  of components which a r e  c r i t i c a l  wi th  regard  t o  t h e  system func t ion ing  

s t a t e .  

. The minimal c u t  s e t s  and minimal pa th  s e t s  r ep re sen t  two equiva len t  

sources of information about a phys i ca l  system's  s t a t e ,  and knowledge,of 
- - 

-. - 

5 



e i t h e r  t h e  minimal c u t  s e t s  or  t h e  minimal path s e t s  i s  s u f f i c i e n t  t o  ob- 

t a i n  t h e  des i red  system r e l i a b i l i t y  information. 

11. PROGRAM DESCRIPTIONS 

  he PREP computer program package i s  designed t o  accept an input  

d e s c r i p t i o n  of t h e  system f a u l t  t r e e ,  generate t h e  appropr ia te  l o g i c a l  

equ iva len t ,  and ob ta in  t h e  system's  minimal cu t  o r  path s e t s .  These min- 

imal c u t  o r  path s e t s  can then  be used by t h e  KITT programs t o  obta in  

r e l i a b i l i t y  information about t h e  system. 

The PREP package i s  composed of two sec t ions :  TREBIL reads  

t h e  input  and genera tes  t h e  l o g i c a l  equivalent  of t h e  f a u l t  t r e e  and 

MINSET obta ins  the minimal cut  o r  pa th  setas nf t , h ~  t a r p p .  

1. TREBIL 

'The TREBIL program i s  designed t o  acc.ept a desc r ip t ion  of t h e  system 

f a u l t  t r e e  i n  a format which i s  n a t u r a l  f o r  t h e  engineer, and t o  generate 

a l o g i c a l  equivalent  of t h a t  f a u l t  ;treeq. 

'l'he f a u l t  t r e e  log ic  bui ld ing algori thm requ i res  t h a t  each l ~ g i c a l  

g a t e  and each component of t h e  t r e e  be given an alphanumeric name. This 

name can be any a r b i t r a r y  combination of from one t o  e igh t  cha rac te r s .  

F igure  3 i s  an example of t h e  input  of a f a u l t  t r e e  t o  t h e  TREBIL program. 

One card  i s  read i n  f'or each l o g i c a l  g a t e  i n  t h e  f a u l t  t r e e .  The card 

con ta ins  t h e  name of t h e  g a t e ,  t h e  type o f - t h e  g a t e  ("AND" o r  "OR") ,  t h e  

number and names of t h e  o ther  ga tes  which a r e  a t tached t o  it, and t h e  number 

and Ilarnes of components which a r e  a t tached t o  it. 

Since  TREBIL i s  designed t o  accept  only "AND" ga tes  and "OR" ga tes  

a s  i n p u t ,  other  types  of g a t e  log ic  must be described i n  terms of t h e s e  

simple g a t e  types .  I f  such a desc r ip t ion  i s  not poss ib le  i n  TREBIL, it 

6 



TREB/L PROGRAM 

SPERT TREE 
A 1 OR 3 0 A2. A 3 
A 2 Oh 4 O A l l  A12 
A 3 OR 6 0 A5 A 6 
A4 ' AND 4 O A l l  A1 2 
A5 AND 2 0 A l l  A1 2 
A6 AND. 2 0 A l l  A1 3 
A7 AND . 2 0 A l l  A1 4 
A 8 AND 2 0 A1'2 A1 3 
A9 AND 2 0 A12 A14 
A1 0 AND 2 0 A13 A14 
A l l  AND 2 0 A19 A19 
A1 5 OR 3 O A 1 7  A1 8 
A16 ' OR 1 3 A44 K349 GH1 
A1 7 AND - 0 3 W150111 G FiBCKTSP 
A1 8 OR 1 6 B1 W5237 1 P 
B 1 OR 0 7 W32121P T22861P 
A1 2 AND 2 O A 1 1 4  A 2 6 
A 2 3 OR 1 3 A45 K3511  
A24  AND 0 3 WM50211 G RECKTSP 
A 2.5 OR 1 6 8 3  T2296 1 P 
B 3 OR 0 7 W52391 P W52081P 
A1 9 OR 3 0 A20 A2 1 
A20 OR 1 3 A44  K349  J K1 

K349 1 K343SEC 
MAGI HOLO 
Vi52011 P W51501P W50141 P W52841P 
C 9 5 1 A l P  C 8 2 8 f  1 P C 7 2 8 F l P  C528F1 P 

FIGURE 3 .  



may be poss ib le  t o  mock up t h e  t r u e  system behavior i n  t h e  KITT programs. 

The one exception i s  t h e  " i n h i b i t "  g a t e .  The " inh ib i t "  g a t e  i s  .input a s  

an "AND" g a t e  wi th  t h e  i n h i b i t  condi t ion  a t tached a s  a  component. 

The l o g i c a l  equivalent  of t h e  faudt  t r e e  i s  i n  t h e  form of a  FORTRAN 

subrout ine .  The subrout ine  i s  compiled a s  an intermediate job s t e p  under 

OS/360 ,. and l ink-edi ted  together  wikh. the' r o u t i n e s  i n  MINSET. Figure 4 

i s  an example of t h e  l o g i c a l  subroukine TREE generated by TREBIL. Each 

component i s  i n t e r n a l l y  indexed by TREBIL, and i s  t r e a t e d  a s  an element 

i n  a  FORTRAN l o g i c a l .  a r r a y  (called: "x"');. Simi, lar ly,  each g a t e  i~ indcxcd 

and t r e a t e d  as  an eleinent i n  another FORTRAN logical- a r r a y  ( c a l l e d  "A"). 

I n  a d d i t i o n  t o  bu i ld ing  TREE, TREBIL serves  a s  t h e  input  processor ' 

f o r  t h e  MINSET program. A l l  the, &ata  requi red  by MINSET a r e  read  i n ,  and 

checked f o r  e r r o r s ,  by TREBIL. 

2. MINSET 
, . 

The MINSET program determines t h e  minimal cu.t o r  ;path s e t s  of t h e  

fauLt t r e e .  The MINSET program al lows minimal c u t  s e t s  t o  be found by 

e i t h e r  de te rmin i s t i c  t e s t i n g  or by Monte Ca. r lo  s imulat ion. .  Mi.nimal'pa=kh 

s e t s .  must be found by Monte Carlo simulat ion.  

~ e t e r m i  n is t ' i . c  Tes ti ng .(COMBO) 

COMBO i s  t h e  d e t e r r n i n i s t j . ~  t.est.ing algori'thm f d r  o b t a i n i l ~ g  mfninlal 

cut. s e t s .  I n  COMBO each component i s  f i r s t . f a i l e d   individual?^ t o  obta in  

t h e  one component minimal c u t  s e t s .  Next, every poss ib le  combination af  

two. components i s  f a i l e d  t o  obta in  t h e  two component. mTnlnla11 cu-I5 s e t s .  

 h he two component c u t  s e t s  which conta in  a  one component minimal cut, s e t  

a r e  r e j e c t e d  i n  t h i s  procedure.)  The algori thm proceeds i n  t h i s  manrler 

u n t i l  minimal c u t  s e t s  a r e  obtained having n  components where n  i s  spec i f i ed  

by t h e  u s e r .  The algori thm may a l s o  be s t a r t e d  a t  minimal cu t  s e t s  having 



S P E R T  T R E E  

T H I S  I S  T H E  S U B R O U T I N E  G E N E R A T E D  BY T R E B I L  
S U B R O U T I N E  T R E E  
L O G 1  CAL T O P .  ~ ( 2 0 0 0 ) .  X ( 2 0 0 0 )  
COMMON/TREES/A , X , T O P  
A( 1 ) = X (  l ) . O R . X (  2 ) . O R . X (  3 )  
A( 2 )  - X( 4 ) . O R . X (  5 ) . O R  X(  6 ) . O R . X (  7 )  
A( 3 )  = X( 8 ) . O R . X (  9 )  

FIGURE 4. 



other than one component (for example, searching first for two component 

minimal cut sets and ending at n component minimal cut sets). 

Deterministic testing is the most reliable method for obtaining mini- 

mal cut sets since it is theoretically possible to test all possible com- 

binations of components. In a fault tree with a large number of components 

(eg, having more than 100 components) this is not possible in any reasonable 

amount of computer time. Thus, in a large fault tree., d.eterministic testing 

should only be used to obtain minimal cut sets of one, two, and possibly 

three components. This apparent restriction is not really detrimental 

since the COMBO algorithm has been prnp-amm~ii  so t h a t  the minimal cut 3 c t s  

are found in order of number of components. . In most cases, the number of 

components in each minimal cut set is the factor which determines its re- 

lative importance. For example, if each component in the fault tree has a 

failure intensity A, then the prohahility of a failure of cach one compo- 

nent minimal cut set is proportional to X whereas the psobabili.t,y of n. 

failure of each n component minimal cut set Ls proportional to hn. Since 

most components have failure intensities below it woiild. take well 

over lo3 two .component minimal cut sets to equal the contribution of a 

single one component minimal cut set to the probability of failure of the 

system. 

In order to use COMBO, the starting (MIN) and ending (MAX) values for 

khe number of components in the minimal cut sets found must be spkcifj-ed.. 

If the ,minimum number specified is 0 (or ,left blank), then Monte Carlo .s%m- 

ulation is used. The maximum number of components allowcd by the program 



Monte. Carlo Simulation (FATE) 

The use of a Monte Carlo simulation procedure to obtain the minimal 

cut or path sets of a fault tree is fairly efficient since the information 

obtained is qualitative, rather than quantitative; ie, only the components 

in a minimai cut or path set are determined. In FATE, the subroutine con- 

taining the simulation procedure, all the components are assumed nonrepair- 

able and independent. (COMBO also assumes independence of the components.) 

The nonrepairability assumption, of course, in no way affects the validity 

of the minimal cut or path sets obtained. 

In the Monte Carlo procedure, failures of the components are chosen 

according to their failure distributions and TREE tested for a system 

failure. If a failure has occurred, then the set of components, which are 

failed, is sorted to obtain the minimal cut set. Once the minimal cut set 

has been found, it is checked against all previously found minimal cut sets 

to eliminate duplicates. This procedure is called a Monte Carlo trial. 

An input switch ( 1 ~ ~ 1 )  is provided which causes the program to search 

for a minimal path set on any trial which does not result in system failure. 

The probability of a failure before time t for a component is computed 

by the exponential distribution. If P(T) is this probability of a failure 

before time T, then 

where X is the failure intensity (per hour) for the particular 'component 

and t is the time in hours. From the above equation, it can be seen that 

P(T=O) = 0, and that limP(T) = 1. That is, all components are assumed 
t- 

initially functioning, and eventually, must all-fail. The times of fail- 

ures are chosen from the exponential distribution based on an input value 

for T. 



This input  time T  i s  usua l ly  c a l l e d  a  "mission length". In  ,FATE, 

however, T  has no connection with any "mission" of t h e  system. I n  f a c t ,  

it w i l l  be c a l l e d  a  "mixing parameter" i n  t h i s  r epor t  s ince ,  a s  w i l l  be 

shown, it allows t h e  user  t o  exerc ise  some measure of con t ro l  over t h e  

way i n  which FATE f i n d s  t h e  minimal c u t  s e t s .  A time o f  fa. i lure t i s  

computed f o r  each component such t h a t  t i s  always l e s s  than T. This time 

of f a i l u r e  t i s  from t h e  d i s t r i b u t i o n :  

where a ( t )  i s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t .  

Once times of' f a i l u r e  t have been computed -for each co1nponeu.1;~ the  

component which has t h e  smal les t  time of f a i l u r e  i s  f i rs t  f a i l e d ,  and 

TREE i s  c a l l e d .  I f  t h e  system i s  not i n  t h e  f a i l e d  s t a t e ,  then t h e  com- 

ponent with the  next smal les t  time of f a i l u r e  i s  f a i l e d ,  and TREE i s  

t e s t e d . a g a i n .  This process i s  repeated u n t i l  t h e  system f a i l s .  When 

system f a i l u r e  occurs,  t h i s  s e t  09 f a i l ed  components i s  reduccd t o  t h e  

minimal c u t  s e t . '  

If BATE is used Lc.1 c .~ l~l :~~ln  the systeni 's minimal path s e t s ,  then a t  

each t r i a l ,  the  e n t i r e  s e t  of components i s  f i r s t  f a i l e d  so t h a t  the  - 
system w i l l '  be i n  t h e  f a i l e d  s t a t e .  Components a r e  then se lec ted  one a t  

a time from the  uniform d i s t r i b u t i o n  and put i n  t h e  nonfai led s t a t e .  

Af te r  each such s e l e c t i o n  of a  component TREE i s  c a l l e d ,  and t h e  system 

is  checked t o  determine i f  it has changed from t h e  f a i l e d  t o  the, non- 

faile,d s:t.a%e. When t h e  system i s  i n  t h e  nonfai led s t a t e  t h e  s e t  of . 

s e l e c t e d  components comprise a  path s e t  of t h e  system. This path s e t  i s  

.then reduced t o  a  minimal path s e t .  

If i n h i b i t  condit ions a r e  present  i n  t h e  f a u l t  t r e e ,  then they w i l l  

be p r i n t e d  a s  members of t h e  minimal cu t  s e t s  o r  path s e t s ,  when t h e i r  

1 2  



ex i s t ence  o r  nonexistence i s  necessary a long  wi th  t h e  components i n  t h a t  

s e t .  The KITT codes au tomat ica l ly  handle t h e s e  i n h i b i t  condi t ions  i n  t h e  

proper  manner. 

Switches a r e  c o n t r o l l e d  by t h e  u s e r .  A switch i s  e i t h e r  always f a i l e d  

o r  nonfa i l ed  and i s  never p r i n t e d  out  a s  a member of a minimal c u t  o r  p a t h  

s e t .  

I n  o rde r  t o  make e f f e c t i v e  use  of t h e  PREP program pakage, some c a r e  

must be  taken  i n  t h e  choice of t h e  mixing parameter T. The c o r r e c t  choice  

may depend upon t h e  p a r t i c u l a r  f a u l t  t r e e ,  b u t  t h e r e  a r e  some gene ra l  guide 

l i n e s  which can be  followed. 

Since FATE f i n d s  t h e  minimal c u t  s e t s  of  t h e  system by f a i l i n g  compo- 

nents  according t o  t imes of f a i l u r e  chosen from a ( t  1, t h e  va lue  of t h e  

mixing parameter used by FATE determines t h e  o rde r  i n  which t h e  components 

f a i l .  Thus, vary ing  T w i l l  vary  t h e  manner and order  i n  which t h e  minimal 

c u t  s e t s  a r e  found. To s e e  t h i s ,  cons ider  q( t  ); 

If T i s  chosen very l a r g e  s o  t h a t  approaches zero,  t hen  q ( t )  

approaches t h e  t r u e  exponent ia l  d i s t r i b u t i o n :  

a ( t )  = e - A t ~  . 

I n  t h i s  c a s e ,  t h e  computed t imes of  component f a i l u r e  w i l l  approximate 

t h e  t r u e  t imes  of f a i l u r e  (assuming n o n r e p a i r a b i l i t y ) .  

I f  on t h e  o the r  hand, T i s  s o  small  such t h a t  AT<<P.for each component 

A ,  t , h m  a.(t,) a.pproximates a uniform d i s t r i b u t i o n .  That i s ,  t h e  computed 

t imes  of f a i l u r e  w i l l  be  uniformly d i s t r i b u t e d  i n  t h e  i n t e r v a l  [O,T]. 



To v e r i f y  t h i s ,  consider:  

Thus, f o r  AT<< I' orders  of n g rea te r  than one may be neglected and 

1 
Thus a ( t )  approaches - T . 

It can he s w n  t.hq,t., if T i s  large [~quc l t ion  ( b ) ]  t h e  ttiiies uf f a l l -  

u r e s  w i l l  be we l l  s t ruc tu red .  That i s ,  those  components which have l a rge  

f a i l u r e  i n t e n s i t i e s  ( A )  w i l l  have small times of f a i l u r e  while those  with 

s m a l l  f a i l u r e  i n t e n s i t i e s  ( A )  w i l l  have l a r g e  times of f a i l u r e .  This means 

t h a t  FATE w i l l  f i r s t  f i n d  those  minimal cu t  s e t s  which a r e  most important 

t o  system f a i l u r e  and then w i l l  f i n d  t h e  l e s s e r  important minimal c u t  s e t s .  

I f  on t h e  o the r  hand, T i s  chosen so t h a t  ATccl; then t h e  f a i l u r e  

t imes gener,ated wi .11  tend t o  be uniformly mixed. This means t h a t  FATE 
, ... 

would f i n d  t h e  minimal' c u t  s e t s  i n  a random manner. 

If minimal pat21 s e t s  a r e  found by PATE, t hen  they  a n r e  always found 

i n  a random manner as described previously.  



1.1 I. INPUT DESCRIPTION AND RECOMMENDATIONS 

1 . Inpu t  Deck D e s c r i p t i o n  

  he input  t o  TREBIL cons i s t s  of t h e  t h r e e  input  groups: 

1. Control information 

2. The Fault  Tree desc r ip t ion  

3. The f a i l u r e  and r e p a i r  da ta  f o r  t h e  components. 

The beginning of each group of d a t a  i s  indica ted  by a s p e c i a l  cont ro l  

card of t h e  form: 
Col. 1 Col. 2 Col. 3 

* blank KEYWORD 

with KEYWORD replaced by'DATA f o r  input  group 1, TREE f o r  input  group 2 ,  

and RATES f o r  input  group 3.  

The end of each input  group i s  ind ica ted  by a card wi th  t h e  word END 

beginning i n  card column 1. 

Each of t h e s e  input  groups may be preceded by any number of comments 

cards .  The f i r s t  such card appearing i n  t h e  input deck i s  used a s  a 

t i t l e  card  and i s  p r in ted  on each page of output .  . . 
. .  . 

The t o t a l  input  deck has t h e  following format: . .  . . . . 

TITLE CARD 

j c OMMENTS CARDS 1 
*bDATA ( b  = blank column) 

{CONTROL PARAMETERS) 

END 

{ COMMENTS CARDS 1 
*bTREE 

{ FAULT TREE DESCRIPTION) 

END 

{ COMMENTS CARDS 1 
*bRATES 

{FAILURE AND REPAIR DATA/ 

END 



2. Input Group 1 

Inpu t  Group 1 c o n s i s t s  of t h e  c o n t r o l  parameters and switches t h a t  

de te rmine  t h e  f low through MINSET, and determine t h e  type  of output  ob- 

t a i n e d .  Table 1 con ta ins  a b r i e f  d e s c r i p t i o n  of  t h e  contents  of Input  

Group 1. 

, Informat ion  r e q u i r e d  i n  Input  Group 1 

TABLE 1. 

FORTRAN 
VARIABLE 

I 2 .  M I N  

UES CR IP$T ON 

1. NG 

MAX 

Number of  g a t e s  i n  t h e  f a u l t  t r e e  

MCS 

Minimum s i z e  of t h e  minimal cu t  s e t s  t o  be found 
by d e t e r m i n i s t i c  t e s t i n g  (COMBO) 

Maximum s i z e  of t h e  minimal cu t  s e t s  .Lo be found 
by d e t e r m i n i s t i c  t e s t i n g  (COMBO) 

I 

Minimum oinc  of the uini lual  cut S e t s  t o  'be s t o r e d  
by Monte Carlo (FATE) 

\ 

I .  Number of  Monte Car lo  t r i a l s  t o  run  I 
5 .  NREJEC 

1. 7. IREN I Monte Car lo  mixing parameter swi tch  I 

Random number s t a r t e r  

i 8 .  TAA 

9 .  IDEXl 

Monte Car lo  mixing p a r m e t e r  

Switch which de t e rp ines  i f  minimal c u t  s e t s  o r  
minimal pa th  s e t s  a r e  t o  be  obta ined  from FATE 

10. IDEX2 Switch which determines whether m i n i m a l  s e t s  a r e  
t o  b e  p r i n t e d  o r  punched, or  both 

d 



3 .  Recornmendat-i.ons- for Input  Group 1 

Input  Parameters Which Control  De te rmin i s t i c  Tes t ing  

This s e t  of i npu t  parameters i s  us'ed by t h e  d e t e r m i n i s t i c  t e s t i n g  

r o u t i n e  (COMBO) only. They should be l e f t  b lank  i f  Monte Car lo  s imu la t ion  

(FATE) i s  used. 

MIN . . 

The va lue  of - M I N  i s  used by t h e  d e t e r m i n i s t i c  t e s t i n g  r o u t i n e  COMBO 

and i s  t h e  minimum s i z e  of  t h e  minimal c u t  s e t s  t h a t  a r e  t o  be obta ined .  

I f  M I N  = 0 ,  t h e n  t h e  Monte Carlo process  i s  t o  be  used. The va lue  of  M I N  

can be no g r e a t e r  than  10.  

MAX 

The v a r i a b l e  s t o p s  t h e  d e t e r m i n i s t i c  t e s t i n g  process .  The max- % 

imum value which MAX may be given i s  10. The va lue  of MAX i s  t h e  maximum 

s i z e  of  t h e  minimal cu t  s e t s  t o  b e  found by COMBO. I f  M I N  > MAX, an e r r o r  

message i s  w r i t t e n  and problem execut ion  te rmina ted .  

The s i z e  of  t h e  system be ing  t e s t e d  must be  considered when choosing 

values f o r  M I N  and MAX. A reasonably accu ra t e  r u l e  i s  t o  al low about 

minutes of IBM 360175 t ime p e r  combination. I f  t h e  system f a u l t  t r e e  has  

m d i s t i n c t  components, and a l l  combinations of  n components a r e  t o  be 

t e s t e d ,  t hen  t h i s  w i l l  r e q u i r e  minutes on t h e  IBM 360/75[a] For 

example, i f  m = 500, and we wish t o  f i n d  a l l  2-component minimal c u t  s e t s  

( n  = MIN = MAX = 2 ) ,  t hen  t h i s  w i l l  r e q u i r e  about 1 minute of t ime i n  

COMBO. I f  we l e t  n = 3, t h e n  t h e  t ime r equ i r ed  i s  about l o 3  minutes.  

It i s  recommended t h a t  every system b e  run  us ing  COMBO t o  f i n d  t h e  

minimal c u t  s e t s  c o n s i s t i n g  of one component, and t h a t  most systems be 

[a ]  ( m )  i s  t h e  binomial  c o e f f i c i e n t ,  
n 



run t o  f i n d  t h e  minimal cu t  s e t s  cons i s t ing  of two components. I f  l a r g e r  ' 

minimal cu t  . s e t s  a r e  d e s i r e d  from t h e  system, then t h e  number of co~~iponents 

and number of combinations must be considered before deciding t o  iise de- 

t e r m i n i s t i c  t e s t i n g  r a t h e r  than t h e  Monte Carlo algorithm. 

Input  Parameters Which Control Monte Carlo Simulation 

ca his s e t  o f  input  parameters i s  used by t h e  Monte Carlo t e s t i n g  

r o u t i n e  (FATE) only. . They should b'e l e f t  blank i f  de te rmin i s t i c  t e s t i n g  

(COMBO) i s  used. 

The value of - MCS i s  t h e  s i z e  of t h e  smal les t  minimal cut s e t s  t h a t  

t h e  a n a l y s t  wishes t~ obtain ilsinp; FATE (~onte Carlo)  If, for1 exampl.e, a 

run  has been made us ing COMBO t o  f i n d  t h e  minimal. tit s e t s  with one 'and 

two components, then  MCS = 3 should be used i f  a subsequent run i s  made 

us ing  FATE. I f  MCS = 0 o r  i s  l e f t  b lank,  then MCS = 1 is assumed. 

NREJEC 

The random number s t a r t e r  NREJEC i s  an i n t ege r  which i c  used t o  re- 

j e c t  t h e  f i r s t  NREJEC random numbers found by t h e  random numbers genera- 
. . 

t o r . i n  FATE. I t s  value i s  a r b i t r a r y ,  but it must be t h e  same t o  reproduce 

t h e  r e s u l t s  of a previous run. I f  COMBO i s  being used, then ~ R E J E C  need 

not  be supplied.  

T A A 

The ~ o n t e  Carlo mixing parameter T (FORTRAN mnemonic i s  TAR) deter -  

mines whether FATE mixes component f a i l u r e s  uniformly o r  keeps them 

s t r u c t u r e d  with r'egard t o  t h e i r  importance. I f  T i s  such t h a t  XT<<l.for 

a l l  va lues  of t h e  component f a i l u r e  i n t e n s i t i e s ,  A ,  appearing i n  t h e  



system, then  t h e  component f a i l u r e s  w i l l  be  mixed uniformly.  If AT i s  

l a r g e ,  say on t h e  order  of 10 o r  100, t hen  t h e  f a i l u r e s  w i l l  occur i n  a 

manner which preserves  t h e  r e l a t i v e  importance of t h e  components and, 

hence, t h e  importance of t h e  minimal c u t  s e t s .  

Let A m i n  be  t h e  sma l l e s t  f a i l u r e  i n t e n s i t y  f o r  a l l  components i n  t h e  

system, and l e t  Amax be  t h e  l a r g e s t  f a i l u r e  i n t e n s i t y  f o r  a l l  components 

i n  t h e  system. I f  uniform mixing i s  d e s i r e d ,  t hen  it i s  recommended t h a t  

T be  chosen so  t h a t  AmaxT < .01. Then AT < . O 1  f o r  a l l  va lues  of A f o r  

components i n  t h e  f a u l t  t r e e ,  and t h e  c u t  s e t s  w i l l  b e  randomly obta ined .  

I f  t h e  r e l a t i v e  importance of  t h e  minimal c u t  s e t s  i s  of concern,  then  it 

i s  recommended t h a t  T be chosen s o  t h a t  AminT > 10.  Then AT > 1 0  f o r  a l l  

' A .  

I f  t h e r e  i s  a maximum t ime of i n t e r e s t  To, t hen  choosing T = To w i l l  

cause FATE t o  f i n d  those  minimal c u t  s e t s  f i r s t  which a r e  most l i k e l y  t o  

f a i l  up t o  t ime To. 

I f  minimal pa th  s e t s  a r e  t o  be obta ined  t h e n ,  s i n c e  uniform mixing 

i s  always used ,  .T need not  be  input  t o  FATE. 

IREN 

The i n t e g e r  swi tch  IREN i s  used t o  cause FATE t o  choose a va lue  f o r  

t h e  mixing parameter T (TAA) .  I f  IREN = 1 then  T = . O 1 / A m a x  s o  t h a t  

AT<<1 f o r  a l l  va lues  of A .  I f  IREN = 2 then  T = 10.O/Amin s o  t h a t  

AT > 10  f o r  a l l  va lues  of A .  I n  bo th  of t h e s e  cases  any inpu t  va lue  f o r  

T w i l l  b e  ignored. I f  IREN = 3 then  a va lue  f o r  T w i l l  b e  r e a i  from t h e  

inpu t  and used by hlAT!i. 



It i s  recommended t h a t  IREN = 1 o r  IREN = 2 be used wl~ene'v'er poss ib le  

t o  reduce input  e r r o r s  ( s e e  d iscuss ion of TAA). 

I f  minimal pa th  s e t s  a r e  t o  be obtained then IREN may be l e f t  blank. 

NTR 

I f  COMBO has been used t o  obta in  a l l  one and.two component minimal 

cu t  s e t s ,  ai?d if one component minimal cu t s  a r e  found, FATE need not be 

run.  I n  t h i s  case ,  NTR i s  not  appl icable  ( i e ,  i s  l e f t  b l ank) .  

I f  FATE i s  t o  be  used t o  f i n d  minimal cut  s e t s  ( f o r  example, i f  no 

one component cu t  s e t s  were found by COMBO) then one of  two procedures 

may be followed.. 

One procedure i s  t o  make a s i n g l e  FATE run with NTR = 5000. I n  t h i s  

c a s e ,  it i s  recommended t h a t  IREN = 2 ( t h a t  i s  t h e  cut  s e t s  a r e  s t r u c t u r e d  

when found) .  

A b e t t e r  procedure i s  t o  make one run of LOO0 t r i a l s  ( t h a t  i s  NTR = 

1000) wi th  IREN = 2. I f  minimal cut  s e t s  cgntaining MCS a.nd MCS + 1 corn-. 

ponents have been found, then these'  a r e  t h e  most important minimal cut  

s e t s ,  and no f u r t h e r  runs need .  to be made. 

I f  lnfnimal cut  s e t s  of MCS and MCS + 1 components a r e  not  found, then 

another  run  should be made wi th  NTR = 5000 and IREN = 1 (uniform mixing). 

This  w i l i  f i n d  o t h e r  minimal cut  s e t s  t o  be added .to those  found t h e  

f i r s t  run. 

The r e s u l t i n g  cut  s e t s  from these  two runs a r e  t o  be combined and 

d u p l i c a t e  minimal cut  s e t s  el iminated.  

I f  FATE i s  being used t o  obta in  minimal. path- s e t s  f o r  t h e  system, 

then  NTR = 5000 i s  recommended. The program w i l l  s t o r e  no more than 500 

minimal pa th  s e t s ,  and no more than 25 components i n  any path s e t .  



I D E X l  

The swi tch  IDEXl determines whether minimal cu t  s e t s  o r  minimal pa th  

s e t s  a r e  found by FATE. I f  ,IDEX1 = 0 ,  then  minimal cu t  s e t s  a r e  obtained.  

I f  IDEX = 1, then  minimal p a t h  s e t s  a r e  obtained.  I 

Input  Parameters Which Are ~ e ~ u i r e d  f o r  Both De te rmin i s t i c  Tes t ing  and 
Monte Carlo Simulat ion 

IDEXZ 

The switch IDEX2 determines whether t h e  minimal cu t  and p a t h  s e t s  

ob ta ined  by COMBO and/or  FATE a r e  p r i n t e d ,  punched, o r  bo th  p r i n t e d  and 

punched. I f  IDEX2 = . O ,  t hen  t h e  minimal cu t  o r  pa th  s e t s  a r e  p r i n t e d  

only.  I f  IDEX2 = 1, then  t h e  minimal cu t  o r  pa th  s e t s  a r e  both p r i n t e d  

and punched. 

The recommended input  va lues  f o r  Input  Group 1 a r e  summarized i n  

Tables  2 ,  3, and 4. 



TABLE 2. 

Recommended Input Values for Input  Group 1 
for a COMBO Run to Obtain All Minimal Cut Sets 

of One and Two Components. 



TABLE 3. 

Recommended I n p u t  Values f o r  I n p u t  Group 1 
f o r  a FATE Run t o  Obta in Minimal Path Sets o f  

The System 

r 
For t ran  
Variable 

1. NG 

2. M I N  

3. MAX 

4. MCS 

5. NREJEC 

6. NTR 

7. IREN 

8. TM 

9 .  I D E X l  

10. IDEX2 

Value 

Variable 

0 o r  l e f t  blank 

Not Applicable 

0 o r  1 

500 

5000 

Not Applicable 

Not Applicable 

1 

0 

1 .  

Descript ion 

Number of l o g i c a l  ga tes  i n  t h e  
f a u l t  t r e e  

Ind ica tes  FATE i s  t o  be run 

Ind ica tes  a l l  s e t s  a r e  t o  be 
s t o r e d  

The first 500 random numbers 
w i l l  be r e j e c t e d  

5000 Monte Carlo t r i a l s  w i l l  ' 

be run 

.. 

Causes FATE t o  f i n d  minimal 
path s e t s  

I f  minimal path s e t s  a r e  t o  be 
p r in ted  only 

I f  minimal pa th  s e t s  ar'e t o  be 
both p r in ted  and punched 



TABLE 4. 
, 

Recommended Input Values f o r  Input Group 1 
fo r  a FATE Run t o  Obtain Important Minimal c u t  Sets  

of Three o r  More Components 

For t ran  
Var iable  

1. NG 

2. M I N  

3. MAX 

4. MCS 

5. NREJEC 

, 6. NTR 

7 .  IREN 

8. 'TM 

9.  IDEXl 

10, IDEX2 

Value' 

Variable 

. O  o r  l e f t  blank 

Not Applicable 

3 

500 

1000 
> 

2 

b7.ank 

. O  

0 

I. 

Descript ion 

Number of ga tes  i n  t h e  f a u l t  t r e e  

Ind ica tes  t h a t  oniy minimal cut  
s e t s  with 3 o r  more components 
a r e  t o  be s to red  i n  FATE 

The f i r s t  500 random numbers 
w i l l  'be r e j e c t e d  

1000 Monte car lo '  t r i a l s  w i l l  be 
run 

Cauacv FATE t o  choose Lhe mixing 
parameter T such t h a t  XminT > 10. 

Causes FATE t o  f i n d  minimal cut  
s e t s  

I f  ~ i ~ i i l n a l  cul; ' s e t s  are t o  be 
p r in ted  only 

If cu t  s e t s  a r e  t o  be both 
prirlLed and punched 

I 

I 



TABLE 5. 

I n p u t  Group 1 Formats 

C A . R  D 1 F 0 R M A T (5110), 

Va r i ab l e  

NG 

M I N  

MAX 

IDEXl 

IDEX2 

Card Columns 

1 .- 1 0  

11 - 2U 

21 - 30 . .. 

31 - 40 

4 1  - 5Q 

C A R D 2 F 0 R M A T (4110,1~20.3)  

Var iab le  

MCS . 
NREJEC 

rJTR 

IREN 

TAA 

Card Columns 

1 - 1 0  

11 - ?O 

21  - 30 

31 - 40 

4 1  - 60 



. In.put, Group 1 Formats 

The va r iab les  f o r  Input, Group 1 a r e  input on two cards .  The card 

formats a r e  described i n  Table 5. 

4. I n p u t  G r o u p  2 

Information required  f o r  Input Group 2 i s  the.name of each ga te  i n  

t h e  f a u l t  t r e e ,  i t s  type ,  t h e  number of inputs  t o  it, and t h e  names of 

i t s  inpu t s .  The information i s  supplied one g a t e  per  card.  The input  

folrmat Yor lnput  Group 2 i s  given i n  Table 6. 

TABLE 6. *. 

. I n p u t  G r o u p  2 F o r m a t  f o r  Each  I n p u t  C a r d  

: 

1 

Inputs  

1. Gate name 
' (any 8 alphanumeric 

charac te r s  ) 

2: Blank 

3: Gate type  
' ("AND" o r  "OR" ) 

4. Blank 

5 .  Number of g a t e  inputs  

6. Number of component inputs  

7 ,  F i r s t i n p u t n a m e  

8. Blarlk 

. - 

e t c .  

C u d  Columns 

1 -, 8 

9 

1 0  - 12 

13 

1 4  - 15 

1 6  - 1-7 

13 .-. 26 

27 

e t c  . 



A l l  of t h e  inputs  described i n  Table 6 must begin i n  t h e  l e f t  most 

of t h e  columns indica ted  f o r  each of them except f o r  Inputs  5 and 6 which 

must be r i g h t  j u s t i f i e d  i n  t h e  f i e l d .  

A l l  g a t e s  which input  a described ga te  must be l i s t e d  before  any 

components which input  t h a t  g a t e .  

A l l  i n h i b i t  condit ions and switches a r e  input  i n  Group 2 i n  exactly 

t h e  same manner a s  components a r e  input .  

I n  order  t o  f a c i l i t a t e  descr ib ing t h e  f a u l t  t r e e  t o  TREBIL, a s p e c i a l  

input  form has been designed with t h e  appropr ia te  columns r u l e d  off  and 

l a b e l l e d .  Figure 5 i s  an example of t h e  use of t h e  input  form. 

5. Recommendations for Input'Group 2 

The cards i n  Input Group 2 may be s u p p l i e d . i n  any order .  The TREBIL 

algori thm w i l l  determine t he  necessary l o g i c a l  sequence. 

A naming convention should be  es t ab l i shed  f o r  t h e  f a u l t . t r e e  so t h a t  

each ga te  and component can be i d e n t i f i e d  with i t s  loca t ion  on t h e  t r e e .  

A convention w i l l  a i d  i n  debugging t h e  i n p u t ,  and a i d . i n  t h e  in te rp re ta -  

t i o n  of program output .  An example of a convention which works qu i t e  we l l  

i n  t h i s  regard i s  t o  incorpora te  a numbering scheme i n t o  t h e  g a t e  and corn- 
. . 

ponent names. The examples i n  Figure 3 i l l u s t r a t e  t h i s  convention. . 

6. Input Group 3 

Information requi red  f o r  Input Group 3 a r e  a f a i l u r e  i n t e n s i t y  f o r  

each component, r e p a i r  da ta  f o r  each component, i n h i b i t  f a i l u r e  probabi- 

l i t i e s ,  and switch s e t t i n g s  (on o r  o f f ) .  



F a u l t  ~ r e e  Codi -g Form 

I r GATE I TYPE I INPUTS I 



7. .Descr ip t ion  and Recommendations f o r  I n p u t  Group 3 

The component name N A M ( 1 )  must be t h e  same alphanumeric name used i n  

Input  Group 2. 
. . . . . . . . . 

The constant  f a i l u r e  i n t e n s i t y  W A ( I )  i s  used i n  FATE t o  determine 
, 

time of f a i l u r e .  The f a i l u r e  i n t e n s i t y  must be given per  l o 6  hours. For 

example, a  f a i l u r e  i n t e n s i t y  of 3.6 x 1 0 - ~ / h r  would be entered  on t h e  d a t a  

card a s  3.6. ' I f  t h e  system does not have a  constant  f a i l u r e  i n t e n s i t y  f o r  

each component (eg ,  when a  multiphase system i s  t o  be r u n )  then an average 

value f o r  t h e  component . f a i lu re  i n t e n s i t y  must be used. 

The constant  r e p a i r  time TAU(I)  i s  not used by t h e  PREP preprocessor 

unless t h e  component i s  an inhj.bi.t condit ion or  a switch. The values in-  

put  a r e ,  however, punched i n  t h e  appropr ia te  format f o r  poss ib le  use i n  

KITT. I f  a  component i s  nonrepairable,  o r  dbes not have constant  r e p a i r  

, ,. 
t ime,  then TAU(I)  i s  t o  be punched as 0.0 o r  l e f t  blank.  

I f  t h e  ith component i s  a c t u a l l y  an i n h i b i t  cond i t ion .o r  a  switch,  

then t h i s  i s  ind ica ted  by punching LMDA(I) a s  a  zero o r  a  negative number. 

I f  LMDA(1)  has been punched 0.0 o r  a  negative number, then TAU(I) indi -  

- . c a t e s  whether t h e  component i s  a  t r u e  i n h i b i t  condit ion o r  a  switch.  I f  

T A U ( I )  i s  g r e a t e r  than 0.0, but  l e s s  than 1 . 0 ,  then component I i s  a  t r u e  

i n h i b i t  condit ion and TAU(I )  i s  i t s  f a i l u r e  p robab i l i ty .  I f  TAU( I )  i s  

equal  t o  0.0, then component I i s  a  switch,  and i s  never i n  t h e  f a i l e d  

s t a t e  ("OFF"). I f  TAU(I) i s  equal  t o  1 . 0 ,  then  component I i s  a  switch 

which i s  always f a i l e d  ( "ON") .  These options a r e  out l ined i n  Table 9 .  

It i s  noted from Table 8 t h a t  t h e  input  q u a n t i t i e s  i n  Group 3 a r e  

suppl ied  two per  card.  



TABLE 7.  

Information Required i n  Input  Group 3 

I NAM(I )' I component name I 
Fortran Variable 

corn onent failure intensity E (per 10 hour) or inhibit, switch 
i indicator 
I 

Description 

TAU( I ) 1 '  . rth component repair time or inhibit 
I failure probability 

'Format (2(A8,2XYF10.6,F10.3,1X)) 
Input  Group 3 Format 

- -- 

Card Columns 

1 - 8 

3 -.lo 



TABLE 9. 

LMDA(1) and TAU(1) Interpretations 
~ - 

LDMA(I) 

a Pos i t ive  

Negative or  0.0 

TAU( I ) 

p o s i t i v e  

equal t o  0.0 or  blank 

equal t o  0.0 

. equal t o  1 .0  

. . 

grea te r  than 0.0 but 
l e s s  than 1 .0  

I n t e r p r e t a t  ion 

component constant 
r e p a i r  time 

component i s  nonrepair- 
ab le  or  does not have a  
constant  r e p a i r  time 

component i s  a  switch 
and never f a i l s  ( i s  off ) 

component i s  a  switch 
t h a t  i s  always f a i l e d  
( i s  on) 

component i s  a  t r u e  in-  
h i b i t  condi t ion ,  and 
TAU(I)  i s  i t s  probabi- 
. l i t y  of occurrence 



The outpilt from PREP i s  i n  two d i s t i n c t  sec t ions .  The f i r s t  sec t ion  

i s  t h e  output from TREBIC; t h e  second sec t ion  i s  t h e  output -from MIMSBqJ. 

These two sec t ions  a r e  physica l ly  separated by computer system messages - . . 

and a job s t e p  i n  which t h e  subroutine TREE,is compiled f o r  use by MINSET. 

1. Output From TREBIL 

Output from t h e  TREBIL program c o n s i s t s  of a p r in tou t  of t h e  inpu t ,  

t h e  subroutine TREE, and cross-reference Tables f o r  t h e  correlaLion of 

t h e  fault;  t r e e  input  with t h e  subroutine.  

Figure 3 i s  an example of a por t ion  of a subroutine generated by 

TREBIL from t h e  input  i l l u s t r a t e d  on Figure 2. The l o g i c a l  a r ray  X i s  

used t o  represent  t h e  components, and t h e  l o g i c a l  ar ray  A i s  used t o  re-  

p resen t  t h e  l o g i c a l  g ~ t e s  of t h e  f a u l t  t r e e .  

I n  order t o  c o r r e l a t e  t h e  input  names f o r  I.ngic~1.1. gates  and oompo.." 

nen t s ,  with t h e  l o g i c a l  a r rays  A and X r e spec t ive ly ,  cross-reference 

t a b l e s  a r e  p r i n t e d  by TREBIL. For example, i f  TREBIL indexes a component 

with alphanumeric name COMPl a s  5 ,  then t h e  loca t ion  ~ ( 5 )  corresponds t o  

t h a t  domponent , and i f  COW1 i s  i n  t h e  f a i l e d  s t a t e ,  ~ ( 5 )  i s  given t h e  

value .TRUE.. This correspondence i s  ind ica ted  i n  a cross-reference t a b l e  

having t h e  f ollowi ng format. 

LAMBDA TAU T r p p  Tndex Componcnt Ndme 

1 c 0 . ~ ~ 1  l.ooooo D-06 0.0  
2 C O M P L ~  1.5600 D-05 1.0 



A s i m i l a r  cross-reference i s  p r i n t e d  f o r  t h e  ga te  names versus ga te  

indexes. 

In  add i t ion  a  t a b l e  of components ve.rsus ga tes  input  by t h a t  compo- 

nent i s  p r i n t e d  t o  a i d  i n  c o r r e l a t i o n  of t h e  computer output with the  

ori.gina1 t r e e .  This t a b l e  i s  p r i n t e d  with t h e  following format. 

Number of Gates Gates Input 
Tree Index Component Name Input E3y t h i s  Component 

GATE1 GATE2 
GATEl 

2. Output From MINSET 

The output from MINSET cons i s t s  of t h e  obtained minimal c u t  s e t s  o r  

minimal path s e t s .  This output may be p r i n t e d  only,  o r  both p r in ted  and 

If.COMB0 has been used t o  obta in  minimal cut  s e t s ,  then each minimal 

cu t  s e t  i s  p r i n t e d  and punched as  it i s  'found. An example of t h e  output 

p r i n t  format i s  a s  fol lows:  

MINIMAL CUT SET fl0. 5 
C OMPl COMP2 

f o r  each minimal cut  s e t .  

When FATE i,s used t o  obta in  t h e  minimal cut  s e t s  from t h e  system t h e  

cu t  s e t s  a r e  p r i n t e d  twice.  Each s e t  i s  p r i n t e d  once a s  it i s  found by 

FATE. Also t h e  complete c o l l e c t i o n  of minimal cu t  s e t s  i s  p r i n t e d  a  sec- 

ond time ordered by t h e  number of components i n  each s e t .  

The output from FATE a l s o  includes t h e  number of t h e  Monte Carlo 

t r i a l  on which each cut  s e t  f a i l e d ,  a  p robab i l i ty  of f a i l u r e  f o r  each 

- cut  s e t ,  and t h e  index f o r  each gate  t h a t  i s  i n  t h e  f a i l e d  s t a t e  a s  a  

r e s u l t  of  the  minimal cu t  s e t  f a i l u r e .  



The probabi l i ty  .of f a i l u r e  which i s  pr inted fo r  each cut  s e t  i s  

use fu l  i n  the determination of the  r e l a t i v e  importance of t he  cut  s e t s .  

I f  IREN was input as  1 or  2 ,  t hen ' t he  p r in ted  probabi l i ty  represents  t he  

p robabi l i ty  of f a i l u r e  up t o  time t = l .O/Ama, .  I f  IREN was input a s  3, 

then t he  pr inted probabi l i ty  represents the  probab2lity of f a i l u r e  up t o  

time t ' =  TAA. Caution must be used i n  a t taching s ignif icance t o  t h i s  

p robab i l i ty  when TAfY has been supplied by t he  user.  

When minimal path s e t s  a r e  requested ( 1 ~ ~ x 1  = 1) from MINSET, t he  

output i s  analogous t o  t h a t  obtained f o r  minimal cut  s e t s  except t h a t  - 
probab i l i t i e s  a r e  not complited. 

If IDEX2 = 1, then t he  obtained minimal cut o r  path s e t s  w i l l  be 

punched i n  a  format useable by the  KITT program. The punched output in- 

cludes t h e  complete s'et of f a i l u r e  i n t e n s i t i e s  and repa i r  times f o r  t he  

t r e e ' s  components as  wel l  as  t he  cut or  path s e t s .  A card must be si-lpplied 

with t h e  number of cut  or  path s e t s  punched i n  an I10 format before the  

deck can be used i n  KITT (see  KITT-1 input descr ip t ion) .  
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I. INTRODUCTION 

KITT-1 i s  a computer code w r i t t e n  as  an app l i ca t ion  of Kinet ic  Tree 

Theory[a1. The code i s  w r i t t e n  i n  FORTRAN I V ,  i n  double p rec i s ion ,  f o r  

t h e  IBM 360175 computer. KITT-1 can handle components which a r e  nonre- 

' pa,ira,hl;e O r  which have a constant  r e p a i r  t ime T. Any assortment of non- 

r epa i rab le  components and components having constant r e p a i r  t imes can be 

considered. Any i n h i b i t  condit ions having constant  p robab i . l i t i e s  of 

occurrence can be handled. The f a i l u r e  i n t e n s i t y  ( A )  of each component 

i s  assumed t o  be constant  with respect  t o  time ( i e ,  exponential  f a i l u r e  

d i s t r i b u t i o n s  a r e  only considered) [ b l .  A s  i n  Kinet ic  Tree Theory, t h e  

components a r e  'assumed independent. Fur ther ,  a l l  t h e  components a r e  

assumed t o  be i n  t h e i r  opera t ing  s t a t e  a t  t = 0 .  KITT-1 i s  a s i n g l e  phase 

component code; each component may have only one f a i l u r e  i n t e n s i t y  X and 

. one r e p a i r  t ime T f o r  a l l  operat ion time ( o r  be nonrepairable f o r  a l l  t i m e ) .  

Besides t h e  X and T f o r  each component, KITT-1 requ i res  as  input  

e i t h e r  t h e  unique minimal cut  s e t s  of t h e  f a u l t  t r e e  o r  t h e  unique mini- 

mal path s e t s  of t h e  f a u l t  t ree ' .  ( A  minimal cu t  s e t  i s  a smal les t  s e t  of 

components such t h a t  i f  a l l  t h e  components a r e  simultaneously f a i l e d ,  t h e  

system i s  f a i l e d .  A minimal path s e t  i s  a smal les t  s e t  of components such 

t h a t  i f  a l l  t h e  components a r e  simultaneously funct ioning,  t h e  system i s  

[alFor t h e  t h e o r e t i c a l  b a s i s  of Kinet ic  Tree Theoi+, t h e  reader  i s  re-  
f e r r e d  t o  t h e  r epor t  Analysis of Faul t  Trees by Kinet ic  Tree Theory [2 I 

[blThe quant i ty  X i s  sometimes c a l l e d  t h e  " f a i l u r e  r a t e" .  However. we 
. w i l l  reserve  t h e  term " f a i l u r e  r a t e "  f o r  another component quant i ty  

and w i l l  c a l l  X t h e  " f a i l u r e  in tens i ty" .  



funct ioning.  ) The same r e l i a b i l i t y  informati nn i s qbtained from t h c  min- 

imal c u t  s e t s  o r  from t h e  minimal path s e t s .  Exact,  time-dependent r e l i -  

a b i l i t y  information i s  determined f o r  each component of t h e  f a u l t  t r e e  

and f o r  each minimal cu t  s e t  o r  path s e t .  For t h e  system, r e l i a b i l i t y  

r e s u l t s  a r e  obtained by upper bound approximations o r  by "bracketing". The 

upper bounds can be obtained when minimal cu t  s e t s  a r e  used t o  determine 

system r e l i a b i l i t y  information. The upper bounds a r e  not only upper . . 

bounds, but; a re  a l s o  exce l l en t  approximations , t o  t h e  exact values,  I n . t h e  

bracket ing procedure, var ious  upper and lower bounds are determined f o r  

t h e  system r e s u l t s .  The upper and lower bounds may be obtained as  c lose  

t o  one another a s  des i red ;  hence t h e  t r u e  r e s u l t s  may be enveloped as. 

t i g h t l y  a s  des i red .  If t h e  bracketing procedure i s  c a r r i e d  t g  its (f ini , t ,e)  

,completion, then t h e  exact  values f o r  t h e  system r e s u l t s  a r e  obtained. 

11. RELIABILITY INFORMATION OBTAINED BY KITT-1 

1. Component Informati on . . 

For each component of t h e  f a u l t  t r e e ,  KITT-1 obta ins  t h e  following 

-1 

q ( t )  ; t h e  p robab i l i ty  t h a t  t h e  
component i s  i n  i t s  f a i l e d  
state a t  t i m e  t. 

w ( t )  ; t h e  expected number of f a i l -  
ures t h e  component w i l l  s u f f e r  
per u n i t  t ime a t  time t 

t 
/ w ( t  ' jdt ' ; t h e  expected number of f a i l -  
o ures  t h e  component w i l l  s u f f e r  

during t h e  time i n t e r v a l  from 
0 t o  t 

1 - e x p ( - ~ t )  ; t h e  p robab i l i ty  t h a t  t h e  com- 
ponent w i l l  s u f f e r  one or  more 
f a i l u r e s  during t h e  time i n t e r -  
v a l  from 0 t o .  t . 



The quant i ty  q( t )  i s  termed t h e  component f a i l e d  p r o b a b i l i t y ;  q ( t )  

i s  t h e  p robab i l i ty  t h a t  when t h e  component i s  examined at  time t ,  it i s  

i n  i t s  f a i l e d  s t a t e  a t  thi 's  point  i n  time. The quan t i ty  w ( t )  i s  termed 

t h e  component ,fai lure r a t e .  The i n t e g r a l  of w ( t )  over any time i n t e r v a l  

from t l  t o  t2 gives t h e  expected number of times t h e  component w i l l  f a i l  

during t h i s  i n t e r v a l .  ~ h k  i n t e g r a l  of w ( t )  from 0 t o  t , which i s  t h e  

t h i r d  quant i ty  i n  t h e  above l i s t ,  i s  thus  t h e  expected number of times t h e  

component w i l l  f a i l  up t o  time t .  The l a s t  quan t i ty  i n  t h e  above l i s t  

which i s  .self-explanatory i s  a  t r i v i a l  com~uta t ion ,  but  saves t h e  user  

t h e  t a s k  of looking up a  value f o r  an exponential.  

The q u a n t i t i e s ,  or  c h a r a c t e r i s t i c s ,  q ( t )  and w ( t )  a r e  termed d i f f e r -  

e n t i a l  c h a r a c t e r i s t i c s  s ince  they a r e  pointwise q u a n t i t i e s ,  being obtained 
t 

a t  a  point  i n  t ime.  The q u a n t i t i e s  ( w ( t f  ) d t f  and 1 - e x p ( - ~ t )  a r e  termed - 
0 

i n t e g r a l  c h a r a c t e r i s t i c s .  

The above four  c h a r a c t e r i s t i c s  a r e  obtained f o r  each component a t  

time po in t s  t = tn, spec i f i ed  by t h e  user .  

2. Minimal Cut Set Information 

I f  minimal cut  s e t s  a r e  used t o  obta in  system r e l i a b i l i t y  information,  

then f o r  each minimal cut  s e t  of t h e  f a u l t  t r e e ,  t h e  following r e l i a b i l i t y  

c h a r a c t e r i s t i c s  a r e  obtained:  

i(t) ; t h e  pro 'babil i ty t h a t  t h e  minimal 
cut  s e t  i s  i n  i t s  f a i l e d  s t a t e  a t  
time t [ a l  

c ( t )  ; t h e  expected number of f a i l u r e s  
t h e  mininlal cut  set  will s u f f e r  
per  u n i t  time a t  time t 

[ a l ~ h e  supersc r ip t  symbol " " I f  i s  used t o  denote minimal cut skt 
r e l i a b i l i t y  quan t i t i e s .  



i( t ) ; t h e  p robab i l i ty  t h a t  t h e  min- 
imal cu t  s e t  w i l l  s u f f e r  a, 
f a i l u r e  per  u n i t  time a t  time 
t given it i s  i n  i t s  function- 
ing  s t a t e  a t  time t 

b v  f i( t l  ) d t l  ; t h e  expected number of f a i l u r e s  
o t h e  minimal cut  s e t  w i l i  s u f f e r  

during t h e  i n t e r v a l  from 
0 t o  t 

I rV 

1 - e x p [ - / ~ ( t '  ) d t f  1 ; t h e  p robab i l i ty  t h a t  t h e  min- 
o imal cu t  s e t  w i l l  s u f f e r  one 

or  more f a i l u r e s  during t h e  
time interva,l  from 0 t o  t . 

A minimal c u t  s e t  i s  s a i d  t o  be i n  i t s  f a i l e d  s t a t e  i f  and only i f  

a l l  of i t s  components a r e  simultaneously i n  t h e i r  f a . i  1 ~d st.at.e. A rnj,ni<- 

m a 1  c u t  s e t  i s  thus  i n  i t s  functioning s t a t e  i f  and only i f  one or  more 

of i t s  components i s  i n  i t s  functioning state. A fa.i l1.1rc of a minimal 

c u t  s e t  i s  t h e  passage of t h e  minimal cut  s e t  from i t s  functioning s t a t e  

t o  i t s  f a i l e d  s t a t e .  (consequently, a minimaj. c ~ ~ . t ,  s e t  behaves l i k e  an 

"and gate" on a  f a u l t  t r e e .  ) 
Y 

The quant i ty  ~ ( t  ) i s  c a l l e d  t h e  minimal cut  s e t  fa.i.1-cd probabili-ty. 
V 

~ ( t )  i s  t h e  p robab i l i ty  t h a t  a l l  t h e  minimal cut  s e t  components a r e  s i m -  

U l t a ~ ~ e o u s l y  i n  t h e i r  f a i l e d  s t a t e s  a t  time t .  Now t h e  system i s  i n  i t s  

. f a i l e d  s t a t e  i f  a  minimal cut  s e t  i s  i n  i t s  f a i l e d  s t a t e .  Therefore, 

i(t) f o r  a  p a r t i c u l a r  minimal cut  s e t  i s  t h e  p robab i l i ty  t h a t  t h e  system 

i s  i n  i t s  f a i l e d  s t a t e  a t  time t by means of: t h e  p a r t i c u l a r  minimal cut  
" 

s e t  being i n  i ts  f a i l e d  s t a t e  a t  time t .  Examination of t h e  ~ ( t )  f o r  

each of t h e  minimal cut  s e t s  of t h e  f a u l t  t r e e  w i l l  determine t h e  c r i t i -  

c a l  minimal cut s e t s ,  those  with t h e  l a r g e s t  6 ( t  ) , by which t h e  system i s  

most l i k e l y  t o  be i n  a  f a i l e d  s t a t e .  

The quant i ty  %(t)  i s  c a l l e d  t h e  minimal cu t  s e t  f a i l u r e  r a t e .  The 

i n t e g r a l  of k ( t  ) over any time i n t e r v a l  from t t o  t 2  yie lds  t h e  expected 



number of t imes t h e  minimal cut  s e t  w i l l  s u f f e r  a  f a i l u r e  i n  t h i s  i n t e r v a l .  

The i n t e g r a l  from 0 t o  t i s  t h e  expected number of times t h e  minimal cut  

s e t  w i l l  s u f f e r  a  f a i l u r e  up t o  time t .  The system w i l l  s u f f e r  a  f a i l u r e  

i f  a  minimal 'cut  s e t  s u f f e r s  a  f a i l u r e .  The minimal cut  s e t s  with t h e  
" 

l a r g e s t  ~ ( t )  a r e  the re fo re  those  which con t r ibu te  most t o  system f a i l u r e .  

The quant i ty  i(t) i s  termed t h e  minimal cut  s e t  f a i l u r e  i n t e n s i t y .  

i(t) is  analogous t o  t h e  component f a i l u r e  i n t e n s i t y  A and i s  used i n  

exact ly  t h e  same way a s  A i s  used f o r  a  component. The quan t i ty  
t " 

exp[-/A(t ' ) d t  ' ]  i s  t h e  p robab i l i ty  t h a t  t h e  minimal cut  s e t  s u f f e r s  no 
0 t " 

f a i l u r e  t o  time t. The quant i ty  1 - e x p [ - / ~ ( t ' ) d t ' ]  i s  the re fo re  t h e  
0 

p robab i l i ty  t h a t  t h e  minimal cut  s e t  s u f f e r s  one o r  more f a i l u r e s  up t o  

time t .  

The d i f f e r e n t i a l  c h a r a c t e r i s t i c s  i ( t ) ,  i ( t ) ,  and i ( t )  and t h e  in te -  
t " t " 

g r a l  c h a r a c t e r i s t i c s  /W( t ' )d t1  and 1 - e x p [ - / A ( t ' ) d t l ]  a r e  obtained f o r  
0 0 

each minimal cut  s e t  a t  time po in t s  t = t n  spec i f i ed  by t h e  user .  

3. Minimal Path Set Information 

I f  minimal path s e t s  a r e  used t o  obta in  system r e l i a b i l i t y  information,  

then f o r  each minimal path s e t  t h e  following r e ' l i a b i l i t y  c h a r a c t e r i s t i c s  

a r e  obtained : 

, ~ ( t )  ; t h e  p robab i l i ty  t h a t  t h e  minimal 
path s e t  i s  i n  i t s  functioning 
s t a t e  a t  time t [" ]  

,. 
~ ( t )  ; t h e  expected number of f a i l u r e s  

t h e  minimal path s e t  w i l l  s u f f e r  
per  u n i t  t ime a t  t i m e . t  

lalT'he supersc r ip t  symbol " A " i s  used t o  denote minimal path s e t  
r e l i a b i l i t y  q u a n t i t i e s .  



A 

h ( t  ) ; t h e  p robab i l i ty  t h a t  t h e  minimal 
path s e t  w i l l  s u f f e r  a  f a i l u r e  
per  u n i t  time a t  time t given it 
i s  i n  i t s  func t io~ l ing  s t a t e  a t  
time t 

tA 
( ~ ( t '  ) d t  ' ; t h e  expected number of f a i l u r e s  
o  t h e  minimal path s e t  w i l l  s u f f e r  

during t h e  time i n t e r v a l  from 0 
t o  t 

C 
A 

e x p [ - ( ~ ( t  ' ) d t  ' 1 ; t h e  p robab i l i ty  t h a t  t h e  minimal 
path s e t  w i l l  s u f f e r  no f a i l u r e  
from 0 t o  t .  

A minimal path  s e t  i s  s a i d  t o  be in i t s  functinninp; s t . a t o  i f  and only 

i f  a l l  of i t s  components a r e  simultaneously i n  t h e i r  functioning s t a t e s .  

A minimal path s e t  i s  thus i n  i t s  f a i l e d  s t a t e  i f  arid only i f  one o r  more 

of i t s  components i s  i n  i t s  f a i l e d  s t a t e .  A f a i l u r e  of a  minimal path 

s e t  i s  t h e  passage of t h e  minimal path s e t  from i t s  functioning s t a t e  t o  

its f a i l e d  s t a t e .  ( A  minimal path s e t  the re fo re  behaves l i k e  an "or gate" 

on a  f a u l t  t r e e .  ) 
A 

The quan t i ty  ~ ( t )  is  termed' t h e  minimal path s e t  functioning proha= 

b i l i t y .  The system i s  i n  i t s  functioning s t a t e  i f  one of t h e  minimal path 
A 

s e t s  i s  i n  i t s  functioning s t a t e .  Therefore, ~ ( t )  f o r  a p x r t i c u l a r  mini- 

mal pa th  s e t  i s  t h e  p r o b a b i l i t y  t h a t  t h e  system is i n  i t s  functioning 

s t a t e  by means of t h e  p a r t i c u l a r  minimal path s e t  being i n  i t s  functioning 
A 

s t a t e .  Those minimal path s e t s  with t h e  l a r g e s t  ~ ( t )  a r e  t h e ' c r i t f c a l  

minimal pa th  s e t s  by which t h e  system i s  most l i k e l y  t o  be i n  a  function- 

ing  s t a t e .  
A 

The quant i ty  ~ ( t )  is  termed t h e  minimal path s e t  f a i l u r e  r a t e .  ~ ( t )  

i s  analogous t o  t h e  minimal cu t  s e t  f a i l u r e  . r a t e  and component f a i l u r e  

qaLe and I S  Us-ed iA t h e  same way a s  t h e  o ther  f a i l u r e  r a t e s .  
A 

The quant i ty  ~ ( t  ) i s  termed t h e  minimal path s e t  f a i l u r e  i n t e n s i t y .  
A " 
A ( t )  t'or a  minimal path s e t  i s  used i n  exact ly  t h e  same way as ~ ( t )  i s  . 



used f o r  a  minimal cut  s e t  and X ( t )  i s  used f o r  a  component. The quan t i ty  
t, 

e x p [ - ( ~ ( t  ' ) d t  ' ] i s  t h e  p robab i l i ty  t h a t  t h e  minimal path s e t  s u f f e r s  no 
0 

f a i l u r e  t o  time t .  Those minimal path s e t s  with t h e  l a r g e s t  value of 
t, 

e x p [ - ( ~ ( t '  ) d t  '1  a r e  those c r i t i c a l  minimal path s e t s  by which t h e  system 
0 

w i l l  most l i k e l y  function t o  time t without a f a i l u r e .  
A A A 

The d i f f e r e n t i a l  c h a r a c t e r i s t i c s ,  ~ ( t ) ,  ~ ( t ) ,  and ~ ( t )  and t h e  i n t e -  
t ,. t ,  

g r a l  c h a r a c t e r i s t i c s  ( ~ ( t  ' ) d t  ' and exp [ - / ~ ( t  ' )d t  ' 1  a r e  obtained a t  time 
0 0 

points  t = tn spec i f i ed  by t h e  use r .  

4. System Reliability Information 

The f a u l t  t r e e  can be described i n  an equivalent  manner by e i t h e r  i t s  

minimal cut s e t s  o r  by i t s  minimal path s e t s ;  t h e  same system r e l i a b i l i t y  

information, having exact ly  t h e  same values,  i s  obtained from ei ther- ; the  

minimal cut s e t s  o r  t h e  minimal path s e t s .  The system r e l i a b i l i t y  infor-  

mation, or  system r e l i a b i l i t y  c h a r a c t e r i s t i c s ,  obtained from t h e  minimal 

cut  s e t s  o r  path s e t s  a r e :  

~ ~ ( t )  ; t h e  p robab i l i ty  t h a t  t h e  
system i s  i n  i t s  f a i l e d  
s t a t e  a t ' t i m e  t 

w 0 ( t )  ; t h e  expected number of 
f a i l u r e s  t h e  system w i l l  
s u f f e r  per  un i t  time a t  
time t 

h 0 ( t )  ; t h e  p robab i l i ty  t h a t  t h e  
system w i l l  su f fe r '  a  f a i l ~ i r e  
per un i t  time a t  time t 
given it i s  i n  i t s  function- 
ing  s t a t e  a t  time t 

/ ~ , ( t '  ) d t '  ; t h e  expected number of f a l l -  
o  ures  t h e  system w i l l  s u f f e r  

during t h e  time i n t e r v a l  from 
0 t o  t 



t 
1 - exp[-(ho(tl  ) d t l ]  ; t h e  p robab i l i ty  t h a t  t h e  

o system w i l l  s u f f e r  one o r  
more f a i l u r e s  i n  t h e  time 
i n t e r v a l  from 0 t o  t .  

The quan t i ty  Qo(t) i s  c a l l e d  t h e  system f a i l e d  probabi l i ty .  I f  t h e  

system i s  examined a t  time t ,  then Qo(t) i s  t h e  p robab i l i ty  t h a t  t h e  system 

i s  down, o r  i n  i t s  f a i l e d  s t a t e ,  a t  t h i s  p a r t i c u l a r  time. 

The quant i ty  w o ( t )  i s  termed t h e  system f a i l u r e  r a t e .  The i n t e g r a l  

of w o ( t )  over any time i n t e r v a l  from tl t o  t 2  gives t h e  expected number 
t 

of t imes t h e  system w i l l  f a i l  during t h i s  i n t e r v a l .  The i n t e g r a l  Iw0(t l ) d t  l 

i s  consequently t h e  expected number of times t h e  system wil.1- f a i l  up t o  

t ime t .  

The quant i ty  h o ( t )  i s  termed t h e  system f u r e  i n t e n ~ i t . ~  and is anal- 

ogous t o  t h e  o the r  f a i l u r e  i n t e n s i t i e s  discussed. The quant i ty  
t 

exp[-/h0(t1)dt1l(  i s  t h e  p robab i l i ty  of no system f a i l u r e  t o  time t ; . a n d  one 
0 

minus t h i s  quan t i ty ,  t h e  l a s t  c h a r a c t e r i s t i c  i n  t h e  above ligt, i s  t h e  

probabiiiey t h a t  t h e  system w i l l  s u f f e r  one o r  more f a i l u r e s  t o  time t .  

The d i f f e r e n t i a l  system c h s r ~ c ~ e r i s t i c s  &,(t), wU(t), and fIo(t)  and 
t t 

t h e  i n t e g r a l  system c h a r a c t e r i s t i c s  jw0(t1 ) d t l  and 1 - exp[- lh0( t t  ) a t 1  1 
0 0 

a r e  obtained a t  t h e  same time points  as  t h e  component and s e t  character-  

i s t i c s ,  t = tn, which a r e  spec i f i ed  by t h e  iiser. The system charaotcr io t ico  

a r e  obtained e i t h e r  by upper bound approximations o r  by bracketing.  I f  

t h e  bracket ing i s  c a r r i e d ' t o  i t s  completion then t h e  exact values f o r  these  

system c h a r a c t e r i s t i c s  a r e  obtained,.  

I I I .  INPUT DESCRIPTION 
- 

This sec t ion  descr ibes  t h e  da ta  which must be input  t o  KITT-1. A 

d e t a i l e d  desc r ip t ion  of t h i s  input ,  along with recommendations, i s  given. 



A l l  t h e  in tege r  input  da ta  ( f i x e d  point  d a t a )  a r e  read under an I10 format 

and the re fo re  must be r i g h t  j u s t i f i e d .  A l l  t h e  decimal input da ta  ( f l o a t -  

ing point  d a t a )  a r e  read under an F1O.O format. This format w i l l  t ake  any 

decimal number, such as 15.0, which can be s i t u a t e d  anywhere wi th in  the  

10 columns, but  decimal po in t s  must be punched. It w i l l  a l s o  t ake  t h e  E 

o r  D r ep resen ta t ion ,  such as  1.5D + 01, but  t h e  decimal point  must be 

. . 
punched and t h e  number must be r i g h t  j u s t i f i e d .  

I n p u t  Group 1 

Number of  Cards: 1 

Format: 1 0 ~ 8  

Input Data: T i t l e  Card 

This card i s  used f o r  desc r ip t ion  of  t h e  problem t o  be run. Any 

alphanumeric charac ters  may be used i n  t h e  80 columns o f , t h e  card. . 

I n p u t  Group 2 

Number of Cards: 1 

Format: I10 

Input Data: NPROB (WROB 2 1) 

. . . . ,. 

The parameter NPROB is  t h e  number of "parameter runs" t o  be p,erformed 

f o r  t h e  same f a u l t  t r e e  ( i e ,  f o r  t h e  same minimal cut s e t s  o r  minimal pa th  

s e t s ) .  A parameter run i s  t h e  f a u l t  t r e e  analyzed with t h e  components 

having a p a r t i c u l a r  s e t  of values o f  X and T .  For NPROB = 1, t h e  f a u l t  

t r e e  i s  analyzed with one s e t  of A's and T ' S  used f o r  t h e  components. For 

NPROB = n., with n > l , t h e s a m e ' f a u l t  t r e e  i s  analyzed with n d i f f e r e n t  s e t s  



of values of X's and T ' S  f o r  t h e  components. For NPROB grea te r  than 1, 

one can the re fo re  analyze t h e  d i f ferences  i n  system r e l i a b i l i t y  due t o  

changes of various component A's and T ' S .  

Input Group 3 

Number of Cards: 1 

Format: I10 , 

Input  Data: NCOMP (1 5 .NCOMP I 400) 

NCOMP i s  t h e  t o t a l  number of unique components p lus  unique i n h i b i t  

conditffins. This total number of components p lus  i n h i b i t  condit ions must 

inc lude t h e  number of unique components p lus  i n h i b i t  conditions which a r e  

i n  one or'more of t h e  minimal cut  s e t s  o r  minimal path s e t s .  I f  NCOMF' i s  

g r e a t e r  than the  number i n  t h e  minimal cut  s e t s  or  path s e t s ,  (component) 

r e l i a b i l i t y  information is obtained f o r  , those components not  i n  any mini- 

mal cu t  s e t  o r  pa th  s e t .  These componen_-t;s not i n  any minimal cut  set o r  

pa th  s e t  a r e  ignored i n  t h e  system r e l i a b i l i t y  computations. 

Input Group 4 

Number of  Cards: Varies 

Format : 8 ~ 1 0 . 0  

I n p u t D a t a :  XLMDA(I) ;  I = l , N C O M P  

. XLMDA(I.) i s  t h e  f a i l u r e  i n t e n s i t y  X , (per  hour) f o r  t h e  component of 

index I. The f a i l u r e  i n t e n s i t i e s  A a r e  read i n ,  8 t o  a card,  in .  order of . 

inc reas ing  component index.- The X's read i n  here  a r e  f o r  t h e  f i r s t  para- 

meter run ( s e e  Input Group 2 ) .  For i d e n t i f i c a t i o n ,  each unique component 

o r  unique i n h i b i t  condit ion i s  assigned a unique index I ,  where I ranges 



from 1 t o  NCOMP. [NCOMP i s  t h e  t o t a l  number of components and i n h i b i t  

condi t ions  ( s e e  Input  Group -3)'.] The assignment o f  i n d i c e s  i s  a r b i t r a r y ;  

i f  t h e  PREP code i s  used t o  determine t h e  minimal c u t  s e t s  o r  minimal p a t h  

s e t s ,  t h e  component i n d i c e s  a r e  au toma t i ca l ly  ass igned  by it'. A nonposi- 

t i v e  X j  ( h j  ( 0) denotes  t h e  "component" of  index j i s  an i n h i b i t  condi t ion .  

Input Group 5 

N i ~ m h e r  n f  Cards r TTa.sics 

Format : 8F1.0. O 

Input  Data: T A U ( I ) :  I = 1, NCOMP 

TAU(I)  i s  t h e  cons tan t  r e p a i r  t ime T (hour s )  f o r  t h e  component of 

index I. The T ' S  read  i n  he re  a r e  f o r  t h e  f i r s t  parameter run ,  The - repa i r  

t imes T a r e  read  i n ,  8 t o  a  c a r d ,  i n  o rde r  o f  i n c r e a s i n g  component index. 

A nonpos i t ive  T ( T  5 0 )  denotes  t h e  component i s  nonrepa i rab le .  I n  t h e  

preceding inpu t  group (input Group b ) ,  a nonpos i t ive  A ,  h j  I 0 ,  denoted 

t h a t  component j i s  an i n h i b i t  condi t ion .  I f  t h i s  i s  t h e  ca se ,  t hen  T J  

i s  i n t e r p r e t e d  a s  t h e  p r o b a b i l i t y  o f  occurrence f o r  t h i s  r e s p e c t i v e  in -  

h i b i t  Lond i t i on  and must be  read  i n  a s  such. A quick r e fe rence  i s  given 

below i n  t h e  use  of  X and T t o  denote nonrepa i rab le  components, i n h i b i t  

cond i t i ons ,  e t c .  

Var iab les  Input  Meaning 

X > O , T > O  A r e p a i r a b l e  component. The 
va lue  X i s  then  t h e  va lue  of  
t h e  f a i l u r e  i n t e n s i t y  ( p e r  
hour)  and T i s  t h e  va lue  o f  
t h e  r e p a i r  t imc (hour3)  f o r  
t h i s  component. 

A > O , T < _ O  A nonrepa i rab le  component. The 
va lue  X i s  then  t h e  va lue  of  
t h e  f a i l u r e  i n t e n s i t y  ( p e r  hour)  

. ' f o r  t h i s  component. 



V a r i  ables_Lnput -. --..--. Meaning - 

A ~ O , T L O  An i n h i b i t  condit ion.  The 
value T i s  then t h e  value of 
t h e  occurrence p robab i l i ty  
f o r  t h i s  i n h i b i t  condition. 

Input Group 6 

Number of Cards: 1 

Format: I10 

Input  Data: ISTOP 

ISTOP i s  t h e  bracket  f l a g  and i s  read i n  as e i t h e r  1 o r  2. I f  ISTOP 

= 2 ,  system r e l i a b i l i t y  c h a r a c t e r i s t i c s  ~ ~ ( t ) ,  wO(t) e t c  I are obtained by 

means of' t h e  bracket ing procedure. I f  ISTOP = 1, t h e  bracketing procedure 

i s  not used.  he bracket ing procedure i s  explained i n  Input Group 9 . )  

Regardless of  t h e  value of ISTOP, r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  

always determined f o r  t h e  components and minimal cut  s e t s  o r  path s e t s .  

I f  r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  des i red  only f o r  t h e  cnmpnnents and 

Cal minimal c u t  s e t s  o r  pa th  s e t s ,  but  not f o r  t h e  system, s e t  ISTOP = 1 . 
I1 syszem ckiaracter is t ics  a r e  des i red  and minimal path s e t s  are used t o  

ob ta in  t h e s e  c h a r a c t e r i s t i c s  then ISTOP must be s e t  equal t o  2. I f  system 

c h a r a c t e r i s t i c s  a r e  wanted and minimal cut  s e t s  a r e  input ,  then ISTOP can 

be s e t  equal  t o  1 o r  2. For ISTOP = 2 ,  upper and lower bounds a r e  obtained 

f o r  t h e  system c h a r a c t e r i s t i c s  and i f  t h i s  bounding i s  ca r r i ed  t o  i t s  com- 

p l e t i o n  t h e  exact values f o r  these  c h a r a c t e r i s t i c s  a r e  obtained. This i s  

explained i n  more d e t a i l  i n  Input Groups.9 and 10. For ISTOP = 1, only 

upper bounds a re  obtained f o r  t h e  system c h a r a c t e r i s t i c s .  These upper 

bounds a r e  explained i n  more d e t a i l  below. 

[ a l ~ ~ ~ O P  should a l s o  be s e t  equal t o  1 i f  input  d a t a  a r e  merely t o  be 
checked f o r  any e r r o r s .  



A s  s t a t ed  above, i f  minimal cut  s e t s  a r e  used t o  obtain system r e l i -  

a b i l i t y  cha r ac t e r i s t i c s ,  then ISTOP can be s e t  equal t o  1 t o  obtain upper 

bounds f o r  the  system charac te r i s t i c s .  These upper bounds a r e  obtained 

i n  a  very small amount of computer time (on t h e  order of f r a c t i ons  of a  

minute). ~ur thermore  , the  upper bounds 'are a l s o  excel lent  approximations 

t o  the  exact values of t h e  system cha rac t e r i s t i c s .  For a system whose 

components a r e  repa i rab le ,  t h e  f r a c t i ona l  e r ro r s  made a r e  on t h e  order of 

0.1% f o r  d i f f e r e n t i a l  r e s u l t s  [Wo(t),  &,(t), h o ( t ) l .  For a  system whose 

components a r e  a l l  nonrepairable, t h e  f r a c t i ona l  e r ro r s  made f o r  t h e  d i f -  

f e r e n t i a l  cha r ac t e r i s t i c s  a r e  on t h e  order of 10%. For ISTOP = 1, the  

system f a i l u r e  r a t e  w o ( t ) ,  f a i l u r e  i n t ens i t y  h o ( t ) ,  and f a i l e d  p robab i l i ty  

.Ia3 Q0( t ) a r e  bounded (and approximated) a s .  

where 

N c  = t o t a l  number of minimal cut  s e t s  

i i ( t )  = the  ith minimal cut s e t  f a i l u r e  r a t e  
" 
~ ~ ( t )  = t h e  ith minimal cut  s e t  f a i l e d  probabi l i ty .  

l a ' ~ o r  a der ivat ion of these  bounds, and a  proof t h a t  they a r e  always 
upper bounds, see  the  repor t  Analysis of %'aLLt Trees by Kinetic Tree 

. Theory[ 21. 



Using t h e s e  upper bounds f o r  n 0 ( t  ) and w0( t ) , upper bounds f o r  t h e  i n t e g r a l  

system c h a r a c t e r i s t i c s  a r e  a l s o  output ;  

and 

If r e s u l t s  from bracket ing a r e  obtained,  by s e t t i n g  'ISTOP '= 2 ,  and 
, . 

- mPnimal .cut s e t s  a r e  used,  t h e  upper' bounds given by Equations (1) through 

( 3 )  and by Equations ( 7 )  and (8)  a r e  s t i l l  output as  add i t iona l  inf6mat ion 

s i n c e  t h e  add i t iona l  computer time needed t o  obta in  these  upper bounds i s  

neg l ig ib le .  

( A  more d e t a i l e d  treatment of t h e  accuracy of these  upper 'bounds i s  

given iii Subsection 2, on page 31, a  subsection of t h e  recommendations 

given t h e r e . )  

Input Group 7 

Number of Cards: 1 

Format : 2110, F1O.O 

Input Data: NTPT, NOUT, DELTA- 2 I NTPT 1 50 

NOUT 'r 1 

This input c o n s i s t s  of t h r e e  numbers punched on a card. NTPT i s  t h e  

total number of time po in t s  a t  which r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  ob- 

t a i n e d ,  NOUT i s  t h e  p r i n t o u t  mul t ip le ,  and DELTA is  t h e  spacing between 

t h e  time points .  I f  DELTA i s  given a  p o s i t i v e  value A t  ( i n  hours)  then 



c h a r a c t e r i s t i c s  a r e  obtained a t  t imes 0 ,  A t ,  2At, . . . , (NTPT - 1 ) ~ t .  I f  

DELTA i s  given a  negative o r  zero value,  then t h e  time po in t s  a r e  expl i -  

c i t l y  input  (1nput Group 8), and r e l i a b i l i t y  c h a r a c t e r i s t i c s  w i l l  be ob- 
.. .- 

t a i n e d  f o r  t h e s e  time po in t s  read i n .  

The r e l i a b i l i t y  c h a r a c t e r i s t i c s  f o r  components, minimal cut  o r  path 

s e t s ,  and f o r  t h e  system a r e  a l l  obtained a t  t h e  same time po in t s .  NTPT 

is  t h e  t o t a l  number of time po in t s  a t  which these  c h a r a c t e r i s t i c s  a r e  

obtained. This number of time po in t s  i s  a r b i t r a r y ,  but  it must not exceed 

50. I n  most cases ,  t h e  number of  time po in t s  used does not s i g n i f i c a n t l y  

a f f e c t  t h e  computer time. However, f o r  assurance, it i s  a  good p r a c t i c e  

t o  always use t h e  minimum number of time po in t s  f o r  t h e  accuracy des i red .  

NOUT is  t h e  p r in tou t  mul t ip le .  If NOUT i s  s e t  equal  t o  1, component 

and minimal cut  o r  path s e t  c h a r a c t e r i s t i c s  a r e  p r in ted  out f o r  every t ime 

po in t ;  i f  NOUT i s  s e t  equal t o  2 ,  they  a r e  p r in ted  out f o r  every second 

time p o i n t ,  and s o  fo r th .  System r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  always 

p r in ted  out f o r  every time po in t .  NOUT need not be evenly d i v i s i b l e  i n t o  

NTPT . 
If DELTA i s  read i n  a s  a  p o s i t i v e  value A t ,  it i s  taken t o  be t h e  

spacing,  i n  hours,  between t h e  time po in t s  a t  which c h a r a c t e r i s t i c s  a r e  

obtained. The time points  a r e  the re fo re  evenly spaced. I f  DELTA i s  

p o s i t i v e ,  t h e  f i r s t  time point  i s  always 0.0 and the re fo re  t h e  NTPT time 
I 

po in t ,  t h e  l a s t  time p o i n t ,  i s  (NTPT - 1 ) ~ t .  

I f  DELTA i s  read i n  as  0.0, o r  any negative number, then  t h e  NTPT 

time po in t s ,  a r b i t r a r i l y  spaced, a r e  e x p l i c i t l y  input  i n  t h e  next input  

group. The f l e x i b i l i t y  of e x p l i c i t l y  reading i n  t h e  time po in t s  a t  which 

c h a r a c t e r i s t i c s  a r e  obtained allows t h e  user  t o  place t h e  time po in t s  s o  

t h a t  maximum d e t a i l  and accuracy a r e  obtained f o r  a  problem. 



The time p o i n t s  used do not i n  any way affect ,  t ,hp  ~ c c u r a c y  of the  

d i f f e r e n t i a l  r e l i a b i l i t y  c h a r a c t e r i s t i c s  ( f a i l e d  p robab i l i ty ,  f a i l u r e  r a t e ,  

and f a i l u r e  i n t e n s i t y ) ,  which a re  obtained f o r  t h e  components, s e t s ,  and 

t h e  system. The i n t e g r a l  c h a r a c t e r i s t i c s ,  however, a r e  obtained using a  

t r a p e z o i d a l  i n t e g r a t i o n  over t h e  pe r t inen t  d i f f e r e n t i a l  c h a r a c t e r i s t i c s ,  

us ing only those  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  a t  t h e  time points  chosen. 

If accura te  i n t e g r a l  c h a r a c t e r i s t i c s  a r e  des i red ,  then *referably DELTA 

should be s e t  equal  t o  a negative number ( o r  zero)  and t h e  time points  should 

e x p l i c i t l y  be read i .n .  The placing of theoc t i n i t  poin'l;s is discUSsed i n  

t h e  next input  group.. If DELTA is  s e t  equal t o  a  p o s i t i v e  number, then t o  

ob ta in  accurate i n t e g r a l  c h a r a c t e r i s t i c s ,  NTPT should be s e t  equal t o  50 

and DELTA should be determined from t h e  formula 

b max 
DELTA = - 

49 
where tmax i s  t h e  maximum time of in . t e res t  f o r  which c h a r a c t e r i s t i c s  =e 

des i red .  

Input Grsuup 8 

Number of Cards: Varies 

Format : 8 ~ 1 0 . 0  

Input Uata: TOT(J) ;  J = 1, NTPT 

This Input Group i s  skipped i f  

DELTA is p o s i t i v e  ( ~ n ~ i . 1 . t ~  Group 7 ) .  
_--- 

TOT(J)  a r e  t h e  time po in t s  a t  which t h e  component, s e t ,  and system 

c h a r a c t e r i s t i c s  a r e  obtained,  i f  DELTA i s  negative or  zero. Eight time 

p o i n t s  a r e  read i n  on a  card ,  and a r e  continued on succeeding cards u n t i l  

the NTPT time po in t s  a r e  read i n .  The time po in t s  may be arbi t rar i1 .y  



spaced and may begin a t  any nonnegative t ime [TOT (1) 2 0.01. However, t h e  

time po in t s  must be i n  increas ing order  TOT(^) < TOT( 2 )  < TOT( 3)  < ' . . . < 

TOT(NTPT)]. Also, t h e  i n t e g r a l  c h a r a c t e r i s t i c s  a r e  always evaluated using 

TOT(1) a s  t h e  beginning time. 

The i n t e g r a l  c h a r a c t e r i s t i c s  a r e  always obtained from i n t e g r a t i o n s ,  

beginning with t h e  f i r s t  t ime point  which i s  inpu t ,  TOT(1).  o or a l l  t h e  

i n t e g r a l  c h a r a c t e r i s t i c s  f o r  components, s e t s ,  and t h e  system on pages 2 ,  

3  , 5 ,  alid 7, r e spec t ive ly ,  r ep lace  t h e  bottom time on t h e  i n t e g r a l s  from 

' t = 0  t o  t = to, where to = TOT(1). The d e f i n i t i o n s  would then read " i n  

t h e  time period from to t o  t " . ]  Therefore, un less  t h e  user  has a  d e f i n i t e  

reason f o r  not doing so ,   TOT(^) should be read i n  a s  0.0. 

A s  s t a t e d  i n  t h e  previous i n p r t  group, t h e  accuracy of t h e  d i f f e r e n t i a l  

c h a r a c t e r i s t i c s  is not a f fec ted  by t h e  p lac ing of t h e  time po in t s ,  but  t h e  

accuracy of t h e  i n t e g r a l  c h a r a c t e r i s t i c s  i s .  Therefore, f o r  accura te  in- 

t e g r a l  c h a r a c t e r i s t i c s  t h e  time po in t s  should be chosen so  t h a t  t h e  po in t s  

a r e  c lose ly  spaced i n  areas  where t h e  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  a r e  

r a p i d l y  changing i n  value.  This genera l ly  involves spacing t h e  po in t s  

c lose ly  near  TOT(^), t h e  o r ig in ,  and f u r t h e r  apa r t  f o r  g rea te r  t lmes.  

I f  a  component has a  constant  r e p a i r  t ime T ,  then  i t s  d i f f e r e n t i a l  

c h a r a c t e r i s t i c s  w i l l  go asymptotic,  or assume constant  va lues ,  a f t e r  sev- 

e r a l  mul t ip les  of T (from t = 0 . 0 ) .  Therefore, f o r  a  'system with r epa i r -  

a b l e  components, it i s  bes t  t o  have the  f l r s t  seve ra l  t ime po in t s  spaced 

Ta a p a r t ,  where T a  i s  a  c h a r a c t e r i s t i c  component r e p a i r  t ime.  After  t h i s  

t r a n s i e n t \  per iod ,  t h e  time po in t s  can then be spaced a s  f a r  a p a r t  a s  de- 

s i r e d ,  which w i l l  not , a f f e c t  t h e  accuracy of t h e  i n t e g r a l  c h a r a c t e r i s t i c s  

s ince  t h e  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  w i l l  have assumed t h e i r  cons tant ,  

"steady s t a t e "  va lues .  I f  t h e  components a r e  nomepairable ,  then  t h e  



d i f f e r e n t i a l  c h a r a c t e r i s t i c s  change smoothly i n  value and an even spacing 

of t h e  t ime p o i n t s  i s  genera l ly  b e s t .  

I n p u t  Group 9 

Number of Cards: 1 

Format: 2110 

Input  Data: MBMAX, IFAG2 ( 1  5 MBMAX 400) 

This Input  Group i s  skipped i f  

ISTOP = 1 (Input  Group 6 ) .  

NBMAX i s  t h e  number of ou te r  brackets  t~ obtain. TPAG? i s  t h o  oyotcm 

f a i l u r e  r a t e  c o r r e c t i o n  f l a g  and must have a va lue  of 1 or 2. I f  IFAG2 = 

2, t h e  s y s t e m  f a i l u r e  r a t e  co r rec t ion  term [ i L 2 ) ( t )  f o r  minimal cu t  s e t s  

O r  i L 2 ) ( t )  f o r  minimal pa th  s e t s  1 i s ' b r a c k e t e d .  I f  IFAG.2 = 1, t h i s  cor- 

r e c t i o n  term i s  not computed. I f  m i n i e l  path s e t s  a r e  input  and system 

r e l i a b i l i t y  information i s  des i red  (TST~P = 2 ) ,  then NBMAX and IFAG2 lllust 

have only orle s e t  of values as given bciow. I f  minimal cu'L seLs a r e  fiiput 

and ISTOP = 2, t h e  choice of va lues  f o r  NBMAX and IFAG2 i s  somewhat a rb i -  

t r a r y ,  and t h e i r  us,e i n  t h e  code i s  des.cribed below. The user  who merely' 

wishes e f f i c i e n t ,  predetermined values  f o r  these  two v a r i a b l e s  i s  r e f e r r e d  

t o  t h e  recommendations given on page.30 o r  t o  t h c  recommendat,.i.on summary 

on page -41: , . 

A. Minimal Cut S e t s  Input  

I f  minimal cut. spt.s are used t o  dctcl-mine s y s L e ~ n  characteristics 

then  t h e  system f a i l e d  p r o b a b i l i t y  ~ , ( t )  i s  equal  t o  t h e  p r o b a b i l i t y  of 

one o r  more of t h e  minimal c u t  s e t s  being f a i l e d  a t  t ime t E 2 ] .  ~ , ( t )  can 

t h u s  be  expressed a s  

18 



whcr c  

and 

Nc = t h e  t o t a l  number of minimal 
cu t  s e t s  f o r  t h e  f a u l t  t r e e  

Q n ( t )  = t h e  con t r ibu t ion  t o  eo( t )  from 
n  minimal c u t  s e t s  being simul- 
kaneously f a i l e d  a t  t ( n  = 1, 
..., N c ) .  

% ( t )  i s  thus  given by the  e x p ~ e s s i o n  

where ~ ( i  l...i,;t) i s  t h e  p r o b a b i l i t y . o f  t h e  n  minimal cu t  s e t s  i l ,  ..., in 

being simultaneously f a i l e d  a t  t and t h e  s k a t i o n  i s  over a l l  combinations 

of t h e  Nc minimal cu t  s e t s  taken n  a t  a  time.. 

The system f a i l u r e  r a t e  wo( t )  i s . g i v e n  by t h e  expression 

i i l . ) ( t )  i s  t h e  major cont r ibut ion  t o  w 0 ( t )  while i L 2 ) ( t )  is. a  co r rec t ion  

'( 2 term. [wo ( t )  i s  genera l ly  l e s s t h a n  1% of ; k 1 ) ( t ) . ~  i ( l ) ( t )  i s  equal 
? 

t o  t h e  p robab i l i ty  of one or  more minimal cu t  s e t s  f a i l i n g  a t  t ime t ,  and 

can be expressed a s  

where 

WL1)(t) = t h e  f a i l u r e  r a t e  f o r  exact ly  
n  minimfib cu t  s e t s  simulta- 
.neously f a i ' l i n g  a t  t ( n  = 1, 
..., N c ) .  



Analogous t o  g n ( t ) ,  W i l ) ( t )  i s  given by the  expression 

where w ( i l , .  . .in;t) i s  t h e  p robab i l i ty  of t h e  n minimal cut  s e t s  i l , .  . . ,in 

siuul taneously  f a i l i n g  at  t .  The summation again i s  over a l l  combinations 

of n minimal cu t  s e t s .  . 

NBMAX of Input Group 9 involves t he  coniputation, or "bracketing", of 

Q0(t) and $L1)(t). For NBMAX = K y  where K i s  l e s s  than or equal t o  t he  

t o t a l  number. of minimal cu t  s e t s  Nc ,  t h e  f i r s t  K terms on the  right-hand 

s i de s  of Equations (10)  and (15)  a r e  only considered t o  obtain K "brackets", 

o r  b 6 u ~ d s ,  f o r  g 0 ( t )  and ;L1)(t). For g 0 ( t ) ,  considering t h e  f i r s t  term 

on t h e  r i g h t  hand s i d e  of Equation (10) gives a f i r s t  upper bound f o r  

Considering t h e  f i r s t  two terms gives a f i rs t  lower hound f o r  ~ , ( t ) ,  

Qo(t> 2 62j(t) - Q2( . t )  . (19)  

Considering 'the f i r s t  t h r ee  terms gives a second upper bound f o r  ~ , ( t ) ,  . 

g 0 ( t )  ( ~ i ( t )  - ~ ~ ( t . )  + ~'~( ' l ; )  . (20) 

Considering t he  f i r s t  four terms gives a second lower bound f o r  g 0 ( t ) ,  and 

s o  f o r t h .  This bracketing can continue u n t i l  a l l  Nc terms a r e  considered.  

which t h e n - n o t  only is  an upper or lower Xound'for Qo(t) but a l s o  i s  i t s  

exact-  value[a1 . For NBMAX = K t he  bracketing i s  continued only u n t i l  K 

terms a r e  considered f o r  Qo( t ) ,. yie lding K upper and lower bounds f o r  

L a ' ~ o r  a general  d iscuss ion and ve r i f i c a t i on  of t h i s  bracketing procedure, 
s e e t h e  repor t  Analysis of Fault  Trees by Kinetic Tree Theory. 



&,(t); f o r  K < Me t h e  bracketing i s  thus  t runcated  and i s  not c a r r i e d  t o  

i t s  completion ( u n t i l  Nc terms a r e  considered y ie ld ing  t h e  exact  answer).  

When NBMAX = K ,  i n  add i t ion  t o  t h e  K bounds obtained f o r  Qo(t),  from 

Equation (15)  K bounds a r e  obtained f o r  G:') ( t ) ;  

A s  with &,(t), t h e  bounding, o r  bracketing,  continues u n t i l  K terms a r e  

considered on t h e  right-hand s i d e  of Equation ( 1 5 ) .  

From t h e  K terms considered f o r  &,(t)  and iL1)(t), a number of upper 

and lower bounds a r e  obtained f o r  &,( t )  and iL1 ) ( t )  . More p r e c i s e l y ,  f o r  

K K K even, - upper bounds and - lower bounds a r e  obtained f o r  ~ ~ ( t )  and 
2 2 - 

K+1 i L 1 ) ( t ) .  For K odd, 1 upper bounds and - K- 1 
2 

lower bounds a r e  obtained. 

From t h e s e  upper and lower bounds, t h e  code then chooses t h e  b e s t  (small- 

e s t )  upper bound and t h e  b e s t  ( l a r g e s t )  lower bound f o r  ~ ~ ( t )  and G L 1 ) ( t ) ;  

' ( 1 )  ~ ( " ( t )  a r e  t h e  bes t  bounds chosen where Qo(t)miny ~ ~ ( t ) ~ ~ ~ ~  WO (t lmin, max 

by the  program. from t h e  K bounds which were obtained by s e t t i n g  NBMAX = K .  

For K = N c ,  where Nc i s  t h e  t o t a l  number of minimal cu t  s e t s ,  then  one of 

t h e  b e s t  bounds obtained i s  t h e  exact  value f o r  &,(t)  and W L 1 )  ( t )  . Depending 

upon whether Nc i s  even or  odd, 



As NBMAX i s  increased i n  value from 1 t o  Nc, t he  bes t  upper and lower 

bounds chosen by t he  program w i l l  approach one another, givigg t i g h t e r  

brackets  f o r  Q0(t) and (t  ) . However, a s  NBMAX increases,  computer 

times increase--sometimes dramatically.  For Nc ( t h e  number of minimal 

cu t  s e t s )  l e s s  than 10, t he  exact values f o r  ;L1)(t) and &o(t), obtained 

by s e t t i n g  NBMAX = Nc,can be determined i n  about one minute computer time. 

For general  Nc ,  s e t t i n g  NBMAX = 1 w i l l  give only an upper bound fo r  Qo(t) 

and ( t  ) ( t he  lover bounds being zero) .  These upper bounds w i l l  be 

l a r g e r  (and hence poorer)  than  those obtained by s e t t i n g  ISTOP = 1 (Input 

Group 6 ) .  Hence, i f  ISTOP. i s  s e t  equal to .  2, NBMAX should be s e t  a t  l e a s t  

equal  t o  2. A value of 2 i s  t he  smallest  value NBMAX can have t o  obtain 

" ( 1 )  
b ~ L h  all upper and (nonzero) Lower bound for  ~ ~ ( t )  and Wo ( t ) .  Even for  

NBMAX s e t  equal only t o  2, t h i s  upper and lower bound w i l l  generally d i f f e r  

by a t  m o s t  1$, giving t i g h t  brackets f o r  Qo(,t,) and ;A1 ) ( t  ) . 
For mtnimal cut  s e t s  input ,  NBMAX i s  thus  a "convergence parameter" 

" ( 1  f o r  Qo( t ) and Wo ( t  ) . The other var iab le  of Input Group 9 ,  IFAGP i s  

r e l a t e d  t o  the  convergence, or bracketing, of t he  correction term i b 2 ) ( t )  

i nEqua t ion  ( 1 4 ) .  I f  ?FAG2 i s  read i n  a s  1, t h e  correct ion term iL2)(t) 
i s  not computed. Therefore, s e t t i n g  IFAG2 = 1 w i l l  only give a n  i1.pper 

bound f o r  w 0 ( t ) ,  no matter how t i g h t l y  iL1)(t) i s  bracketed. I f  IFAG2 i s  

read i n  a s  2, t he  co r r ec t i on  term W A 2 )  ( t  ) i s  bracketed, allowing both 



upper and lower bounds t o  be obtained f o r  t he  system f a i l u r e  r a t e  w 0 ( t )  

[o r  allowing t he  exact value of w 0 ( t )  t o  be obtained]. For IFAG2 = 2,  t he  

va r iab les  of t h e  next input group, Input Group 10, determine how t i g h t l y  

iL2 ) (t ) i s  bracketed. 

B. Minimal Path Se t s  Input 

If minimal path s e t s  a r e  used t o  obtain system r e l i a b i l i t y  character- 

i s t i c s ,  then NBMAX should be s e t  equal t o  t he  t o t a l  number of minimal path 

s e t s  Np and IFAG2 should be s e t  equal t o  2. For minimal path s e t s  t he  

bounds determinedby t h e  program f o r  NBMAX < lV a r e  useless  (g rea te r  than 
P 

1 and l e s s  than o ) ,  and NBMAX must be s e t  equal t o  Np t o  obtain not only 

t h e  exact r e s u l t s  but  any reasonable r e s u l t s .  For minimal path s e t s  and 

NBMAX = Np, t h e  system f a i l e d  p robab i l i ty  ~ ~ ( t )  and f a i l u r e  r a t e  w 0 ( t )  a r e  

given exactly by one of t h e  bounds determined by t h e  code, depending upon 

whether Np i s  odd or  even; 

~ ~ ( t )  = ~ ~ ( t ) ~ ~ ~ ;  N even, NBMAX = Np 
P 

(28 

- - Qo(t N odd, NBMAX = Np 
P 

(29)  

and 

with 

( t )  o = WL1)(t)min; N~ even, NBMAX = N~ (31)  

^ (  1 )  = Wo (t)max; N odd, NBMAX = N p .  
P 

(32)  

~ ( 1 ) .  
where Qo(t)max, Qo(t)min, Wo ( t  l m i n ,  Wo ( t lmax a r e  t h e  be s t  bounds deter-  

mined by t he  program. iL2) (t ) f o r  NBMAX = Np and IFAG2 = 2 w i l l  a l s o  be 

determined exactly as  discussed i n  t h e  next input group. Because NBMAX 

must be s e t  equal t o  N minimal path s e t s  should be 'used t o  obtain system 
P ' 



r e l i a b i l i t y  information only when there a r e  a s m a l l  number of such s e t s  

f o r  a given f a u l t  t r e e  (Np I 10) .  

Input 'Group 10 

Number of Cards: -Varies 

Format: 8110 

Input Data: N B ~ ( N ) ;  N = 1, NBMAX (1 < N B ~ ( N )  ,<_ 100) 

This Input Group i s  skipped i f  IFAG2 

s 1 (Input Croup 9 ) , 01- i f  I3TOF = 

( Input Group 6 ) . 1. 
N B ~ ( N )  i s  t h e  number.of inner brackets t o  obtain fo r  eachouter bracket . .  . 

N .  I f  minimal pa th  s e t s  a r e  input and sys tem, ' re l i ab i l i ty  information i s  

wanted, then N B ~ ( N )  must have only one s e t  of values and these  a r e  given 

below. For minimal cu t  s e t s  input ,  t h e  way N B ~ ( N )  i s  used i n  t h e  code i s  

described below, which is' a continuation nf t.hc diss~ussiono of Input Group 

9 .  'Again, t he  user  who merely wishes e f f i c i e n t ,  reaommcndcd values for 

N B ~ ( N . )  i s  r e f e r r e d . t o  t h e  recommendations on page 30 or t o  t h e  recommend- 

a t i o n  summary of page 41. 

A .  Minimal Cut Se t s  Input 

If minimal cu t  s e t s  a r e  used t o  obtain system r e l i a b i l i t y  information, 

then b y  s e t t i n g  fFAG2 = 2 the  "correction tcrml! iL2)(t) i s  cwuputed 

 quati ti on (14) i n  I n p u t  Group 91. The correct ion term $i2')(t) may be 

exp re s sedas  . 



where Nc i s  t h e  number of minimal cut  s e t s  and 

w n ( t )  = t h e  f a i l u r e  r a t e  f o r  exact ly  n 
minimal cut  s e t s  simultaneously 
f a i l i n g  a t  time t with one or 
morc of t h e  other. minimal cu t  
s e t s  being i n  t h e i r  f a i l e d  s t a t e s  
a t  time t ( n  = l,.. . ,N, ) .  

w n ( t )  i s  analogous t o  t h e  f a i l u r e  r a t e  w A 1 ) ( t )  of Equation (16);  however 

w n ( t )  involves not only t h e  n minimal c u t  s e t s  s imul taneous ly - fa i l ing ,  but  

a l s o  includes t h e  p robab i l i ty  of one o r  more of t h e  o ther  Nc-n minimal c u t  

s e t s  being i n  t h e i r  f a i l e d  s t a t e s  a t  time t .  Analogous t o  Equation ( I T ) ,  

w n ( t )  can be expressed a s  

where w ( i l , .  . .i,;t) i s  t h e  same a s  defined f o r  Equation (17)  and 

Pu( il , . . . in;t) i s  t h e  p robab i l i ty  of one or more of t h e  other minimal c u t  

s e t s  being f a i l e d  a t  t given t h e  f a i l u r e  of t h e  i l , .  . .i minimal c u t  s e t s .  n 

The summation i s  again over a l l  combinations of Nc minimal cu t  s e t s  taken 

n a t  a time. 

Since p u ( i l , . .  .in;t) involves a union,  w n ( t )  can be w r i t t e n  a s  

where 

w m ( t )  = t h e  f a i l &  r a t e  f o r  exact ly  
n n minimal cut  s e t s '  simulta- 

neously f a i l i n g  a t  time t with 
exact ly  m other minimal cu t  
s e t s  being i n  t h e i r  f a i l e d  
s t a t e s  a t  time t (m = 1,. . . N c ) .  

From Equation (351, 



where P (il , . . . in;t) i s  t h e  p robab i l i ty  of exact ly  m minimal c u t  s e t s  
m 

being f a i l e d  a t  time t given t h e  f a i l u r e  of t h e  i l ,  ... in minimal c u t  s e t s .  

I n  order t o  f a i l  a t  t ime t ,  a minimal c u t  s e t  must be i n  i t s  functioning 

s t a t e  a t  time t ,  and hence 

Equations (33.1, (341, ( 3 6 ) ,  and (37 ) w i l l  be t h e  equations of i n t e r e s t  i n  

t h e  proceeding discuss ions .  

For XFAG2 = 2 and NB~(N) = J, J terms a r e  only considered on t h e  

right-hand s ide  of Equation (36) where t h e  index N i s  t h e  same a s  t h e  

index n i n  t h e  above equations ( N  = n ) .  From these  J terms, J brackets ,  

or  bounds, a r e  obtained f o r  w n ( t ) ;  

W n ( t )  5 w k ( t )  

> w A ( t )  - w i ( t )  - 

5 ~ A ( t . 1  - w i ( t )  + w i ( t )  
e t c  . 

This, proceeds u n t i l  J terms a r e  Abtained on t h e  right-hand s i d e  of t h e  

J J 
abv-ve equations.  For J even, t h e r e  a r e  thus.-- upper bounds and - lower 

2 2 .  

J+l upper bounds and bounds obtained f o r  w n ( t ) . .  For J odd, t h e r e  a r e  - 
2 

J-1 - 
2 

lower bounds obtained. From t h e s e  J upper and lower bounds, which 

'were obtained by s e t t i n g  m2(N) = J, t h e  code then  chooses t h e  bes t  

( s m a l l e s t )  upper bound w n ( t  and t h e  bes t  ' ( la rges t  ) lower bound 

w n ( t  Imin. '  

Wn(t ) , in  C_ w n ( t )  5 wn(t I rnax  



From Equations (36) .  and (39) ,  i f  J = Nc - n + 1, then 

and the  exact value of wn(t)  i s  obtained, given by e i t he r  ~ ~ ( t ) , ~ ~  or 

Wn(t 'max. 

The best  upper and lower bounds fo r  w n ( t ) ,  n = 1, . . . ,NBMAX, a r e  then 

used i n  Equation (33) t o  obtain upper and lower bounds (brackets)  f o r  

e t c .  

This i s  done i n  t h e  code u n t i l  NBMAX terms a r e  considered on t h e  r ight-  

hand s ide  of t he  above equations [ i e ,  u n t i l  NBMAX upper and lower bounds 

a r e  obtained fo r  ; (2)  ( t )  1. From these  various bounds fo r  hL2)( t ) ,  t he  , 
0 

bes t  upper bound f o r  G L 2 ) ( t )  and bes t  lower bound fo r  iL2)(t) a r e  chosen ' 

by the  code 

' ( 2 )  where Wo ' ( 2 )  ( t  lmin and Wo ( )max a r e  t he  best  lower and upper bound, 

respect ively  . 
I f  one assigns t he  values 

N B ~ ( N )  = Nc - N + 1; N = 1, ..., NBMAX 

and 

NBMAX = Nc 
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where Ne i s  t h e  t o t a l  number of minimal cu t  s e t s ,  then both of t h e  bounds 

f o r  iL2) ( t )  a r e  i d e n t i c a l  i n  value and a r e  equal t o  t h e  exact v a l ~ l z '  of 

= i(qt) 
o max 

From these  bes t  bounds f o r  ;L2)(t) and from the  bes t  bounds f o r  

( t )  (input Group 9 ) ,  t h e  best  bounds f o r  the  system f a i l u r e  r a t e  w 0 ( t )  

a r e  determi;ped ; 

whcrc 

and 

F ina l l y ,  from these  be s t  bounds f o r  w 0 ( t )  and from the  best  bounds 

f o r  Qo(t) (input Group 9 )  t h e  best  bounds fo r  t h e  system f a i l u r e  in t .~ns i t .y  

A o ( t )  are obtained; 

where 

and 

These bounds fo r  h 0 ( t )  a r e  obtained from t h e  exact equation 



If the values -of NB2(N) and NBMAX are assigned those in Equations 

(50) and (51), then one of the best bounds for wo(t), Qo(t), and no(t) is 

the exact value 

Qo(t) = Q0(tlmin I N, even 

Nc, odd 

Recommendations for values of NB2(N) are given on page 36. 

B. Minimal Path Sets Input 

If minimal path sets are used to obtain system reliability information, 

then IFAG2 must be set equal to 2, NBMAX must be set equal'to Np (the total 

number of minimal path s'ets), and the following values must be assigned to 

This is necessary, not only to give the exact values for ~,(t), wo(t), 

and Ao(t), but also to give any reasonable values for these characteristics. 

The exact values for Qo(t), Wo(t), and no(t) are then one of the best bounds 

determined by the program: 



where Qo(t)max, etc, are the bounds determined by the code. 

Recommendations For Input Groups 6, 9, and 10 If Minimal Cut Sets Are Used. 

We discuss here the most efficient values to assign the variables of 

Input Group 6 (ISTOP) , Input Group 9, and 1nput Group 10. A procedure of 

selection of values for these variables is given which results in accurate 

value3 being obtained for the system characteristics in a minimum of com- 

puter time. The user who merely wishes the summary of this discussion is 

referre'd to page' 41 where 'the procedure is simply stated. 

1. When to Compute the Exact Values for the Syst.em Characteristics 

(ISTOP = 2) 

If' mii~imttl .paCh sets are used, the values. to be used in Input 

Groups 6, 9, and 10 are given in the above discuoaisns [~~utttidn (64) 

or ( 6 5 )  1 and are no .problem. If minimal cut sets  are used, then the 

values to be used for Input Group 9 and Input Group 10 must be chosen 

' with some discretion. If the total number of minimal cut sets for the 

fault tree is less t&an approxi&tely 10, then the exact values of 

~,(t), wo(t), and ,ho(t) can be obtained in relatively small computer 

time (& F, minute ) . These exact values are- i?ht.ained by. aogigming tilt:. -. 

values 

ISTOP = 2 

NBMAX = Nc 



where Nc i s  t h e  t o t a l  number of minimal cu t  s e t s .  The exact values of 

Qo(t), w o ( t ) ,  and A ( t )  a r e  then e i t h e r  t h e  upier or lower bound, de- 
0 

termined by t h e  code, depending upon whether Nc i s  even or odd; 

Qo(t) = o0(t),,, 
w o w  = wo(t),, Nc odd . 
A o ( t )  = A o ( t l m a x  

Q o ( t )  = ~ ~ ( t ) ~ ~ ~  

w o ( t )  = ~ ~ ( t ) ~ ~ ~  

A O ( t  = A o ( t  Imin 

2.  The Accuracy of t h e  Upper Bound Approximations (ISTOP = 1) 

(61)  

Nc even 

I f  t h e  t o t a l  number of minimal cu t  s e t s  i s  g rea te r  than 10,  then 

att.empting t o  ob ta in  exact system answers becomes time consuming, and 

t h e  bounding procedures used i n  t h e  code a r e  an e f f i c i e n t .  way of ob- 

t a in ing  excel lent  approximations, or t i g h t  envelopes, f o r  Qo(t ) , wo( t ) , 

and A 0 ( t ) .  A s  s t a t e d  i n  Input Group 6, s e t t i n g  

ISTOP = 1 (70)  

and not obtaining r e s u l t s  from bracketing (skipping Input Groups 9 

and 10)  w i l l  y i e l d  upper bounds f o r  Qo(t), w 0 ( t ) ,  and A 0 ( t ) ,  which 

a r e  also excel lent  approximations t o  t h e  . t rue  values. The upper bounds 

can furthermore be .obtained i n  neg l ig ib le  computer. t ime ( . f rac t ions  of 

a minute f o r  500' minimll , s e t s  ) Theupper ..bounds . a r e  again 

r a l A s  s t a t e d  i n  Input Group 7 ,  t h e  number of time points  used does not 
s i g n i f i c a n t l y  a f f e c t  t h e  computer time. 



where t h e  upper bounds t h e  code y i e l d s  a r e  on t h e  right-hand s i d e s - o f  

t h e s e  equations.  &( t )  i s  t h e  f a i l e d  p robab i l i ty  f o r  t h e  ith minimal 

c u t  s e t ,  c i ( t )  i s  t h e  ith minimal cut  s e t  f a i l u r e  r a t e ,  and Nc i s  t h e  

t o t a l  number of minimal c u t  se ts .  

The upper bound f o r  Q o ( t ) ,  Equation (1) , becomes an exact value 

f'or Q o ( t )  i f  t h e  minimal c u t  s e t s  have no components i n  common ( i e ,  

t h e  minimal c u t  s e t s  a r e  independent); 

" L 

~ , o ( t )  = 1 - TT [I - Q ~ ( ~ ) I  ; N O  components 
i=J, c olllriiorl . L u ~ W O  

oi- more mini- 
' mal ci13 s e t s .  

T l l i s  ge~ierai  Upper bound i s  the re f  o r e  obtained assunli~lg independence 

of t h e  minilual cut  s e t s .  Res ta t ing  Equation ( l o ) ,  &(t )  i s  exact ly  

where again 

Qn(t) = t h e  contr ibut ion from exact ly  n ( 7 2 )  
lu in l~r~al  cut  s e t s  simu1taneousl.y . 
being i n  a f a i l e d  s t a t e  a t  time 
t .  

From  quat ti on ( l o ) ,  Q - (  t ) may be expressed a s  
0 



where t h e  second term on t h e  right-hand s i d e  of Equation (73 )  i s  t h e  

c o n t r i b u t i o n  from two or  more minimal c u t  s e t s  being s imultaneously i n  

a  f a i l e d  s t a t e  a t  t .  .Now [ 2 1 

where 

and 

q,( t )  = t h e  average component f a i l e d  
p r o b a b i l i t y  ( a  s imple average 
over a l l  t h e  components of 
t h e  f a u l t  t r e e )  

ITm = the  number of s m a l l e s t  cu t  
s e t s  ( t h o s e  having m compo- 
nen t s ,  where m i s  t h e  sma l l e s t  
number i n  a  minimal c u t  s e t ) .  

The symbol " - " denotes  "is of t h e  order" .  Therefore ,  when qa(t)<<l,  

Pa I which i s  t h e  gene ra l  c a s e ,  Q,2(t) i s  n e g l i g i b l e  compared t o  Q I ( t )  . - 
I n  t h e  upper bound f o r  Qo ( t  ) , given by Equation ( 1 1 ,  t h e  term 

Q l ( t )  i s  computed e x a c t l y .  The term Q,2(t), which i s  g e n e r a l l y  neg l i -  
- 

g i b l e  anyhow, i s  not neglec ted  b u t  i s  approximated by an  independence 

assumption. The terms ~ ~ ( t ) ,  Q 3 ( t ) ,  e t c ,  of ~ , ~ ( t )  [Equat ion ( l o ) ]  - 
a r e  approximated. by t h e  products  of t h e  ind iv idua l  minimal c u t  s e t  

f a i l e d  p r o b a b i l i t i e s  involved i n  t h e  pa r ' t i cu l a r  combinations; from 

Equation (13 )  Q n ( t )  i s  approximated by t h e  express ion  

where Gi ( t ) ,  e t c ,  a r e  t h e  i n d i v i d u a l  minimal c u t  s e t  f a i l e d  
1  

p r o b a b i l i t i e s .  This  approximation of Q ( t )  can be  shown t o  always 
1 2  

g i v e  a  b e t t e r  approximation f o r  Q o ( t ) ,  a s  compared t o  neg lec t ing  

l a J ~ h e  use r  who wants t o  more i n s i g h t  i n t o  t h e  order  of magnitude 
of t h e  varj.011~ terms f o r  &,(t), e t c ,  should s e e  t h e  r e p o r t  Analysis  
of F a u l t  Trees by Kine t ic  Tree ~ h e o r y [ ~ I .  



Q ( t )  [though t h e  two approximations would be very c lose  i n  value 12 

because  of t h e  n e g l i g i b i l i t y  of Q, ( t  ) 1.  Theref o re ,  because Q,l ( t  ) - 
i s  computed exac t ly ,  and, i n  a minor s ign i f i cance ,  because Q ( t )  i s  

22 

not neglected but  i s  approximated, t h e  upper bound obtained f o r  ~ ~ l t ) ,  

Equation ( I ) ,  i s  a l s o  an excel lent  approximation t o  i t s  exact va lue .  

The upper bound obtained for  t h e  system f a i l u r e  r a t e ,  Equation 

( 2 ) ,  obtained by s e t t i n g  ISTOP = 1 i s  merely t h e  sum of t h e  individual  

minimal cut  s e t  f a i l u r e  r a t e s .  IS his i s  t h e - f i r s t  term on t h e  r igh t -  

hand s i d e  of Equation (15) .1  From Equations (14) and (15) we may 

express t h e  exact f a i l u r e  r a t e  a s  

where w U ( t )  i s  t h e  upper bound given by Equation ( 2 )  
0 

( )  = t h e  contr ibut ion t o  W,(t) frnm 
> 2 - two o r  more minimal tilt. 9pt.s 

s~.m~?J.t.ane~usly f a.i 1 i ng per i ~ n i t  
time a t  t ime t . 

. iL2)(t) is  t h e  "correc t ion term" discussed i n  Input 10. C o n s i d -  

u 
e r ing  W ( t )  not only a s  an upper bound but  a l s o  a s  an approximation , 

0 

fo r  ~ , ( t )  involves neglect ing t h e  two terms wi th in  t h e  brackets  i n  

Equation (78 ) . 
Now [21 

and 



Thus, when q a ( t ) < < l ,  which =stated i s  the-general case ,  t h e s e  two 

terms a r e  neg l ig ib le  and t h e  upper bound w U ( t )  given by Equation ( 2 )  
0 

f o r  W ( t )  i s  the re fo re  a l s o  an excel lent  approximation f o r  i t s  t r u e  
0 

value. 

The upper bound f o r  t h e  system f a i l u r e  i n t e n s i t y  A o ( t ) ,  given by 

.Equation ( 3 )  and obtazned when ISTOP = 1, can be simply expressed a s  

u 
where W o ( t )  i s  t h e  upper bound f o r  w o ( t )  given by Equation ( 2 )  and 

u 
Q o ( t  ) i s  t h e  upper bound f o r  Q o ( t )  given by Equation ( 1 ) .  The exact 

va lue  f o r  n o ( t )  i s  given by t h e  expressi.on 

'Phe upper bound f o r  Ao( t )  i s  the re fo re  obtained by replac ing Wo(t) 

and ~ ~ ( t )  by t h e i r  r e spec t ive  upper bounds. Because ~ z ( t )  and Q:(t) 

a r e  excel lent  approximations t o  t h e  r e spec t ive  t r u e  va lues ,  t h e  upper 

bound fo r  A o ( t ) ,  Equation ( 3 ) ,  i s  the re fo re  a l s o  an exce l l en t  approx- 

imation t o  i t s  t r u e  value .  

By s e t t i n g  ISTOP = 1, t h e  upper bounds yielded f o r  Qo(t) ,  w 0 ( t ) ,  

and A o ( t )  a r e  thus  i n  general  a l s o  excel lent  approximations t o  t h e i r  

t r u e  values From t h e  previous d iscuss ion,  t h e  upper bounds a r e  

genera l ly  wi th in  t h r e e  s i g n i f i c a n t  f i g u r e s  of t h e  t r u e  values,.  The 

upper bounds yielded f o r  t h e  system i n t e g r a l  c h a r a c t e r i s t i c s  [ ~ ~ u a t i o n s  

( 7 )  and (8)1,  which use t h e  upper bounds f o r  w o ( t )  and n 0 ( t ) ,  a r e  

the re fo re  l ikewise  excel lent  approximations. I n  a  converse manner, 

["'The proof t h a t  t h e s e  a r e  always upper bounds i s  iven i n  t h e  r e p o r t ,  7 Analysis of Fau l t  Trees by Kinetic  Tree ~ h e o r ~ [ 2  . 



t h e  approximations obtained f o r  Qn( t ) ,  W ( t ) ,  ~ , ( t ) ,  and t h e  i n t e g r a l  
n 

c h a r a c t e r i s t i c s  a r e  a l s o  upper bounds of t h e i r  t r u e  values .  This i s  

q u i t e  important s ince  t h e  values a r e  thus  always conservative and re-  

s u l t  i n  conservative es t imates  f o r  system f a i l u r e  phenomena. Though 

arguments have been given t o  v a l i d a t e  t h e  accuracy of these  upper 

bounds, an apprec ia t ion  of t h e i r  accuracy and value (being upper bounds) 

i s  perhaps gained only through app l i ca t ion .  A s  s t a t e d  i n  Input Group 6 ,  

because of t h e  l i t t l e  computer time needed t o  obta in  these  upper bounds, 

i f  system r e s u l t s  a r e  obtained by use of bracketing ( s e t t i n g  ISTOP = 2 ) ,  

t h e s e  upper bounds, which a r e  only obtained i f  ISTOP = 1, a r e  output a s  

a d d i t i o n a l  information.  After  a few comparisons a r e  made with t h e  exact 

r e s u l t s  and a f t e r  an understanding i s  gained of t h e  assumptions involved 

i n  t h e s e  upper bounds; it i s  expected t h a t  t h e  user  w i l l  then only ob- 

t a i n  t h e s e  upper bounds i n  t h e  majori ty of cases f o r  which he wishes 

system r e l i a b i l i t y  c h a r a c t e r i s t i c s .  

3. Recommendations f o r  t h e  Use of Bracketing (ISTOP = 2 )  

From Input Group 9 and 10,  t h e  exact values of a0( t )  and w0(t )  

a1.e g l v e ~ i  by the equations 



and 

fIo(t), t h e  system f a i l u r e  i n t e n s i t y ,  i s  then given by t h e  equation 

NBMAX i n  Input Group 9 denotes t h e  number of terms t o  consider  

on t h e  right-hand s ides  of Equations (10)  and (15) f o r  Q ( t )  and 
0 

" ( I  ) ( t )  , r e spec t ive ly .  I f  IFAG2 = 2 ,  it i s  a l s o  t h e  number of terms Wo 

t o  consider on t h e  right-hand s i d e  of Equation (33)  f o r  WL2)(t) .  - I f  

lower bounds a r e  des i red  i n  add i t ion  t o  upper bounds, IFAG2 must be 

s e t  equal t o  2. Since t h i s  i s  genera l ly  des i red  when bracket ing  i s  

done, we w i l l  assume IFAG2 = 2. 

S e t t i n g  NBMAX equal t o  2 w i l l  y i e l d  one upper bound and one lower 

bound f o r  ~ ~ ( t ) ,  WL' ) (t  ) , and ;L2 ) (t  ) . Since they a r e  t h e  only bounds, 

they w i l l  be t h e  b e s t  bounds used by t h e  code. Se t t ing  NBMAX = 3 w i l l  

y i e l d  two upper bounds and one lower bound. The b e s t  upper bound w i l l  

be chosen and t h e  one lower bound w i l l  be used. S e t t i n g  NBMAX = 4 w i l l  

y i e l d  two upper bounds and two lower bounds. The b e s t  upper bound and 

b e s t  lower bound w i l l  be used. S e t t i n g  NBMAX = 5 w i l l  y i e l d  t h r e e  

upper bounds and two .lower bounds, and s o  f o r t h .  Because of t h i s  be- 

havior NBMAX should ,be genera l ly  s e t  equal t o  an even number i n  order  

t o  obta in  an equal number of upper and lower bounds. 

It i s  recommended t h a t  i f  b r a c k e t h g  i s  des i red ,  'NBMX be s e t  

equal t o  2; 
NBMAX = 2 . 



Each succeeding term on t h e  right-hgnd s i d e s  of Equations ( l o ) ,  ( 1 5 ) ,  

and ( 3 3 )  i s  g e n e r a l l y  of t h e  order of q ( t )  times t h e  previous term a 

where q ( t )  i s  an average component f a i l e d  p r o b a b i l i t y  [ ~ ~ u a t i o n  ( 7 5 ) l .  
a  

Hence, t h e  upper and lower bounds obtained w i l l  have a f r a c t i o n a l  d i f -  

f e rence  of q ( t )  , and t h e  t r u e  values w i l l  be very  t i g h t l y  enveloped, 
a 

g e n e r a l l y  wi th in  t h r e e  s i g n i f i c a n t  f i g u r e s .  Moreover, f o r  NBMAX = 2,  

t h e s e  bounds can be o'btained i n  moderate computer time--on t h e  order  

[a1 of s e v e r a l  minutes 360/75 time f o r  500 minimal c u t  s e t s  . 
For those  ins tances  when t h e s e  bounds a r e  not c l o s e  enough, which 

w i l l  be unusual,  NBTM could then be set, equal t o  4, e t c .  However, 

computer times f o r  a  l a r g e r  number of minimal. cu t  s e t s  (100 o r  more) 

w i l l  t h e n  inc rease  t o  orders  of an hour or  more 360/75 t ime.  For t h e s e  

ins tances  when s e t t i n g  NBMAX = 2 does not y i e l d  c l o s e  enough upper and 

lower bounds, and when t h e  user  i s  not content  with t h e  upper bounds 

descr ibed i n  t h e  previous s e c t i o n ,  it i s  recommended t h a t  t h e  l e s s  

important cut  s e t s  ( t h o s e  with a l a r g e r  mimber of components) be 

neglec ted  or t h a t  t h e  minimal c u t  s e t s  be regrouped by s e t  theory  re-  

arrangement. The neglec t ion  of t h e  l a r g e r  number component, mini.ma1 

c u t  s e t s  ( f o r  example neglec t ing  t h e  minimal c u t  s e t s  with t h r e e  or  

more components i f  minimal cut  s e t s  of one component a r e  present )  w i l l  

cause n e g l i g i b l e  e r r o r  i n  t h e  system r e s u l t s  and i n  many cases w i l l  

a l low t h e  user  t o  run  KITT-1 (with only t h e s e  minimal cu t  s e t s  of a  

smaller  num'ber of components i n  very small  computer The . . -. 

[ a l ~ g a i n ,  t h e  number of t ime po in t s  used does not s i g n i f i c a n t l y  a f - f ~ r t  
t h e  cornput e r  t ime . 

rb lS ince  KITT-1 ( o r  KITT-2) obta ins  t h e  exact r e l i a b i l i t y  c h a r a c t e r i s t i c s  
f o r  t h e  minimal c u t  s e t s ,  those  of l i t t l e  importance can be . eas i ly  
d iscerned.  



use  of KITT-1 with these  minimal cu t  s e t s  of a smaller number of com- 

ponents should be t h e  same a s  before ,  following t h e  same procedures a s  

recommended here in .  Grouping of t h e  minimal cu t  s e t s  has t h e  same 

r e s u l t s ,  enabling accura te  system r e s u l t s  t o  be obtained i n  l i t t l e  com- 

put'er t ime. 

Assuming NBMAX has been s e t  equal t o  2 and IFAG2 = 2,  input  values 

f o r  N B ~ ( N )  i n  Input Group 10 must then be decided upon. , NB2(n), where 

we have replaced t h e  index N by n ,  i s  t h e  number of terms t o  consider 

on t h e  right-hand s i d e  of Equation (36) t o  obta in  a b e s t  upper and bes t  

lower bound f o r  w n ( t ) .  NBMAX s e t s  t h e  number of terms on t h e  r igh t -  

hand s i d e  of Equation (33) t o  consider f o r  ; L 2 ) ( t ) .  However, each of 

t h e s e  terms, Wl ( t  ) , W2 ( t  ) , e t c  , i s  not  exac t ly  computed as with Q ~ (  t )  

and iL1 ) (t  ) , but  i s  bracketed. N E ( ~ )  p resc r ibes  how t i g h t  t h i s  

bracket ing ,  or enveloping, w i l l  be f o r  each term. 

From Equation ( 1 4 )  t o  ob ta in  an upper and lower bound f o r  W o ( t )  

an upper and lower bound a r e  needed f o r  iL2) ( t )  . A s  s t a t e d  previously,  

W(2)(t) is  of t h e  order of q a ( t )  t imes i ( l ) ( t )  and i s  the re fo re  gener- 
0 0 

a l l y  much smnl l.er than ;( ) (t ) . Theref o re  an upper bound need only be 
0 

computed f o r  ;( ) ( t  ), and a lower bound of zero,  p rese t  by t h e  code, 
0 

may be used a s  t h e  bes t  lower boundLa1. We have assumed NBMAX has 

been s e t  equal t o  2, and the re fo re  from Equation (33) 

o max 

where w l ( t )  i s  t h e  b e s t  upper bound f o r  w l ( t )  chosen by t h e  code 
max 

lalBefore computation of t h e  b e s t  bounds f o r  t h e  system d i f f e r e n t i a l  
c h a r a c t e r i s t i c s ,  t h e  cod.e i .nj . t ial izes t h e  b e s t  lower .bounds a t  0.0 
and t h e  hest. n p p ~ r  hn i lnds  a n t  l o 1  the  upper bound value  being ah 
a r b i t r a r i l y  . l a rge  number. 



from t h e  NB2(1) upper and lower bounds f o r  it. ~ ~ ( t ) ~ ~ ~  will  h~ the  

only,  and hence b e s t ,  upper bound f o r  ~ ( ~ ) ( t )  s ince  NBMAX = 2 [NBMPX 
0 

= 3 being t h e  smal les t  value fo r  more than one upper bound f o r  ~ ( ~ ' ( t ) ] .  
0 

Se t t i ng  NB2(1) = 1 gives one upper bound f o r  W l ( t ) ,  s e t t i n g  

N ~ 2 ( 1 )  = 2 gives  one upper and one lower bound f o r  w l ( t ) ,  e t c .  Now, 

each succeeding term on t h e  right-hand s i de  of Equation (36)  f o r  W ( t )  
n 

i s  general ly  of t h e  order of q a ( t )  times t he  preceding term. Therefore, 

t h e  f i r s t  term w l ( t )  i s  an excel lent  approximation fo r  W l ( t ) ,  and more- 
1 

over, t h i s  f i r s t  term wi.l.1. he  11sed as t he  beot uppcr bound f o r  W1 ( - L )  

-if we s e t  N ~ 2 ( 1 )  = 1. Thus, t h e  minimum values t o  assign ~ ~ 2 ( n ) ,  

n = 1, 2,  a r e  

NB2(1) = 1 

and 

~ ~ 2 ( 2 )  = 0 

where w e  set; NB2(2) = 0 s ince  we do not compute w 2 ( t ) .  

I f  a nonzero lower bound i s  des i red f o r  i ( 2 ) ( t )  then from 
0 

Equations (33)  and (36)  

and 

Since NBMAX = 2, one upper and one lower bound can be obtained f o r  

' ( 2 )  ' 

W6 ( t )  and they w i l l  be t h e  bes t  bounds used by t he  c o d e .  We there-  

. ,  . . . 
f o r e  need a t  minimum n n e  1:lppcr and.'one :lower boui18~'for Wl(L). and oile ' -  . . 

upper bound fo r  W2 ( t  1. These bounds w i l l  be ohtained by be t t ing  

~ s a ( r 1  = ? 

and 

~ ~ 2 ( 2 )  = 1 . 



S e t t i n g  NB2(1) = 2 and NB2(2) = 1, wi th  NBMAX = 2 ,  w i l l  i n  g e n e r a l  

y i e l d  a n  upper and lower bound f o r  W. ( t )  which a r e  c l o s e r  t o  each o the r  
0 

than  t h e  upper and lower bound obta ined  by s e t t i n g  ~ ~ 2 ( 1 )  = 1 and NB2(2) 

= 0.  However, w i th  NB2(1) = 1 and NB2(2) = 0 ,  t h e  upper and lower 

bounds obtained f o r  W ( t )  w i l l  g e n e r a l l y  d i f f e r  i n  t h e  t h i r d  o r  f o u r t h  
0 

s i g n i f i c a n t  f i g u r e .  The va lue  of W o ( t )  w i l l  t h e r e f o r e  be  a c c u r a t e l y  

known t o  w i t h i n  t h r e e  s i g n i f i c a n t  f i g u r e s ,  which f o r  most r e l i a b i l i t y  

ana lyses  i s  of s u f f i c i e n t  accuracy.  Moreover, t h e  computer t ime needed 

f o r  NB2(1) = 1 and NB2(2) = 0 i s  on t h e  order  of a few minutes f o r  500 

minimal c u t  s e t s ,  while  t h a t  needed f o r  NB2(1) = 2 and NB2(2) = 1 i s  

on t h e  order  of a n  hour.  Therefore ,  wi th  NBMAX = 2 and IFAG2 = 2 ,  it 

i s  recommended t h a t  onc inpu t s  t h e  va lues  

and 

As recommended f o r  NBMAX, f o r  t h o s e  unusual  ca ses  where ~ B 2 ( 1 )  = 

1 and NB2(2) = 0 do not  y i e l d  s u f f i c i e n t l y  t i g h t  bounds,' and where 

t h e  upper bounds d iscussed  i n  Sec t ion  2 a r e  not  deemed s a t i s f a c t o r y ,  

it i s  recommended t h a t  e i t h e r  t h e  l e s s  important minimal c u t  s e t s  be 

neglec ted  and t h e  procedures be reperformed a s  recommended h e r e i n ,  o r  

t h a t  regrouping of t h e  minimal c u t  s e t s  be done. 

4. Recommendation Summary 

I f  t h e  t o t a l  number of minimal c u t  s e t s  Nc i s  l e s s  t han  approxi- 

mately 1 0 ,  t h e  exac t  va lues  f o r  t h e  system c h a r a c t e r i s t i c s  can be ob- 

t a i n e d  i n  s e v e r a l  minutes computer t ime by s e t t i n g ;  



ISTOP = 2 (92)  

NBMAX = Nc 

IFAG2 = 2 

and 

.The t o t a l  number of t ime po in t s  used does not s i g n i f i c a n t l y  a f f e c t  

t h i s  computer t ime needed. Depending upon whether Nc i s  even or  odd, 

t h e  exact  va lues  f o r  t h e  system c h a r a c t e r i s t t c s  a r e  given e i t h e r  by 

Equation (61 )  or  .by Equation (62)  on page 29. 

If t h e  t o t a l  number of minimal c u t  s e t s  i s  g r e a t e r  than approxi- 

mately 10 ,  s y s t e m - c h a r a c t e r i s t i c s  a r e  most e f f i c i e n t l y  obtained e i t h e r  

by us ing t h e i r  upper bound approximations or  by bracket ing .  S e t t i n g  

ISTOP = 1 and skipping Input  Groups' 9  and 10 w i l l  y i e l d  upper bounds 

f o r  t h e  system c h a r a c t e r i s t i c s  which a r e  accura te  (genera l ly  t o  wi th in  

t h r e e  s i g n i f i c a n t  f i g u r e s )  and which can be obtained i n  n e g l i g i b l e  

computer t ime,  r ega rd less  of t h e  number of time po in t s  used. 

If both upper and lower bounds a re  desired f,nr the systeill char- 

a c t e r i s t i c s ,  .the11 s e t  

ISTOP = 2 

NBMAX = 2 

and 

This  w i l l  r e s u l t  i n  t h e  upper and lower bounds being very c l o s e  t o  

one another ,  and t h e  system cha.ra.ct,cristics w i l l  be obtaincd t o  w i t l ~ i u  

g e n e r a l l y  ' t h ree  s i g n i f i c a n t  f i g u r e s  . The computer time w i l l  f u r t h e r -  

more ^be moderate f o r  any number of time po in t s  used, on t h e  order  of 



a few minutes.  For t hose  in s t ances  when it i s  deemed t h a t  n e i t h e r  of  

t h e s e  procedures  y i e l d s  s a t i s f a c t o r y  r e s u l t s ,  t h e n  one .should  n e g l e c t  

t h e  l e s s e r  important minimal c u t  s e t s  o r  one should regroup t h e  mini- 

m a l  c u t  s e t s .  

I n p u t  G r o u p  11 

Nuniber of Cards : 1 

Format: I10  

Input  Data:,  IPATH 

IPATH i s  a .  f l a g  and has e i t h e r  a va lue  of 1 or  2 .  I f  minimal c u t  
. . 

s e t s  a r e  read  i n ,  t hen  I P A T H ' ~ ~  s e t  equal  t o  1. I f  minimal p a t h  s e t s  a r e  

r e a d  in', t hen  IPATH i s  s e t  equal  t o  2 .  

I n p u t  G r o u p  1 2  

Number of Cards: 1 

Format: I10  

Input  Data: NCUT (1 5 NCUT 5 500) 

NCUT i s  t h e  t o t a l  number of unique minimal c u t  s e t s  (IPATH = 1) o r  

minimal pa th  s e t s  (IPATH = 2 )  i npu t  t o  o b t a i n  system r e l i a b i l i t y  cha rac t -  

e r i s t i c s .  

Read I n  The Following Input  Group (1nput Group 1 3 )  For Each Minimal c u t  

O r  Pa th  S e t .  Repeat The Input  Group For The NCUT T o t a l  Number Of S e t s .  



I n p u t  G r o u p  13 

Number of Cards: Varies 

Format: 8110 

Input  Data: IW, ICUT(K, I ) ;  I = 1, IMAX (1 I IMAX 1 19) 

For each minimal c u t  s e t  (,IPATH = 1)' o r  minimal path set, (IPATH = 2 )  

a ca;d i s  read i n  which has on it, f i r s t ,  t h e  t o t a l  number of components 

p lus  i n h i b i t  condi t ions  i n  t h i s  minimal c u t  or  path  s e t  (IMAX) and then 

has on it t h e  ind ices  of t h e  components and i n h i b i t  condit ions i n  t h i s  s e t  

[ICUT(K,I)]. The card i s  read i n  on a 8110 format. I f  t h e r e  a r e  more 

than 7 components and i n h i b i t  condit ions i n  t h e  minimal c u t  o r  path s e t ,  

then t h e  indices  a r e  continued on succeeding cards with a format of 8110. - 

The order  of t h e  indices  i s  a r b i t r a r y ,  though t h e r e  must be IMAX 0.f them. 

Each minimal c u t  s e t  or pa th  s e t  must begin a new card (with IMAX, e t c ,  

on i t ) .  The order of input  of t h e  minimal c u t  s e t s  or path s e t s  i s  

a r b i t r a r y .  

k'or NPROB = 1 (1nput Group 2 )  There Are No More Cards To Be Read I n .  1f 
_ Y 

NrKOB , 1, Head I n  lnput  Groups 1 4 ,  75, 16, And 17 For Each of The 

(NPROB - 1) Dif fe ren t  Parameter Runs. The Four Input Groups Are Repeated, 

But With Dif ferent  Values, For The (WROB - 1) Different  Parameter Runs. 
L ---*~. 

I n p u t  . . G r o u p  14 (New Parameter ~ u n )  

Number of Cards: 1 

Format: I10 

Input  Data: NLAM 

NLAM i s  t h e  number of components and, i n h i b i t  condit ions which have 



d i f f e r e n t  f a i l u r e  i n t e n s i t i e s  X [ X ~ A ( I )  1, f o r  t h e  new parameter run. 

The values XLMDA(I) a r e  with reference  t o  Input Group 4. 

I f  NLAM Equals 0,  Skip Input Groups 15A And 1 5 B  And Go To Input Group 16 .  

I f  NLAM Equals NCOMP, The To ta l  Number of Components And I n h i b i t  Conditions 

(1nput Group 3 ) ,  Read I n  Input Group 15A And Then Go To Input Group 16. If - 
NLAM I s  Less Than NCOMP, Read I n  Input Group 15B And Then Go To Input Group 

I n ~ u t  G r o u ~  15A ( ~ e w  Parameter ~ u n )  

N~unber of C a r d s :  Varies 

Format: 8F10.0 

Input Data: XLMDA(I)  ; I = 1, NCOMP 

This Input Group i s  skipped i f  NLAM 

i s  zero or  i s  l e s s  than NCOMP. 

XLMDA(I) a r e  t h e  new f a i l u r e  i n t e n s i t i e s  X (per  hour) f o r  t h e  para- 

meter run.  These a r e  d i f f e r e n t  va lues  f o r  Input Group 4 (wi th  t h e  ind ices  

used f o r  t h e  components and i n h i b i t  condit ions remaining unchanged.for t h e  

new parameter r u n s ) .  The i n t e r p r e t a t i o n  f o r  a  nonposi t ive XLMDA(1) i s  

t h e  same a s  f o r  Input Group 4. 

I npu t  Group 15B ( ~ e w  Parameter ~ u n )  

Number of Cards: Varies 

Format : 4 (110 , ~ 1 0 . 0  ) 

Input Data: I N D ( K ) ,  XLMDA(IND(K)); K = l ,  NLAM 

4 5 



-... 
This Input  Group i s  skipped i.f NLAM 

i s  zero o r  i s  equal t o  NCOMP. 

I N D ( K )  i s  t h e  index of t h e  component or  i n h i b i t  condit ion having a 

new f a i l u r e  i n t e n s i t y  and XLMDA [IND(K)] i s  t h e  corresponding new f a i l u r e  

- i n t e n s i t y  (per  hour) .  Each card contains t h e  values ik, h ( i k ) ,  ik+,l, 

+ ) , ik+2, A ( ik+*) Y ik+s. A ( ik+3 ) where i;, ik+l , e t c ,  a r e  t h e  indices  

of t h e  components or  i n h i b i t  condit ions having d i f f e r e n t  f a i l u r e  in tens i -  

ties ( t h e  components and i n h i b i t  condit ions have t h e  same indices  f o r  a l l  

parameter runs ,  i e ,  t h e  ind ices  a r e  t h e  same a s  f o r  Input Group 4) ,  and 

t h e  h ( i k ) ,  A ( i k + l ) ,  e t c ,  a r e  t h e  corresponding new f a i l u r e  i n t e n s i t i e s .  
. . 

There ape four p a i r s  of values  [ i k ,  h (ik) ] t o  a card u n t i l  t h e  ' N U  p a i r s  

of values  a r e  read i n .  The i n t e r p r e t a t i o n  f o r  a nonposit ive x ( ik) i s  t h e  

same as f o r  Input Group 4. Those f a i l u r e  i n t e n s i t i e s  not changed r e t a i n  

t h e  same values  a s  used f o r  t h e  preceding parameter run ( i e ,  those  va.lues 

uP'X not changed f o r  parameter run 2 remain those  values used f o r  parameter 

run 1; f o r  parameter run 3, t h e  unchanged values remain thooc valucs used 

f o r  parameter run ' 2 ,  eh). 

Input' Group. 16 ( ' ~ e w  Parameter ~ u n )  . . 

Number of Cards: 1 

Format: I10 

I n ~ u t  T)a.tn: NTAU 

NTAU i s  t h e  number of components and i n h i b i t  condit ions having d i f -  

f e r e n t  r e p a i r  t imes [TAU(I) 1 f o r  t h e  new parameter run. The values ,  . 

TAU(.I), a r e  with re fe rence  t o  Input Group 5. 



I f  NTAU Equals 0,  There I s  No Fur ther  Data To Input For This Parameter 

Run. Go Back To Input Group 1 4  For Addit ional  Parameter Runs. I f  NTAU 

Equals NCOMP, Read I n  Input Group 17A A s  t h e  Last Input Group For This 

Parameter Run and Then Return To Input Group 1 4  For Addit ional  Parameter 

Runs. I f  NTAU' Is Less Than NCOMP, Read I n  Input Group 17B As t h e  Last 

Input Group For This Parameter Run And Then Return To Input  Group 1 4  For 

Addit ional  Parameter Runs. 

I n p u t  Group 17A ( ~ e w  Parameter ~ u n )  

Nlznber of Cards:. Varies - 
Format : 8F10.0 

Input Data: TAU(I ) ;  I = 1, NCOMP 

This Input Group i s  skipped i f  NTAU 

i s  zero or  i s  l e s s  than NCOMP. 

TAU(I) a r e  t h e  new r e p a i r  t imes -r (hours)  f o r  t h e  parameter run.  

These a r e  d i f f e r e n t  values f o r  Input  Group 5 (with t h e  ind ices  f o r  t h e  

components and i n h i b i t ,  condit ions remaining unchanged f o r  t h e  new para- 

meter r u n s ) .  The i n t e r p r e t a t i o n  f o r  a  nonposi t ive TAU(I )  i s  t h e  same a s  

f o r  Input Group 5. 

I n p u t  Group 17B ( ~ e w  Param-eter ~ u n l  

Number of Cards: Varies 

Format : 4 (110 , ~ 1 0 . 0 )  

Input  Data: IND(K) ,  TAU(IND(K)); K = I, NTAU 



This Input  Gr.oup i s  skipped i f  NTAU 

i s  zero or  equals NCOML). 

IND(K) i s  t h e  index of t h e  component o r  i n h i b i t  condi t ion  having a 

new r e p a i r  time, and TAU[IND(K)] i s  t h e  corresponding new r e p a i r  time 

( h o u r s ) .  Each card  of t h i s  input  group conta ins  t h e  values jk, .r($k), 

jk+ l ,  ~ ( j k + l ) ,  . j k + 2 ~  . r ( j k + 2 ) )  j k + 3 ~  ~ ( j k + 3 ) .  The jk ,  jk+l ,  e t c ,  

a r e  t h e  ind ices  of t h e  components or i n h i b i t  condit ions having d i f f e r e n t  

r e p a i r  tirnes and . r ( j k ) ,  ~ ( j k + ~ ) ,  e t c ,  a r e  the corresponding d i f f e r e n t  

t imes .  There a r e  four  p a i r s  of va lues  [ j k ,  . r ( j k ) ]  t o  a  card u n t i l  t h e  

NTAU p a i r s  of va lues  a r e  r ead  , in .  The i n t e r p r e t a t i o n  f o r  a  nonposi t ive 

T ( j k )  i s  t h e  same a s  f o r  Input ,  Group 5. Like Input  Group 15B, t h e  r e p a i r  

t imes  not  changed f o r  t h e  new parameter run r e t a i n  t h e i r  va lues  a s  used 

i n  t h e  preceding parameter run .  

I V .  FORMAT OF OUTPUT FROM KITT-1 

Sec t ion  11 descr ibed t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  nht.a.in.ed by 

KITT-1. This  s e c t i o n  desc r ibes  t h e   format^ by which KITT-1 11rinLs out 

t h e s e  c h a r a c t e r i s t i c s .  The use r  w i l l  b e s t  en te r  t L i s  d iscuss ion i f  he 

r e a l i z e s  t h e  genera l  s t r u c t u r e  of t h e  output formats f o r  t h e  r e l i a b i l i t y  

q u a n t i t i e s  : 

1. Any quan t i ty  wi th  t h e  symbol "Q" i s  -a fai1.ed probab'il , i ty, , .. . - 
2. Any quan t i ty  wi th  t h e  symbol "W" i s  a  f a i l u r e  r a t e .  

3. Any quan t i ty  wi th  t h e  symbol "L" i s  a f a i l u r e  i n t e n s i t y  
( lambda ) . 

4. The  t i t l e  "WSUM" denote:s t h e  i n t e g r a l  af t h e  f a i l u r e  
r a t e  W .  

t 
5. The t i t l e  "FSUM" denotes t h e  quan t i ty  1 - exp[-ll\ ( t  ' ) d t  ' 1 

where ~ ( t ' )  i s  a  f a i l u r e  i n t e n s i t y .  o 



This genera l  naming procedure i s  used f o r  t h e  output of component charact-  

e r i s t i c s ,  minimal c u t  or  path s e t  c h a r a c t e r i s t i c s ,  and f o r  t h e  system 

c h a r a c t e r i s t i c s .  With t h i s  genera l  naming procedure i n  mind, t h e  user  

should f i n d  t h e  following discuss ions  of t h e  output formats more uniform 

i n  s t r u c t u r e .  

The f i r s t  block of output from KITT-1 i s  a p r in tou t  of the  values 

read  i n  f o r  t h e  va r i ab les  of Input Group 1 through Input Group 13. I n  

t h i s  f i r s t  block of output ,  a l l  t h e  input  read  i n t o  t h e  program i s  pr in ted  

ou t ,  with t h e  exception of lnp& Groups 1 4  through 17 ,  which a r e  t h e  d i f -  

f e r e n t  values f o r  t h e  component X's and T ' S  f o r  t 'he d i f f e r e n t  parameter 

runs .  The X's and T ' S  p r in ted  out i n  t h i s  f i r s t  block of output a r e  

the re fo re  only those  f o r  t h e  f i r s t  parameter run ( i e ,  t h e  values f o r  

Input Groups 4 and 5 ) .  Using t h e s e  f irst  parameter run X's and T ' S ,  r e -  

l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  then p r in ted  out  i n  succeeding blocks of 

output .  I f  t h e r e  i s  more than one parameter run (NPROB,> l ) ,  t h e  X's and 

T ' S  f o r  t h e  new parameter run (1nput Groups 14 through 1 7 )  a r e  p r ip ted  out  

on a new page. This i s  then followed by a p r i n t o u t  of t h e  r e l i a b i l i t y  
' 1  

c h a r a c t e r i s t i c s  obtained using t h i s  new s e t  of X's and T ' S .  This form of 

p r i n t o u t ,  :he new s e t  of X's and T ' S  followed by t h e  c h a r a c t e r i s t i c s  ob- 

t a ined ,  i s  repeated f o r  a s  many parameter runs a s  were s tudied .  

The format of p r in tou t  f o r  t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  f o r  t h e  

succeeding parameter runs  i s  t h e  same a s  t h e  format f o r  t h e  f i r s t  para- 

meter run , .and we w i l l  t he re fo re  only descr ibe  t h e  format of output f o r  

t h e  f i r s t  parameter run .  

A s  s t a t e d ,  t h e  f i r s t  block of output from KITT-1 i s  a p r in tou t  of 

t h e  v a r i a b l e s  of Input Groups 1 through 13. This block of output i s  s e l f -  

explanatory, with t h e  name of t h e  v a r i a b l e  ( a s  used i n  t h e  previous input  



d e s c r i p t i o n )  and i t s  d e f i n i t i o n  being p r in ted  out along with i t s  value.  

The l a s t  output of t h i s  f i r s t  block i s  t i t l e d  "SET INFORMATION" and i s  

p r i n t e d  out  i n  t h e  form 

SET NO. 1, WITH COMPONENTS il i2 .... 
SET NO. 2 ,  WITH COMPONENTS i 3  ........ 

e t c .  

This i s  a p r in tou t  of t h e  index, o r  .number, of t h e  minimal cu t  o r  path 

s e t  along with t h e  indices  of t h e  components ( o r  i n h i b i t  condi t ions)  i n  

t h e  s e t  ( ~ n p u t  Group 1 3 ) .  The mintma1 cut  s e t s  or minimal path s e t s  a r e  

indexed by t h e  code i n  t h e  n r r l ~ r  i n  which thcy arc  rcad i n  f o ~  I l ~ p u L  Group 

13. These ind ices  w i l l  be used i n  subsequent output t o  i d e n t i f y  t h e  in- 

d i v i d u a l  s e t s .  

Immediately following t h i s  f i r s t  block of output a r e  succeeding blocks 

of output  containing th.e r e l i a b i l i t y  c h a r a c t e r i s t i c s  obtained by t h e  pro- 

gram. The block of output e n t i t l e d  "COMPONENT AND INHIBIT INFORMATION", 

beginning on a  new page, i s  t h e  f i r s t  of these  outputs  and contains t h e  

r e l i a b i l i t y  c h a r a c t e r i s t i c s  obtained' f o r  each component. The index 

(num'ber) of t h e  component i s  f i r s t  given,  followed by i t s  r e l i a b i l i t y  

c h a r a c t e r i s t i c s .  The f i r s t  column of output i s  t h e  time and each succeed- 

ing  column i s  a p a r t i c u l a r  component charac te r i s t i c  f o r  t.he times given i n  

t h e  f i r s t  column. (0ne should the re fo re  read row-wise t o  obta in  a l l  t h e  

component c h a r a c t e r i s t i c s  f o r  a  p a r t i c u l a r  t ime . )  The component charact-  
. . . . 

e r i s t l c s  prfnted  out have been described a.t, t.he beginning of t h i s  r e p o r t .  

'Table l o o n  page 55 gives  t h e  t r a n s l a t i o n  f r o m  the  program output ( t h e  

[ a  I headings of each column) t o  t h e  symbols irsed. on ,pagez  , 

[ a l ~ l l  t h e  t r a n s l a t i o n  t a b l e s  a r e  given immediately a f t e r  t h i s  sec t ion .  



Also i n  t h e  output group, "COMPONENT AND INHIBIT INFORMATION", i s  

t h e  i n h i b i t  condi t ion  information. The output f o r  t h e  i n h i b i t  condi t ion  

i,s merely a  p r in tou t  of t h e  da ta  read  i n ,  wi th  t h e  index and occurrence 

p r o b a b i l i t y  being output .  Descr ip t ive  l a b e l l i n g  i s  used, and t h e  output 

format i s  self-explanatory.  . 

On a  new page following t h e  component c h a r a c t e r i s t i c s  and i n h i b i t  

information i s  a  block of output e n t i t l e d  "MINIMAL SET INFORMATION". This  

block of output conta ins  t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s / f o r  each minimal 

cu t  s e t  or  path s e t .  The output' i s  of t h e  s&e format a s  t h e  previous 

component output;  t h e  s e t  index i s  f i r s t  given,  followed by i t s  r e l i a b i -  

l i t y  c h a r a c t e r i s t i c s  which a r e  i n  .columns. The s e t  c h a r a c t e r i s t i c s  p r in ted  

.out have been described on pages 3 and 5 .  Table 11, a t  t h e  'end of t h i s  

sec t ion ,  g ives  t h e  t r a n s l a t i o n  from t h e  program output (column headings) 

t o  t h e  symbols used on page 3 ,  i f  minimal c u t  s e t s  a r e  used. Table 1 2  

g ives  t h e  same t r a n s l a t i o n  i f  minimal path s e t s  a r e  used. 

Following t h e  minimal s e t  c h a r a c t e r i s t i c s ,  on a  new page, i s  a  block 

of d a t a  which i s  present  only i f  minimal cu t  s e t s  a r e  used. This block 

of d a t a ,  e n t i t l e d  "SYSTEM INFORMATION - UPPER BOUNDS", conta ins  t h e  upper 

bound approximations f o r  t h e  system c h a r a c t e r i s t i c s  which were discussed 

i n  Input Group 6. The f i r s t  group of output i n  t h i s  block of da ta  i s  

s u b t i t l e d  "DIFFERENTIAL CHARACTERISTICS - UPPER BOUNDS" and conta ins  t h e  

upper bounds f o r  t h e  d i f f e r e n t i a l  system c h a r a c t e r i s t i c s .  Immediately 

following i s  a second group of output s u b t i t l e d  "INTEGRAL CHARACTERISTICS - 

UPPER BOUNDS" which conta ins  t h e  upper bounds f o r  t h e  i n t e g r a l  system 

c h a r a c t e r i s t i c s .  Tab le13g ives  t h e  t r a n s l a t i o n  from t h e  program output 

(column headings) t o  t h e  symbols. used i n  Input Group 6. 

I f  ISTOP = 1 Group 6 ) ,  t h e  output  f o r  t h e  f i r s t  parameter 

run i s  completed and t h e  above described output w i l l  -be repeated f o r  t h e  



succeeding parameter run's, i f  t h e r e  a r e  any. I f  ISTOP = 2 ,  t h e r e  w i l l  be 

one f u r t h e r  block of output which contains t h e  bes t  brackets  obtained f o r  

t h e  system c h a r a c t e r i s t i c s ,  described i n  Input Groups 9 and 10.  This block 

of output  i s  t i t l e d  "SYSTEM INFORMATION - BEST BRACKETS" and has' severa l  

groups of output .  The f i r s t  group of outpilt, i s  s u b t i t l e d  "DIFFERENTIAL 

CHARACTERISTICS - BEST BRACKETS" and conta lns  t h e  bes t  upper and lower 

bounds determined by t h e  code f o r  t h e  d i f f e r e n t i a l  system c h a r a c t e r i s t i c s .  

The format of output  i s  analogous t o  t h e  previous output ,  with a p a r t i c u l a r  

system c h a r a c t e r i s t i c  being i n  a particu3.a.r colii.mn (a  row cor re~pondo  t o  a 

gtven t i m e ) .  Table 14 a t  t h e  end of t h i s  sec t ion  gives  t h e  t r a n s l a t i o n  

from program output  t o  those  symbols used i n  Input Groups 9 and 10.  

On a new page immediately following t h e  f i r s t  group of system bracketed 

output  i s  t h e  second group, e n t i t l e d  "FAILURE RATE CONTRIBUTIONS". This . 

output  w i l l  genera l ly  be of minor concern t o  t h e  user  s ince  it gives  t h e  

. con t r ibu t ions  t o  t h e  system f a i l u r e  r a t e  w o ( t )  from .which t h e  b e s t  bounds 

arg obtained f o r  w 0 ( t ) .  If minimal c u t  s e t s  a r e  used then from Input 

Group 9 ,  

I n  t h i s  case ,  t h e  output conta ins  t h e  bes t  bounds f o r  iL1 ) (t ) and i L 2  ) (t ) . 
I f  minimal path s e t s  'are used, 

and t h e  output then conta ins  t h e  hes t  honnds f o r  ) (t ) %and .GL2) (t ) . _ 
0 .  

Tables 15 and 16 give  t h e  t r a n s l a t i o n  from t h e  program output t o  t h e  symbols 

used i n  Input  Groups 9 and 10. 

The next output group e n t i t l e d ,  "DIFFERENTIAL CHARCTERISTICS-LAST 

BRACKETS", i s  of use only i f  exact va lues  f o r  t h e  system c h a r a c t e r i s t i c s  



a r e  obtained [ i e  , Equations (61)  and ( 6 2 )  or Equations ( 64)  and (65) 1 . 
I f  t h e  system cha rac t e r i s t i c s  a r e  merely bracketed, then t h e  user should 

not r e f e r  t o  t h i s  output.group. A s  s t a t ed  f o r  Input Groups 9 and 10,  when 

exact values a r e  computed, then one of t h e  bes t  bounds of t h e  output group 

"DIFFERENTIAL CHARACTERISTICS - BEST BRACKETS" ( ~ a b l e l b )  i s  t he  exact value 

f o r  t he  pa r t i cu l a r  system cha rac t e r i s t i c s .  Which bound i s  t he  exact value 

depends upon whether t he  number of s e t s  i s  odd or even. To a i d  t h e  user 

i n  determining whether the  upper bound or lower bound i s  t h e  exact value,  

t h i s  output group, "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS", pr in ted 

out by KITT-1, contains t he  exact values f o r  t he  system cha rac t e r i s t i c s ,  

when these  exact values a r e  computed. The user may compare these  values 

witah t h e  bes t  boiinds. t o  determine whether t h e  upper bound or lower bound 

i s  the  exact valueLa1.  When exact values a r e  computed, then QLAST is: t h e  

exact value Qo(t) and w i l l  be exact ly  equal t o  one of t h e  bes t  boundsfor  

Qo(t) i n  t he  output ~~ou~,"DIF'FERENTIAL CHARACTERISTICS - BEST BRACKETS". 

I f  minimal cu t  s e t s  a r e  used, then WILAST is  t he  exact value f o r  iL1) ( t )  

and w i l l  be equal t o  one of t he  be s t  bounds f o r  ) (t  1. For both Qo(t ) . . 

and ijkl ) (t  ) , t h e  same bounds w i l l  be t he  exact values.  I f  t h e  upper bounds 

Of ) (t  ) and Qo(t) a r e  t h e i r  exact valu&s,  then t he  upper bounds fo r  - 

&(t)  and h , ( t )  - a r e  a l so ,  respect ively ,  t h e i r  exact values.  I f  t h e  lower 

bounds of $L1) ( t )  and Q 0 ( t )  a r e  t h e i r  exact values,  then t he  lower bounds 

fo r  ~ , ( t )  and A o ( t )  a r e  a l so ,  respect ively ,  t h e i r  exact values.  I n  addi- 
u 

t i o n ,  i f  minimal cu t  s e t s  a r e  used, W 2 M I N  - LAST or W2MAX - LAST i s  t he  

exact value f o r  ; (2)( t)  and may be checked agains t  one of i t s  bounds. 
0 

(1f t he  exact values a r e  computed, then W2MAX - LAST = W2MIN - LAST fo r  

minimal cut  s e t s  and fo r  minimal path s e t s . )  I f  minimal path s e t s  a r e  

. [a1 One may, of course, a l s o  use t h e  c r i t e r i a  given i n  Input Groups 9 and 
10,  i e ,  Equations (61)  and (62) or Equations (64)  and ( 6 5 ) .  
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used, then  WlLAST i s  t h e  exact value fo r  ) (t  and W7MAX - WLST (o r  W 3 I N  

- LAST) i s  t he  exact value fo r  W^(2)(t). A s  for minimal cut  s e t s .  when t h e  
0 

upper bounds of W(l)( t )  and QG(t) a r e  t h e i r  exact values ,  then t he  upper 
0 

bounds f o r  W ( t ) , a n d  A , ( t )  a r e  a l so ,  respect ively ,  t h e i r  exact values.  - 
A 

When t h e  lower bounds of w:' ) (t) and Q0 ( t  ) a r e  t h e i r  exact values ,  then 

t h e  lower bounds f o r  W-(t) and ~ , ( t )  a r e  a l s o ,  r espec t ive ly ,  t h e i r  exact - 
va lues .  Tables17and18,  a t  t he  end of t h i s  sect ion,  summarize t he  above 

d i scuss ions  concerning t h e  output group "DIFFERENTIAL CHARACTERISTICS - 
UST BRACKETS". 

The l a s t  output group of system - c h a r a c t e r i s t i c s  i s  e n t i t l e d  "INTEGRAL 

CHARACTERISTICS - BEST BRACKET'S" and conta ins  t he  be s t  bounds f o r  t h e  in te-  

g r a l  system c h a r a c t e r i s t i c s .  Table 19 t r a n s l a t e s  t h e  program output t o  t h e  

symbols used i n  previous discussions.  It i s  noted t h a t  these  bes t  brackets 

f o r  t h e  i n t e g r a l  c h a r a c t e r i s t i c s  a r e  derived from t h e  bes t  brackets f o r  t he  

d i f f e r e n t i a l  c h a r a c t e r i s t i c s  ( i e ,  from the  output group "DIFFERENTIAL 

CHARACTERISTICS - BEST BRACKETS"). Therefore, i f  t h e  upper bounds f o r  t h e  

d i f f e r e n t i a l  c h a r a c t e r i s t i c s  a r e  t h e i r  exact values ,  then t h e  upper bounds 

f o r  t h e  i n t eg ra l  c h a r a c t e r i s t i c s  a r e  a l s o  t h e i r  r espec t ive  exact values.  
- 

I f  t h e  lower bounds f o r  t h e  d i f f e r e n t i a l  cha r ac t e r i s t i c s  a r e  t h e i r  exact 

va lues ,  then t he  lower bounds fo r  t h e  i n t eg ra l  cha r ac t e r i s t i c s  a r e  a l s o  

t h e i r  r espec t ive  exact  values : 

The output of r e l i a b i l i t y  cha r ac t e r i s t i c s  f o r  t h e  f i r s t  parameter run 

, . .- i s  completed (wi th  ISTOP. = 2 ) .  I f  t he r e  a r e  succeeding .garamet,~r r ~ l n s .  . - ,  .. _ . .. . 

(NPROB > 11, then a l l  t h i s  output w i l l  be repeated,  i n  t he  same format. 



TABLE 10. 

KEY T O  "COMPONENT AND INHIBIT INFORMATION" 

TABLE 1 1  . 
KEY TO "MINIMAL SET INFORMATION" IF MINIMAL CUT SETS ARE USED 

I 

Program Out put 

T (hours)  

Q 

W 

L 

WSUM 

F SUM 

- 
Program Output 

T (hours)  

Q 

W 

L 

WSUM 

FSUM 

. ,. 
. 

Information 

t ,  time ( i n  hours)  

q ( t ) ,  t h e  component f a i l e d  p robab i l i ty  

w ( t ) ,  t h e  component f a i l u r e  r a t e  (per  hour) 

A ,  t h e  ( i n p u t )  component f a i l u r e  i n t e n s i t y  
(per  hour ) 

t 
( w ( t  ' ) d t  ' , t h e  expected number of f a i l u r e s  
o - t o  t ime t 

1 - exp(-At),  t h e  p r o b a b i l i t y  of one o r  more 
f a i l u r e s  t o  time t 

Information 

t ,  time ( i n  hours)  

i(t), t h e  minimal c u t  s e t  f a i l e d  p r o b a b i l i t y  

" 
~ ( t ) ,  t h e  minimal c u t  s e t  f a i l u r e  r a t e  

( ~ e r  hour ) 
" 
~ ( t ) ,  t h e  minimal cu t  s e t  f a i l u r e  i n t e n s i t y  

(per  hour ) 
t " 
( ~ ( t ' ) d t ' ,  t h e  expected number of f a i l u r e s  
o t o  time t 

t" 
1 - exp[ -(A ( t  ' ) d t  ' 1 ,  t h e  p r o b a b i l i t y  of one 

o or more f a i l u r e s  t o  time t 
. 



TABLE 12, 
KEY TO " M I N I M A L  SET INFORMATION" I F  M I N I M A L  PATH SETS ARE USED 

Program Output 

T (hours)  

P 

W 

L 

WSUM 

NO FSUM 

- 

Information 

t ,  time ( i n  hours) 
A 

~ ( t ) ,  the  minimal path s e t  functioning 
probabi l i ty  

- A  

~ ( t ) ,  the  minimal path s e t  f a i l u r e  r a t e  
(per hour ) 

A 

~ ( t ) ,  the  minimal path s e t  f a i l u r e  i n t ens i t y  
( ~ e r  hour ) 

t , 
( ~ ( t  ' )d t  ' , t h e  expected number of f a i l u r e s  
0 'Lo time t 

t* 
exp[-lA ( t  ' )dt  ' 1 , t h e  probabi l i ty  of no 

o  f a i l u r e  t o  time t 



. TABLE 13. 

KEY TO "SYSTEM INFORMATION - UPPER BOUNDS" 

Program Output 

T (hours)  

Q 

W 

L .  
. . 

WSUM 

F SUM 

Information 

t ,  time ( i n  hours)  

Nc - 
1 - 1 - i t ) ] ,  t h e u p p e r  bound f o r  Q0(t) 

i=l 

N c  
Gi ( t  ) , t h e  upper bound f o r  w0(- t  ) ( ~ e r  hour ) 

i=l 

Nc 

i=l t h e  upper bound f o r  h 0 ( t )  
Nc " 

fl (1 - Qi(t))  (per hour ) 

i=l 

o i=l t 
( w 0 ( t  ' ) d t l  
0 

1 - exp 

i=l 
t 

t h e  upper bound f o r  1 - e x p [ - ( ~ ~ ( t ' ) d t ' ]  
0 - 



TABLE 14. 
KEY TO " D I F F E R E N T I A L  CHARACTERISTICS - BEST BRACKETS" 

~ l l \ t JL t '  15, a 

KEY TO ' !FAILURE RATE CONTRIBUTIONS" '  I F  M I N I M A L  CUT SETS ARE USED 

Program Output 

WIN 

(4,MA-X 

WMIN 

LMAX 

Program Output Information 

" ( 1  1 W l M I N  No ( t j m i n Y  t he  best  lover bound fo r  ;L1)(t) 
(per hour) . 

" (1 )  WlMAX Wo (t),,,, t h e  best  upper bound fo r  W L 1 ) ( t )  
(per  hour ) 

W2MIN ;L2)(t) ,in, the  best  lower bound fo r  ;L2)(t) 
(per  hour ) 

W M  2 ( t ) m a x y  the  best  upper bound fo r  WL2)(ta) 
(per  hour ) 

(WMIN and WMAX a r e  t h e  best  bounds fo r  w o ( t ) ,  repeated from ~ a b l e l b . )  

I 

Information 

. Q o ( t ) m i n y  t he  best  lower bound fo r  t h e  
system f a i l e d  probabi l i ty  Qo(t) 

~ ~ ( t ) ~ ~ , ,  the  best  upper bound f o r  Qo(t) 

~ , ( t ) , ~ ~ ,  the  best  lower bound f o r  t h e  
system f a i l u r e  r a t e  w o ( t )  (per hour) 

~ ~ ( t ) ~ , , ,  the  best  upper bound f o r  w 6 ( t )  
( ~ e r  hour ) 

A o ( t ) m i n ,  t he  bes t  lower bound fo r  t h e  
system f a i l u r e  i n t ens i t y  ~ ~ ( t  ) 

(per hour ) 

~ ~ ( t ) ~ ~ ~ ~  t h e  bes t  upper bound f o r  Ao(t)  
( ~ e r  hour ) - - --- -- 



TABLE 16. 
KEY TO "FAILURE RATE CONTRIBUTIONS" I F  M I N I M A L  PATH SETS ARE USED 

KEY TO "D IFFERENTIAL  CHARACTERISTICS - LAST BRACKETS" 
I F  M IN IMAL  CUT SETS ARE USED 

Program Output 

W l M I N  

WlMAX 

W 2 M I N  

W2MAX 

Information 

^ ( 1  
Wo ( t l m i n y  t h e  bes t  lower bound f o r  W L 1 ) ( t )  

( ~ e r  hour ) 

iL1)(t) max ' t h e  bes t  upper bound f o r  w:' )( t )  
(per  hour ) 

'-( 2 W (t)miny t h e  be s t  lower bound f o r  iL2)(t) 
0 

( ~ e r  hour ) 

A ( 2  
'0 (t)max' t h e  bes t  upper bound f o r  WL2)(t) 

(per hour ) 

(WMIN and WMAX a r e  t he  bes t  bounds f o r  w , ( t ) ,  repeated from Table 14 . )  
" 

Program Output Information 

I 
I f  t h e  exact values f o r  system cha rac t e r i s t i c s  a r e  obtained: 

&LAST 
. . 

W ~ L A S T '  

WmI(J-MSy 

W2MAX-LAST 

&,(t), t h e  exact value fo r  t he  system f a i l e d  
p robab i l i ty  

L 1  t ) i t s  exact value (per  hour ) 

" ( ) ( t ) , i t s  exact value (per  hour ) WO 



TABLE 18. 
KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS" 

I F  MIN IMAL PATH SETS ARE USED 

TABLE 19. 

KEY TO "INTEGRAL CHARACTERISTICS - BEST BRACKETS" 

Program Output Information 

FMIN-SUM 

.Program Output 

WMIN-SUM 

- WMAX-SUM- 

(w0(tt )dt' 
U 

L 
1 - exp(-,fA0(tt lmindtt ) , the best lower 

0 t 

If the exact values for system characteristics are obtained: 

Information 
. - 

t 
Jw,(t ' ),indt ' , the best lowor hound for 

* .  0 .. - t 
jwO(t')dtq 

0 
t .  . 
t ' d ' , the best upper bound fbr 
0 t 

bound for 1 - exp[-lA,(t')dt'] 
0 

QLAST 

WlLAST 

1 - exp(-lno(t' )maxdt' I., the best upper 
0 t. . . .  

~ ~ ( t ) ,  the exact value for the system failed 
probability 

( its exact value (per hour) 

i(2)(t), its exact value (per hour) 
0 

I bound for 1 - exp[-lA0(t')dt'] 



I. INTRODUCTION 

KITT-2 i s  simply an extension of KITT-1 and i s  e s s e n t i a l l y  i d e n t i c a l  

t o  KITT-1 with regard t o  input  and output .  Because of t h i s  s i m i l a r i t y ,  

KITT-2 w i l l  be discussed somewhat b r i e f l y ;  many sect ions  w i l l  simply re-  

ference  t h e  pe r t inen t  sec t ion e a r l i e r  described f o r  KITT-1. 

The d i f fe rence  between KITT-1 and KITT-2 i s  t h e  type of component 

f a i l u r e  and r e p a i r  d i s t r i b u t i o n s  which can be handled. KITT-1 can handle 

components which have constant  r e p a i r  times ( T )  or which a r e  nonrepairable 

and which have constant f a i l u r e  i n t e n s i t i e s  ( A ) .  Moreover, KITT-1 i s  a 

s i n g l e  phase code; each component must have only one value of T and one 

value of X f o r  a l l  t ime (o r  t h e  component must be nonrepairable f o r  a l l  

t ime) .  

KITT-2 can a l s o  handle components which have constant  r e p a i r  t imes,  

or which a r e  nonrepairable,  and which have constant.fai1ure.intensities. 

However, KITT-2 i s  a multiphase code. The component during d i f f e r e n t  time 

i n t e r v a l s ,  c a l l e d  "phases", may have d i f f e r e n t  r e l i a b i l i t y  .pr.operties . 
I n  one time i n t e r v a l ,  or  phase; t h e  component has one value of A and 

T .  I n  t h e  next time i n t e r v a l ,  or  phase, t h e  component may have d i f f e r e n t  

values f o r  X and T .  ~ l s b ,  i n  c e r t a i n  phases, t h e  component may be nonre- 

pa i rab le ,  while i n  o thers  it may have constant  r e p a i r  t imes.  (-p he phase 

desc r ip t ion  f o r  a component i s  thus  t h e  representa t ion of i t s  time depend- 

ence, with regard t o  i t s  r e l i a b i l i t y  p roper t i e s ,  by means of a s e r i e s  of 

' s t e p  funct ions ,  o r  histograms.) 



I n  add i t ion  t o  constant  r e p a i r  t i m ~ s ,  KTTT-2 can a lco  handlc compo- 

nen t s  having constant  r e p a i r  i n t e n s i t i e s  (PI. A constant  r e p a i r  i n t e n s i t y  

i s  equivalent  t o  t h e  component having an exponential r e p a i r  d i s t r i b u t i o n  

where b ( t ) '  i s  t h e  p r o b a b i l i t y  t h a t  t h e  component i s  repa i red ,  per u n i t  

t ime,  a t  t ime t from t h e  time of f a i l u r e .  For d i f f e r e n t  phases, t h e  com- 

ponent may have d i f f e r e n t  va lues  f o r  u , o r  i n  some phases it may have 

constant  r e p a i r  i n t e n s i t i e s  p ,  while i n  o ther  phases it may have constant  

r e p a i r  t imes T o r  be nonrepairable.  

I n  KITT-2, i f  ee.ch of t h e  components had one phase, which 'they can, 

then KITT-2 would be i d e n t i c a l  t o  KITT-1. KITT-2 can the re fo re  handle 

a l l  t h e  problems which KITT-1 can. KITT-2, however, i s  a b i t  more tedious  

t o  input  than KITT-1. Therefore, KITT-1 should be run when a l l  t h e  compo- 

nents  have only one phase, i e ,  when "steady s t a t e "  behavior is t o  be 

analyzed. Also, i n  one computer run,  KITT-1 can analyze any number of 

parameter runs,  enabling s t u d i e s  t o  be done on t h e  e f f e c t  of component 

d a t a  on system r e l i a b i l i t y ,  I n  one compi~ter run,  KLTT-2 can handlc only 

one parameter r u n ,  where t h e  components have only one s e t  of d a t a  (varying 

from phase t o  phase).  

The c a p a b i l i t y  of KITT-2 t80 handle phases f o r  a component allows t h e  

s tudy of t h e  " k i n e t i c  behavior" of a  system. This al lows,  f o r  example, 

t h e  study of t h e  . r e l i a b i l i t y  of a  system which i s  under " s t ress"  a t  c e r t a i n  

t imes ( i e ,  t h e  components have higher X's a t  these  t imes) .  I n  KITT-2, each 

component may have up t o  50 unique p h a s e s , ' a r b i t r a r i l y  spaced, and hence 

d e t a i l e d ,  complex behavior can be inves t igated .  The multiphase c a p a b i l i t y  

of KITT-2 a l s o  al lows t h e  mock-up, by a s e r i e s  of histograms, of any type 

of time-dependent f a i l u r e  i n t e n s i t y  ~ ( t )  and any type of r e p a i r  d i s t r i b u t i o n .  



The next sec t ion  g ives  i l l u s t r a t i o n s  of t h i s  approximating by histograms, 

along wi th  an i l l u s t r a t i o n  of a  genera l  multiphase component. 

KITT-2 requ i res  a s  input  t h e  phase dura t ions  f o r  each component and 

t h e  values  of A ,  .r, e t c ,  i n  each phase. Like KITT-1, KITT-2 a l s o  r e q u i r e s  

t h e  unique minimal cut  s e t s  or  unique minimal path s e t s  of t h e  f a u l t  t r e e .  

KITT-2 obta ins  exact ly  t h e  same r e l i a b i l i t y  information a s  KITT-1 does. 

Exact, time-dependent r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  obtained f o r  each 

component- and minimal cu t  or path s e t .  For t h e  system, upper bound approx- 

imations. .are obtained f o r  t h e  c h a r a c t e r i s t i c s ,  or  t h e  c h a r a c t e r i s t i c s  a r e  

enveloped b y - t h e  bracketing procedure. I f  t h e  bracketing procedure i s  

c a r r i e d  t o  completion, then t h e  exact values f o r  t h e  system c h a r a c t e r i s t i c s  

a r e  obtained.  

I I .  MULTIPHASE ILLUSTRATIONS 

1. The C o m ~ o n e n t  w i t h  a Number o f  Phases 

I n  t h i s  sec t ion  i l l u s t r ~ . t ~ . o n s  a r e  given of multiphase desc r ip t ions  

f o r  a  component. The i l l u s t r a t i o n s  w i l l  he lp  t o  c l a r i f y  t h e  descr ib ing 

of t h e  time-dependent behavior of a  component by means of "phases". The 

i l l u s t r a t i o n s  w i l l  a l s o  be used t o  introduce t h e  terminology which w i l l  

be used i n  l a t e r  d iscuss ions .  

F igure  6 on t h e  next page i s  an i l l u s t r a t i o n  of a  component having 

t h r e e  phases wi th  regard t o  i t s  f a i l u r e  i n t e n s i t y  (A). I n  Figure 6 ,  t h e  

hor izon ta l  a x i s  t dep ic t s  time while t h e  v e r t i c a l  a x i s  A d e p i c t s  t h e  va lue  

of t h e  component f a i l u r e  i n t e n s i t y .  During Phase 1, which l a s t s  from t = 

0 t o  t = t l ,  t h e  component has a  constant  f a i l u r e  i n t e n s i t y  A1. During 

Phase 2 ,  t h e  component hn.5 n, d i f f e r e n t  f a i l u r e  i n t e n s i t y  A 2 .  Phase 2  

l a s t s  from t = t l  t o  t = t2.  Fina,ll.y, i n  Phase 3 which,begins a t  t = t2,  

t h e  component f a i l u r e  i n t e n s i t y  has s t i l l  another cons tant  va lue  A3. 
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Figure 6 can represen t ,  f o r  example, t h e  component passing from a 

standby s t a t u s  t o  an operat ing s t a t u s  and then back t o  a standby s t a t u s .  

I n  Phase 1, t h e  component i s  on standby and t h e r e f o r e  has a low value of 

A ,  A 1 .  The component i s  ca l l ed  upon t o  opera te  a t  t = t l  and t h e  dura t ion  

of operat ion l a s t s  u n t i l  t = t2.  During t h i s  time per iod ,  Phase 2 ,  t h e  

component i s  under " s t r e s s"  and t h e  value  of A i s  much higher ,  A 2 .  A t  t ime 

t = t 2 ,  t h e  component i s  again put on a standby b a s i s ,  thereby advancing 

i n t o  Phase 3. 

The more genera l  multiphase desc r ip t ion  of a component i s  i l l u s t r a t e d  

i n  Figure 7 .  The component has a t o t a l  of N phases. During t h e  genera l  

nth phase, t h e  component has a value of A n  f o r  i t s  f a i l u r e  i n t e n s i t y  and 

has a value of -rn for i t s  constant  r e p a i r  t ime.  A s  w i l l  be  elaborated 

upon l a t e r ,  a negative s ign  a t tached t o  A n  o r  -rn w i l l  denote t h e  component 

i s  nonrepairable during Phase n or  t h a t  t h e  component has a constant  r e p a i r  

i n t e n s i t y  u n  i n  t h i s  phase. 

The genera l  Phase n w i l l  be s a i d  t o  have i t s  l e f t  boundary a t  th-l, 

and i t s  r i g h t  boundary a t  tn. Phase n w i l l  a l s o  be sa id  t o  have a 

beginning time of tn-l and an end time of tn. The l e f t  boundary the re fo re  

corresponds t o  t h e  beginning t ime and t h e  r i g h t  boundary t o  t h e  end t ime.  

This naming procedure w i l l  a i d  l a t e r  i n  a more compact desc r ip t ion  of t h e  

output q u a n t i t i e s  y ie lded by KITT-2. 

2. The Mock-Up of a General Time-Dependent Fai lure  ~ n t e n s i - t y  

Figure 8 d e p i c t s  how phases may be used t o  approximate any continuous 

time-dependent f a i l u r e  i n t e n s i t y  A c t ) .  I n  t h i s  example, t h e  component has 

an a c t u a l  f a i l u r e  i n t e n s i t y  represented by t h e  continuous curve.  The com- 

ponent i s  made t o  have phases i n  order t o  approximate t h e  t r u e  A ( t ) .  The 

time s c a l e  i s  divided i n t o  i n t e r v a l s ,  o r  phases ( 4  phases f o r  t h e  example), 
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FIGURE 7 .  The ~eneral N-Phase Component 
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FIGURE 8.  Mock-up o f  a Time-Dependent F a i l u r e  I n t e n s i t y  



s o  t h a t  t h e  curve may be  approximated by a s e r i e s  of histograms, where t h e  

histograms represen t  cons tant  values of X i n  t h e  p a r t i c u l a r  phases. The 

phases a r e  chosen t o  b e s t  f i t  t h e  a c t u a l  curve. The end time of t h e  l a s t  

phase, t 4  i n  t h e  f i g u r e ,  corresponds t o  a maximum time of i n t e r e s t ,  beyond 

which t ime no r e l i a b i l i t y  informathi on i s  des i red .  The r e p a i r  d a t a  f o r  t h e  

component can be e a s i l y  f ac to red  i n t o  t h i s  phase rep resen ta t ion .  I f ,  f o r  

example, t h e  component had one r e p a i r  t ime T which was t h e  same f o r  a l l  

t ime t ,  then each phase i n  Figure 8 would, i n  add i t ion ,  be assigned t h i s  

va lue  of T. The use  of phases, then ,  allows one t o  approximate any type  

of f a i l u r e  i n t e n s i t y  X ( t  ) . Since KITT-2 allows up t o  50 phases f o r  a com- 

ponent,  a r b i t r a r i l y  spaced, t h e  approximation may be made a s  c l o s e  a s  

d e s i r e d .  

3. The Mock-Up o f  a General Repair Distribution 

Any r e p a i r  d i s t r i b u t i o n ,  whether 3 . t  be normal or Weibull o r  any o the r ,  

can be represented  by a corresponding time-dependent r e p a i r  i n t e n s i t y  

p ( t  . Theref o re ,  approximating t h e  r e p a i r  d i s t r i b u t i o n  i s  equivalent  

t o  approximating i t s  corresponding r e p a i r  i n t e n s i t y  ~ ( t ) .  Phases can be 

used t o  approximate u ( t " )  i n  t h e  same way a s  they were used i n  t h e  previous 

s e c t i o n ' t o  approximate a genera l  f a i l u r e  i n t e n s i t y  X ( t ) .  

F igure  9 i l l u s t r a t e s  t h i s  approximating of a genera l  r e p a i r  i n t e n s i t y  
. , 

by t h e  method. of , ihases .  . A s  prevri.011s1.y stated, KITT-2 can handle conste.nt .  . . 

r e p a i r  i n t e n s i t i e s  f o r  one or  more of t h e  phases, i n  add i t ion  t o  cons tant  

r e p a i r  t imes ,or nonrepa i rab i l i ty .  The constant  r e p a i r  i n t e n s i t i e s  a r e  

used i n  Figure, 9 t o  approximate an  a c t u a l  r e p a i r  i n t e n s i t y  ( t h e  s o l i d  curve) 

[a lFor  more d e t a i l s  on t h e  r ep resen ta t ion  of a r e p a i r  i n t e n s i t y ,  s e e  f o r  
example, A .  M. Polovko, Fundamentals of R e l i a b i l i t y  Theory; New York; 
Academic Press ,  1968. 



FIGURE 9. block-up o f  a Time-Dependent Repair Intensity 
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by a s e r i e s  of histograms. The component whose a c t u a l  r e p a i r  i n t e n s i t y  

i s  given by t h e  curve i s  ( a r b i t r a r i l y )  made t o  have 3 phases. The con- 

s t a n t  r e p a i r  i n t e n s i t i e s  p l y  p 2 ,  and p 3  i n  Figure 9 a r e  those  f o r  Phases 

1, 2 ,  and 3, r e s p e c t i v e l y ,  and these  phases and r e p a i r  i n t e n s i t i e s  a r e  

chosen t o  bes t  f i t  t h e  a c t u a l  r e p a i r  i n t e n s i t y .  Using more phases ( i e ,  

more histograms') w i l l  give a b e t t e r  f i t  t o  t h e  curve. A s , i n  t h e  approxi- 

mating of X ( t , )  i n  t h e  previous sec t ion ,  one can the re fo re  approximate p ( t )  

a s  c l o s e l y  a s  des i red  s ince  up t o  50 phases per component a r e  allowed i n  

KITT- 2. 
8 

A component may have only o n e ' s e t  of phases. Therefore, i f  phases 

a r e  used t o  approximate both  X ( t )  ( ~ i g u r e  8 ) and L I ( ~ )  ( ~ i ~ u r e  9 ) , then . 

one s e t  of phases sho1iJ.d be chosen s o  t h a t  both X ( t )  and p ( t  ). a r e  wel l  

.approximated. This may involve choosing a s e t  of phases f o r  A ( t )  and a 

se t .  of phases f o r  p ( t )  and then using t h e  smaller s e t .  A number of smaller 

consecutive phases with t h e  same value of A or 11 w i l l  g ive  exact ly  t h e  same 
, . 

r e s u l t s  a s  one phase having t h i s  value of A or p which incorporates these  

smaller  phases. 

4. The I n h i  b i t  Condi t ion w i t h  a Number of Phases 

The l a s t  example of t h e  use of phases i s  with regard t o  an i n h i b i t  

condi t ion .  An i n h i b i t  condit ion i n  a f a u l t  t r e e  i s  a necessary event which 

must e x i s t  before f a i l u r e s  can be propagated up t h e  t r e e .  An "occurrence 

p robab i l i ty"  i s  t+herefore associa ted  with each i n h i b i t  conditiori,  which i s  

t h e  p r o b a b i l i t y  .of t h a t . e v e n t  e x i s t i n g .  Phases may be used f o r  an i n h i b i t  

condi.tiun, theref  o re ,  when t h e  proba.bi l i ty of occurrence f o r  t h a t  event 

changes from t ime t o  t ime.  Figure 1 0  i l l u s t r a t e s  t h i s ,  where t h e  hor izonta l  

b a r s  denote d i f f e r e n t  p r o b a b i l i t i e s  of occurrence f o r  a p a r t i c u l a r  i n h i b i t  

condi t ion  for  d i f f e r e n t  periods of tfrne. 





111. RELIABILITY INFORMATION OBTAINED BY KITT-2 

The r e l i a b i l i t y  c h a r a c t e r i s t i c s  yielded by KITT-2 a r e  exact ly  t h e  

same a s  those .y ie lded  by KITT-1. The c h a r a c t e r i s t i c s  w i l l  of course have 

d i f f e r e n t  values because of t h e  d i f f e r e n t  problems being analyzed; however 

t h e  same c h a r a c t e r i s t i c s  a r e  obtained. The user  i s  the re fo re  r e f e r r e d  t o  

t h e  s e c t i o n  "RELIABILITY INFORMATION OBTAINED BY KITT-1" on page 2,  which 

conta ins  t h e  d e t a i l e d  desc r ip t ion  of t h e  r e l i a b i l i t y  q u a n t i t i e s  a l s o  ob- 

- t a i n e d  by KITT-2. 

IV . INPUT DESCRIPTION 

This sec t ion  descr ibes  t h e  d a t a  which must be input t o  KITT-2. The 

genera l  input  formats,  e i t h e r  an F1O.O or  an 110, a r e  t h e  same as  those  

used f o r  KITT-1. A l a r g e  por t ion  of t h e  input  t o  KITT-2 i s  i d e n t i c a l  t o  

t h a t  f o r  KP'lllll-l,.and f o r  such input t h e  user  i s  merely r e f e r r e d  t o  t h e  

p e r t i n e n t  input group of KITT-1. 

Input Group 1 

Number of Cards : ' 1 

Format: 1 0 A 8  

Input  Data : -  T i t l e  Card 

. . 

This card i s  used f o r  desc r ip t ion  of t h e  problem t o  be run.  Any a l -  

phanumeric characters  may be used i n  t h e  80 columns of t h e  card.  



I n p u t  G r o u p  2 

Number ' of Cards : 1 

Format: I10 

Input Data: NCOMP (1 5 NCOMP 5 350)  

NCOMP i s  t h e  t o t a l  number of unique components p lus  i n h i b i t  condi t ions .  

This t o t a l  number must include t h e  number of unique components and i n h i b i t  

condi t ions  which a r e  i n  one o r  more of t h e  minimal cut  s e t s  or  minimal pa th  

s e t s .  I f  a d d i t i o n a l  components a r e  input  which a r e  not  i n  a  minimal c u t  

s e t  or  p a t h . s e t ,  then r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  p r in ted  out  f o r  t h e  

components, and t h e s e  components a r e  ignored f o r  system computations. 

(NCOMP, the re fo re ,  exact ly  'corresponds t o  t h e  NCOMP of Input  ~ r o u ~  3 f o r  

. . 
I n p u t  . G r o u p  3 

. . ' .  . 
Number of Cards: 1 

Format: 2110, F1O.O 

Input  Data: NTPT,NOUT,DELTA 2  < NTPT 5 50 

NOUT 2 1 

NTPT i s  t h e - t o t a l  number of time po in t s  f o r  which c h a r a c t e r i s t i c s  a r e  
. .  

obtained f o r  components, s e t s ,  and t h e  system; t h e  t o t a l  number of time 

po in t s  used does not a f f e c t  t h e  computer time. NOUT i s  t h e  p r i n t o u t  

mul t ip le  f o r  component and s e t  c h a r a c t e r i s t i c s ;  i f  NOUT equals  one, t h e s e  

c h a r a c t e r i s t i c s  a r e  p r in ted  o u t . f o r  every time p o i n t ;  i f  it equals two, . , . -  . 

they  a r e  p r in ted  out f o r  every second time po in t ,  and so  f o r t h .  'DELTA.is 

. t h e  spacing between t h e  time po in t s .  I f  DELTA is read i n  a s  a  p o s i t i v e  

va lue  A t ,  then it i s  taken t o  be t h e  spacing i n  hours between t h e  time 

po in t s ;  c h a r a c t e r i s t i c s  a r e  then obtained f o r  times of 0 ,  A t ,  2At, ...... 



(NTPT-1)~t. I f  DELTA i s  read i n  a s  0 .0 ,  or  any negative number, then t h e  

NTPT t ime p o i n t s ,  a r b i t r a r i l y  spaced, a r e  e x p l i c i t l y  read i n  (input Group 4 ) .  

The .va r iab les  NTPT, NOUT, and DELTA a r e  exact ly  t h e  same a s  those of 

Input  Group 7 f o r  KITT-1. As s t a t e d  t h e r e ,  t h e  accuracy of t h e  d i f f e r e n t i a l  

c h a r a c t e r i s t i c s  i s  not i n  any way influenced by t h e  time points  chosen. 

The accuracy of t h e  i n t e g r a l  c h a r a c t e r i s t i c s ,  obtained from a  t rapezoidal  

i n t e g r a t i o n ,  i s  however af fec ted  by t h e  time points .  Therefore, i f  ac- 

c u r a t e  i n t e g r a l  c h a r a c t e r i s t i c s  a r e  des i red  it i s  p re fe r rab le  t o  e x p l i c i t l y  

r ead  i n  t h e  t ime po in t s  (reading i n  0.0 or a  negative number f o r  DELTA). 

If equal  spacing between t h e  time po in t s  i s  used, then NTPT should be s e t  

equal t o  50 and DELTA sllould be determined from Equation ( 9 )  i n  Input Group 

7 f o r  KITT-1. 

I n p u t  Group 4 

Number of Cards: Varies 

Format : 8 ~ 1 0 . 0  

Input  Data: T O T ( J ) ; J = ~ , N T P T  

This Input Group is  skipped . i f  DELTA 

i s  pos i t ive '  (1nput Group 3 ) .  

. . TOT(J) a r e  t h e  time p o i n t s . a t  -which c h a r a c t e r i s t i c s  a r e  obtained f o r  

components, s e t s ,  and t h e  system, i f  DELTA i s  read i n  a s  0.0 or  a negative 

number. The time ,points  may be a r b i t r a r i l y  spaced and may begin a t  any 

nonnegative t ime  TOT(^) 2 0.01. They must, however, be input  i n  increasing 

order   TOT(^) <  TOT(^) < . . . < TOT(NTPT)] .' This input  group i s  t h e  same 

a s  Input  Group 8 for .  KITT-1. A s  s t a t e d  t h e r e ,  t h e  i n t e g r a l  c h a r a c t e r i s t i c s '  

a r e  always obtained with t h e  i n t e g r a l s  s t a r t i n g  a t  TOT(1). E x p l i c i t l y  
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reading i n  t h e  time points  allows one t o . o b t a i n  maximum d e t a i l  and accuracy 

f o r  a  problem. A s  previously discussed,  t h e  accuracy of t h e  d i f f e r e n t i a l  

c h a r a c t e r i s t i c s  i s  independent of t h e  time po in t s  chosen. The i n t e g r a l  

c h a r a c t e r i s t i c s  a r e  obtained using a  t r apezo ida l  i n t e g r a t i o n ,  and, conse- 

quently,  t h e i r  accuracy i s  a f fec ted  by t h e  time po in t s  chosen. For accura te  

i n t e g r a l  c h a r a c t e r i s t i c s ,  then ,  t h e  time po in t s  should be  chosen so  t h a t  t h e  

time po in t s  a r e  more c lose ly  spaced i n  areas  where t h e  d i f f e r e n t i a l  char- 

a c t e r i s t i c s  a r e  more rap id ly  changing i n  value.  

For KITT-2, t h e  placing of time po in t s  f o r  accura te  i n t e g r a l  charac- 

t e r i s t i c s  involves,  a s  i n  KITT-1, p lac ing severa l  po in t s  near  TOT(^), t h e  

o r i g i n .   T or example, using s e v e r a l  po in t s  a f t e r   TOT(^) , which a r e  spaced 

T~ a p a r t ,  where i s  an average component r e p a i r  t ime. ]  It a l s o  involves 

p lac ing time po in t s  near t h e  boundaries of component phases which d i f f e r  

. .  . 
r a d i c a l l y  from t h e j r  neighboring phases. 

The very use of component phases causes d i s c o n t i n u i t i e s  i n  X across  

phase boundaries. This i n  t u r n  causes d i s c o n t i n u i t i e s  i n  t h e  component 
.: - 

f a i l u r e  r a t e  w ( t )  across  t h e  phase boundaries. I n  f a c t ,  t h e - s t e p  dTfference 

i n  w ( t )  from one phase t o  another i s  approximately equal t o  t h e  s t e p  d i f f e r -  

ence i n  X across  t h e  phase. Since w ( t )  and X a r e  t h e  d i f f e r e n t i a l  charac- 

t e r i s t i c s  which a r e  in tegra ted  t o  obta in  t h e  i n t e g r a l  c h a r a c t e r i s t i c s ,  both 

f o r  t h e  components themselves and f o r  t h e  minimal cu t  or  path s e t s  and t h e  

system, p lac ing time po in t s  on e i t h e r  s i d e  of phase boundaries accounts 

f o r  t h e s e  d i s c o n t i n u i t i e s  when t h e  i n t e g r a l s  a r e  ,computed. Because of t h e  

increased accuracy gained by in teg ra t ing  any quan t i ty ,  t h i s  p r a c t i c a l l y  

involves p lac ing a  time point  near t h e  boundaries (say  one hour a f t e r  t h e  

beginning time and one hour before  t h e  end t ime)  of only those  phases 

which a r e  r a d i c a l l y  d i f f e r e n t  from t h e i r  neighboring phases,  eg, those  

phases which have an order of magnitude change i n  A .  Af ter  experience i s  



gained of t h e  genera l  behavior of these  c h a r a c t e r i s t i c s  (gained c h i e f l y  

from running t h e  code) t h e  user w i l l  have l i t t l e  t roub le  i n  t h e  placing 

of t h e s e  time points 'a ' .  Another approach i n  t h e  placing of time points  

i s  t o  make one run using equal spaced time points  i n  order t o  obta in  a  

genera l  behavior of t h e  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  which a r e  of i ~ x t e r e s t  

and which a r e  in tegra ted  f o r  t h e  i n t e g r a l  c h a r a c t e r i s t i c s .  From t h i s  f i r s t  

run ,  t h e  a reas  can be discerned where t h e  d i f f e r e n t i a l  c h a r a c t e r i s t i c s  a r e  

r a p i d l y  changing. (have l a r g e  d e r i v a t i v e s ) .  A more re f ined  s e t  of time 

p o i n t s  can then be chosen such t h a t  these  a reas  have time points  more 

c l o s e l y  spaced. Using t h i s  ref ined s e t  of time p o i n t s ,  a  second computer 

run can then be  made t o  obtalri t h e  accura te  r e l i a ' b i l i t y  c h a r a c t e r i s t i c s  

des i red .  This approach, -though a  b i t  t ed ious ,  i s  not impract ica l  s ince  

the.computer t imes n e e d e d f o r  each run a r e  genera l ly  q u i t e  s m a l l ,  on t h e  

order of f r a c t i o n s  of a  minute. 

I n p u t  Group 5 

Number of Cards: 1 

Format: I10 

Input ' Data : ISTOP 

ISTOP i s  t h e  bracket  f l a g , , h a v i n g  a  value of 1 o r  2. I f  ISTOP = 2 ,  

s y ' s l e m  r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  obtained by bracketing.  -If ISTOP 

= 1, they a r e  n o t .  

["'As w i l l  be explained l a t e r  (input Group 1 4 1 ,  severa l  computer runs can 
a l s o  be made, where i n  each computer run c h a r a c t e r i s t i c s  a r e  obtained 
only up t o  a c e r t a i n  time and a r e  then continued i n  t h e  next run.  Two 
such runs would, f o r  exainpie, allow 100 po in t s  t o  be used f o r  a  problem. 



ISTOP f o r  t h i s  input group i s  exact ly  t h e  same a s  t h a t  f o r  Input Group 

6 f o r  KITT-1 and i s  used i n  exact ly  t h e  same way. The reader i s  the re fo re  

r e f e r r e d  t o  Input Group 6 f o r  KITT-1; every p a r t  of t h a t  d iscuss ion i s  

v a l i d  here .  

\ 

I n p u t  G r o u p  6 

Number of Cards: 1 

Format: 2110 

Input Data: NBMAX, IFAG2 1 5 NBMAX 5 100 

This Input Group i s  skipped if ISTOP 

= 1 (1nput Group 5 ) .  
1 

NBMAX i s  t h e  number of outer  brackets  t o  obta in .  IFAG2 i s  t h e  system 

f a i l u r e  r a t e  correc t ion f l a g  and has a value of e i t h e r  1 or  2. For IFAG2 

= 2, t h e  correc t ion term, <L2)(t) or  6L2)(t), i s  bracketed;  f o r  IFAG2 = 1, 

t h i s  term i s  not computed. 

The va r iab les  NBMAX and IFAG2 a r e  exact ly  t h e  same a s  those  of Input 

Group 9 f o r  KITT-1 and they a r e  used i n  exact ly  t h e  same way. The reader 

i s  consequently r e f e r r e d  t o  t h i s  input  group of KITT-1 f o r  t h e  discussions . 

on NBMAX and IFAG2. A l l  p a r t s  of those  discussions a r e  v a l i d  here .  
' 

I n p u t  Group  7 

Number of Cards: Varies 

Format: 8110 

Input Data: N B ~ ( N )  ; N = ~ , N B M A X  1 5 N B ~ ( N )  I 30 . 



This Input Group i s  skipped i f  IFAG2 

= 1 (Input  Group 6 )  o r  i f  PSTOP = 1 

( ~ n p u t  Group 5 ) .  7 
N B ~ ( N )  i s  t h e  number of inner brackets  t o  use f o r  each outer  bracket  

N ,  i f  t h e  c o r r e c t i o n  term f o r  W o ( t )  i s  computed. 

The input  v a r i a b l e  N B ~ ( N )  i s  i d e n t i c a l  t o  t h a t  f o r  Input Group 10  of 

KITT-1. The reader  i s  r e f e r r e d  t o  t h a t  di,scussion f o r  a desc r ip t ion  of 

t h e  use  of N B ~ ( N ) .  Again, every p a r t  of t h a t  d iscuss ion i s  v a l i d  here .  

The Recommendations f o r  Input Groups 5 ,  6 ,  and 7 of KITT-2 a r e  exac t ly  t h e  

same as t h e  recommendations given f o r  t h e  corresponding input  g o u p s  of 

KITT-1, Input Groups 6 ,  9 ,  and 10. These recommendations . .-.-.- a r e  given -beginni,n,g 

on page 30, wi th  t h e  summary of t h e s e  recommendations being given on page 4 1 .  

For Each Component Read I n  'The Following Seven Input Groups (1nput Groups 
P 

8 Through 1 4 ) .  These Input Groups Are Input I n  Order For The Component. 

Repeat These Seven Input Groups For As Many Components As There Are. These 

. Input  Groups Apply Only To Components; I n h i b i t  Conditions Are Read I n  

Elsewhere. 

I n p u t  Group  8 ( ~ i r s t  Group of t h e  Component Group s e t )  

N u m h e r  of Cards: 1 

Format: 2110 

Input  Data: IDEX, NPHASE 1 5 NPHASE 5 50 

IDEX i s  t h e  component index, and NPHASE i s  t h e  number of phases f o r  

t h e  component. 



The components and i n h i b i t  condit ions a r e  assigned a r b i t r a r y  indices  

f o r  i d e n t i f i c a t i o n .  For t h e  NCOMP t o t a l  components and inhl;bit condit ions 

(1nput Group 2 ) ,  however, t h e  indices  assigned must run consecutively from 

1 t o  NCOMP. (1f t h e  PREP Code i s  used t o  obtain t h e  minimal cu t  s e t s  or  

path ' s e t s ,  then these  indices a r e  automatical ly assigned by it. ) The order 

i n  which t h e  components a r e  read i n  i s  completely a r b i t r a r y ;  t h e  component 

group s e t s ,  where a group s e t  i s  Input Groups 8 through 1 4  needed f o r  each 

component; can be input  i n  any order with respect  t o  t h e  indices  assigned. 

IDEX, the re fo re ,  i s  t h e  index assigned t o  t h e  component and i d e n t i f i e s  

t h e  group s e t  (Input  Groups 8 through 1 4 )  a s  being f o r  t h e  component. NPHASE 

i s  t h e  t o t a l  number of phases fo r  t h i s  component; i n  Figurc 7 on page 66, 

NPHASE would correspond t o  N .  The component must have a t  l e a s t  1 phase and 

not more than 50 phases. 

For added c l a r i t y ,  we s h a l l  i l l u s t r a t e  t h e  indexing of components and 

i n h i b i t  condit ions by a simple example. Consider t h e  s i t u a t i o n  where t h e r e  

a r e  two components and one i n h i b i t  condit ion.  The use r ,  f o r  example, 

ass igns  one component an index of 1, t h e  i n h i b i t  condit ion an index of 2; 

and t h e  other component an index of 3.  Any other assignment of t h e  t h r e e  

indices  1, 2,  and 3 i s  equally v a l i d .  When t h e  da ta  a r e  r e a d . i n . f o r  t h e  

i n h i b i t  dondition ( Input  Groups 1 5  through 1 7 ) ,  a  minus s ign w i l l  be at tached 

t o  i t s  index t o  denote it a s  an i n h i b i t  condition; -2 would be read i n  fo r  

oui- example. The component da ta  read i n  would have t h e  a c t u a l  component 

. - .  . .*I .. .. 
indices ,  1 $nd 3, a's 'p&jrt df t h e i r -  Snhut. ' Th&.'zr6i$ 'se't ( input ~ i -cups  8 

through' 1 b )  would be' read i n  f o r  one of t h e  components and then would be 

immediately repeated f o r  t h e  other component. The group s e t s  could be 

input  i n  any order ;. f o r  example t h e  group s e t  f o r  t h e  component of index 

3 (having IDEX = 3 )  could be read i n  before t h a t  f o r  t h e  component of index 

1 (having IDM = 1). The da ta  f o r  t h e  i n h i b i t  condit ion would be read i n  



l a t e r  ( Inpu t  Groups 15  through 171, i n  f a c t  immediately a f t e r  t h e  two i,nput 

group s e t s  a r e  read  i n  f o r  t h e  components. 

I n p u t  Group 9 (second Group of t h e  Component Group s e t )  

Number of Cards: Varies 

Format: 8F10.0 

Input  Data: TP(L) ;L=~,NPHASE 

T P ( L )  a r e  t h e  phase end times ( i n  hours)  f o r  t h e  component phases 

(NPHASE of them). The phase end times must be input  i n  ' order of phase 

number; i e ,  T P ( ~ )  i s  t h e  end time f o r  Phase 1, TP(2) f o r  Phase 2 ,  e t c .  

Phase 1 i s  always assumed t o  have a beginning time of t = 0.0 

I n  Figure  7 on page 66, ~ ~ ( 1 1  corresponds t o  t l ,  ~ ~ ( 2 1  t o  t2 ,  ..... 
TP(NPHASE) t o  t ~ ,  where N corresponds t o  NPHASE. A s  i n  Figure 7 ,  t h e  be- 

ginning time of Phase 1 is always assumed t o  be 0.0. The phases a r e  always 

assumed t o  be consecutive;  t h e  end time of t h e  nth phase tn i s  always 

assumed t o  be t h e  beginning time of t h e  ( n  + l l t h  phase, 

The end time of t he  f i n a l  p h n s e ,  TP(NPHASE), must always be l a r g e r  

than  t h e  maximum time f o r  which r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  obtained. 

Therefore,  one must always choose values such t h a t  

where 

if DELTA i s  p d s i t i v e  (input Group 3 ) ,  o r  



i f  t h e  time points  a r e  read i n  (1nput Group 4 ) .  The above inequa l i ty ,  

Equation ( 1 0 2 ) ~  must be t r u e  f o r  a l l  t h e  components read i n .  

How much l a r g e r  TP(NPHAsE) i s  compared t o  tmax i s  a r b i t r a r y ,  although 

it must be l a r g e  enough t o  be ''seen" by t h e  computer code. Therefore, t h e  

only requirement necessary i s  t h a t  

TP(NPHASE) - t > 10-5 tmaX (105) 

where t h e  f a c t o r  10'~ i s  somewhat a r b i t r a r y ,  but  i s  a s a f e  number t o  use.  

lnpLJt Group 10 (Third Group of t h e  Component Group s e t )  

Number ,of Cards : 1 

Format: I10 

Input Data: IBPHA 

IBPHA is  t h e  boundary condit ion index. I f  IBPHA i s  s e t  equal  t o  zero,  

o r  i s  s e t  equal t o  a  negative number, then t h e r e  a r e  no boundary condit ions 

imposed on t h e  phase boundaries. I f  IBPHA is  read i n  a s  a  p o s i t i v e  i n t e g e r ,  

then IBPHA is  t h e  number of phase boundaries which have imposed boundary 

condit ions;  t h i s  number does not include t h e  i n i t i a l  boundary condit ion a t  

t = 0.0 ( i e ,  t h e  i n i t i a l  condition f o r  t h e  beginning time of t h e  f i r s t  phase) .  

A boundary condit ion i s  imposed only i f  c e r t a i n  knowledge is  known, 

or i f  some event i s  given. As an example of a  boundary condi t ion ,  we s h a l l  

consider t h e  i n i t i a l  boundary .condition f o r  t = 0. This - i n i t i a l  condit ion , . . . .- 
i s  not one of t h e  boundary condit ions read i n  here ,  bu t  it w i l l  he lp  t o  

i l l u s t r a t e  t h e  meaning of imposed boundary condi t ions .  A t  t = 0 ,  which i s  

t h e  beginning time of operat ion (and t h e  beginning time of a l l  t h e  f i r s t  

phases f o r  t h e  components) an i n i t i a l  condit ion q ( ~ )  must be supplied,  

where q ( ~ )  i s  t h e  p robab i l i ty  t h a t  t h e  component i s  i n  i t s  f a i l e d  s t a t e  



a t  t h e  s t a r t  of opera t ion,  t = 0. Generally, t h e  component i s  known t o  

b e l o p e r a t i n g  a t  t = 0,  and hence t h e  i n i t i a l  boundary condit ion which rn11.s~ 

be supplied i s  

q ( 0 )  = 0,  component known t o  be 
operat ing a t  t = 0. 

I f  t h e  component i s  known t o  be i n  a  f a i l e d  s t a t e  a t  t = 0 ,  f o r  example 

being i n  a  s t a t e  of r e p a i r ,  then t h e  boundary condit ion supplied i s  q ( ~ )  

= 1.00 s ince  t h e  component i s  known t o  be i n  a  f a i l e d  s t a t e .  The i n i t i a l  

s t a t e  of the  component a t  t = 0 ,  whether t h e  component i s  i n  i t s  f a i l e d  

s t a t e  o r  functioning s t a t e ,  must be known i n  order t o  p red ic t  (compute) 

r e l i a b i l i t y ;  more genera l ly  t h e  p robab i l i ty  nf the component being i n  i t s  

f a i l e d  s t a t e  at  t = 0 ,  q ( ~ ) ,  must be known. 

The use of IBPHA t o  impose boundary condit ions a t  t h e  beginning times 

of phases o ther  than t h e  f i r s t  i s  s i m i l a r  t o  t h e  use of t h e  i , n i t i a l  boundary 

condi t ion .  (The f i r s t  phase i s  not included s ince  t h e  boundary condition 

at t h e  f i r s t  phase beginning time i s  t h e  i n i t i a l  boundary condit ion a t  t = 0 ,  

input  l a t e r . )  I f  IBPHA i s  pos i t ive ,  boundary condit ions a r e  imposed a t  t h e  
. . . . 

beginning times of c e r t a i n  of t h e  phases a f t e r  t h e  f i r s t  phase, and IBPHA 
. . .  

gives  t h e  number of such boundary condi t ions .  The boundary condit ions a r e  

imposed by giving values f o r  q ( t )  a t  t h e  phase beginning t imes.  I n  Figure 

7 on page 66, a  boundary condit ion would be imposed on Phase 2 by giving 

q ( t l ) .  I f  IBPHA i s  p o s i t i v e ,  then t h e  f a i l e d  p r o b a b i l i t i e s  imposed a t  t he  

phase'beginning times a r e  input  i n  t h e  next input  groups and IBPKA input  

here  merely g ives  t h e  t o t a l  number of such imposed f a i l e d  p r o b a b i l i t i e s .  

A s  s t a t e d ,  i f  IBPHA i s  s e t  equal t o  zero o r  a  negative i n t e g e r ,  then 

t h e r e  a r e  no imposed boundary condit ions (o ther  than t h e  i n i t i a l  condit ion 

a t  t = 0 ) .  This i s  genera l ly  t h e  case s ince  no f a i l u r e  information i s  

genera l ly  known f o r  t h e  component. I f  t h e  component i s  repai red  when it 



-. 
f a i l s ,  then  IBPHA would s t i l l  be s e t  equal t o  zero o r  a  negatiSe in tege r ;  

IBPHA r e f e r s  only t o  knowledge of t h e  component s t a t e  a t  t h e  phase boundaries. 

The usua l  case  when IBPHA i s  not s e t  equal  t o  zero,  o r  a  negative i n t e g e r ,  

i s  when t h e  component i s  examined a t  t h e  end of a  phase. For example, 

assume t h e  component i s  examined a t  t h e  .end of t h e  nth phase and i f  it i s  

i n  a  f a i l e d  s t a t e  it i s  immediately brought back t o  opera t ion .  A boundary 

. condi t ion  would then be imposed f o r  t h e  beginning time of t h e  (n  + l)th 

phase 

q ( t n )  = 0 

s ince  t h e  component'is known t o  be opera t ing ,  o r  t o  be  i n  i t s  funct ioning 

s t a t e ,  a t  t h e  beginning of t h e  (n  + l)th phase. IBPHA f o r  t h i s  s i t u a t i o n  

would then be s e t  equal t o  1. I f  t h e  component i s  examined a t  t h e  end of 

each of k phases then IBPHA would be' s e t  equal t o  k and t h e  boundary con- 

d i t i o n s  q = 0 ( inpu t  i n  t h e  next groups) would be imposed f o r  t h e  r e spec t ive  

phases wh'ich immediately follow each of these  k phases. 

I n p u t  Group 11 (~uu.k .11  Group vf .\;lie Curnpune~l'l; Gro-up s e t . )  

Number of Cards: Varies 

Format: 8 ~ 1 0  

Input .  Data: IBPOS ( K )  ; K = l ,  IBPHA 

This Input Group i s . sk ipped  i f  IBPHA 

5 . 0  (Input  Group 1 0 ) .  

I B P O S ( K ~  a r e  t h e  pbase numbers which have imposed boundary condit ions 

a t . t h e i r  bcginninq t imes.  A s  discussed e a r l i e r ,  t h e s e  imposed boundary 

condi t ions  do not include t h e  . i n i t i a l  condit ion a t  t = 0.0. ,The phase 



numbers may be input in any order. �ò or the discussion on imposed 'boundary 

conditions, see the previous input group.) 

Input Group 12 (Fifth Group of the Component Group Set) 

Number of Cards: Varies 

Format : 8F10.0 

Input Data: QBPOS (K) ;K=1, IBPHA 

This Input Group is skipped if IBPHA 

5 O (input Group 10). 

QBPOS (K) are the failed probabilities imposed as boundary conditions. 

&BPOS(K) .is the failed probability imposed at the beginning time of phase 

; .' IBPOS(K). - QBPOS(K) must therefore correspond to the IBPOS(K) of: Tnput 

Group 11. If Q,BPOS(K). is assigned a value greater than 1.00, then the 

component will remain failed for the entire duration of the phase IBPos(K). 

As discussed in Input Group 10, if the component is examined at the end of 

certain phases and immediately rebaired if failed, then QBPOS(K) is set 
: 2 

equal to 0.0 for those phases immediately after the examinations. 

Input Group 13  (Sixth Group of the Component Group Set) 

Number o f .  Ca.rds : Varies 

Format : 8~10.0 

Input Data : XLMDA ( L ) ,'TAU ( L ) ; L=1 ,WHASE 

XLMDA(L) and TAU(L) are the component failure intensity X L  ( ~ e r  hour) 

and component repair, time -rL (hours ) for. Phase I,, 1, = 1, . . . , NPHASE. 



( s e e  Figure 7 on page 66.) The f a i l u r e  i n t e n s i t y  and r e p a i r  time a r e  input  

pairwise,  with four p a i r s  t o  a card.  The f a i l u r e  i n t e n s i t i e s  and r e p a i r  

times must be input  i n  order of phase number; i e ,  with reference  t o  Figure 

7,  X I ,  T I ,  X 2 ,  T 2 , . . . . ,  A N ,  -rN i s  t h e  order of input .  A negative A L  denotes 

t h e  component i s  nonrepairable during Phase L ,  t h e  absolute  value of X L  i s  

then used a s  t h e  component f a i l u r e  i n t e n s i t y .  A negative T L  denotes t h e  

component has an exponential r e p a i r  d i s t r i b u t i o n  i n  Phase L  quati ti on (101) 1, 

t h e  absolute  value of ~ / T L  i s  then used a s  t h e  constant  r e p a i r  i n t e n s i t y  

pL (per  hour) f o r  t h i s  phase ( p L  = - l / ' r L ) .  

The phase concepts and t h e  assigning of f a i l u r e  i n t e n s i t i e s ,  r e p a i r  

t imes,  a n d  r e p a i r  i n t e n s i t i e s  t o  phases have been previously discussed.  

Therefore, no e labora t ion i s  necessary here .  The l i s t  below summarizes 

t h e  way nonrepa i rab i l i ty ,  e t c ,  i s  donoted f o r  a phase. 

Variables Input Meaning 

X L  > 0,  TL > 0 The component has a constant  
r e p a i r  time i n  Phase L.  The. 
value of X L  i s  then t h e  value 
of t h e  f a i l u r e  i n t e n s i t y  (per  
hour) and T L  i s  t h e  value of 
t h e  constant  r e p a i r  time (hours)  
f o r  t h i s  phase. 

X L  < 0 ,  T L  The component i s  nonrepairable 
i n  Phase L.  The absolute  value 
of A L  ( - X L )  i s  then t h e  value 
of t h e  f a i l u r e  i n t e n s i t y  (per  
hour) f o r  t h i s  phase. The value 
T L  i s  ignored and can be input  
a s  any value  (o r  l e f t  b lank) .  

" X L  > 0 , " ' ~ ~  < 0 ' . . The component has ' a  constant  
r e p a i r  i n t e n s i t y  i n  Phase L. . 
The value of X L  i s  t h e  value 
of t h e  f a i l u r e  i n t e n s i t y  (pe r  
hour) and t h e  absolute  value 
of 1 / ~ ~  i s  t h e  r e p a i r  i n t e n s i t y  
PL ( P ~ F  hour) f o r  t h i s  phase. 
(!JI, = - 1 / T L )  



I n p u t  Group 14 (seventh and Last Group of t h e  Component Group s e t )  

Number of Cards: 1 

Format : F1O.O 

Input  Data: Q00 

Q00, t h e  i n i t i a l  boundary condi t ion ,  i s  t h e  component fa.iJ.eci probabi- 

l i t y  a t  t = 0 ,  q ( 0 ) .  a00 must be s e t  equal t o  a  value between 0.0 and 1.0.  

The i n i t i a l  boundary condit ion q ( ~ )  was discussed i n  Input Group 10. 

A s  explained i n  t h i s  d iscuss ion,  usual ly  Q00 i s  read i n  a s  0.0 s ince  t h e  

component i s  known t o  be i n  t h e  functioning s t a t e  a t  t h e  start of opera t ion.  

1. Continuation of t h e  Charac te r i s t i c s  by t h e  Method of Transla t ion  

General ly,  t h e  only s i t u a t i o n  where QOO i s  not read i n  a s  0.0 i s  

when a problem is "continued". A computey. run i s  made, with given in-  

put da ta ,  and t h e  c h a r a c t e r i s t i c s  a r e  obtained t o  a  maximum time tmax. 

The same c h a r a c t e r i s t i c s  may be continued $or greater '  t imes by making 

a becul~i l  C U I I I ~ U L ~ ~  r u n  with a11 rpe phase input  da ta  t r a n s l a t e d  i n  t ime.  

I n  t h i s  second computer run,  t h e  time po in t s  t j  l i e ,  TOT(J) or  jAt, 

where A t  '= DELTA]. a r e  in te rp re ted  as heing with respect  t o  tmx; t h e  

t ime po in t s  t j ,  input  and p r in ted  out i n  t h e  second computer r n n ,  are 

i n t e r p r e t e d  a s  being tmax + . t  on t h e  time a x i s  of t h e  f i r s t  computer J 
run .  I n  t h i s .  same sense,  t h e  c h a r a c t e r i s t i c s  obtained i n  t h i s  second 

computer run  a r e  in te rp re ted ,  not a s  being f o r  t h e  time points  t j  

p r i n t e d  ou t ,  but  f o r  t h e  time points  tmax + t j  when t r a n s l a t i n g  t o  t h e  

time a x i s  of t h e  f i r s t .  computer run.  

._ 
I n  o r d e r . t o  a c h i e v e . t h i s  cont inuat ion,  t h e  component phase input  

must be advanced i n  time t o  begin a t  tmax. For t h e  second computer 

run ,  t h e  t ime a x i s  f o r  t h e  phases i s  simply t r a n s l a t e d  t o  begin a t  

tmaX: The phases are renumbered and a r e  reassigned end times with 



respec t  t o  tmax. This t r a n s l a t e d  phase d a t a  a r e  then input  t o  continue 

t h e  c h a r a c t e r i s t i c s  i n  t h e  second computer run.  

Figure 11 i l l u s t r a t e s  t h e  method of t r a n s l a t i n g  t h e  phase input  -' 

\ 

f o r  a' general  component; t h e  phase da ta  must be t r a n s l a t e d  i n  t h i s  

manner f o r  a l l  t h e  components. The f i r s t  phase of t h e  component begins 

at tmax, t h e  l a s t  time point  from t h e  f i r s t  computer run and t h e  o r i g i n  

f o r  t h e  second computer run. A s  i l l u s t r a t e d  i n  t h e  f i g u r e ,  t h e  phase 

a f t e r  tm, with an end time of tn i n  t h e  f i r s t  run has an end time of 

tn - tmax read i n  f o r  t h e  second run.  The f a c t  t h a t . t h e  f i r s t  phases 

of t h e  second run do not begin a t  a c t u a l  phase boundaries i s  of no 

s ign i f i cance  because of t h e  nature of t h e  equations solved by t h e  

12 1 code . 
Besides t h e  phase t r a n s l a t i o n s ,  t h e  only other change required  

i n  t h e  input  (from t h e  f i r s t  run)  i s  t h e  i n i t i a l  boundary condit ions 

used, Q00. I n  t h e  second .computer run ,  QOO f o r  each component must 

now be read i n  a s  having t h e  value q(tmax),  t h e  f a i l e d  p robab i l i ty  f o r  

t h e  respec t ive  component a t  tmax obtained from t h e  f i r s t  run.  

With these  data  changes, t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  obtained 

from t h e  second computer run w i l l  merely be continuations of those  

obtained from t h e  f i r s t  run (with t h e  time po in t s  t j  and corresponding 

c h a r a c t e r i s t i c s  in te rp re ted  a s  being a t  tmax + t j  a s  explained 

e & r l i e i [ a l ) .   he d i f f e r e n i i a l  c h a r a c t e r i s t i c s  obtained from t h e  

second run . w i l l  be t r u e  continuations of t h e  corresponding values i n  

t h e  f i r s t  run. The i n t e g r a l  c h a r a c t e r i s t i c s  obtained w i l l  involve 

i n t e g r a l s  from tmar t o  tmax + t j .  (AS s t a t e d  p r e v i o u s l y i n  Input 

Group 4, t h e  i n t e g r a l  c h a r a c t e r i s t i c s  a r e  always evaluated from t h e  

[alThe time points  used f o r  t h e  second run,  eg, T O T ( J ) ,  need not of course- 
be Llle atciiie a.3 I;l.~oae used f  01- the f ii-st 

C 

8 7. 
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f i r s t  time point  input .  ) However, t h e  continuation of t h e  i n t e g r a l  

c h a r a c t e r i s t i c s  can be obtained by simple add i t ions  and m ~ l t ~ p l i c a t i o n s :  

WSUM i s  t h e  i n t e g r a l  of t h e  f a i l u r e  r a t e  f o r  e i t h e r  a  component, a  

s e t ,  o r  t h e  system. WSUM(~,, + t - 1  i s  t h e  continued value ,  WSUM(~,,,) 
J 

t h e  value a t  t,, obtained from t h e  f i r s t  run and wSUM(tj) t h e  value 

obtained from t h e  second run a t  t j .  FSUM i s  t h e  p r o b a b i l i t y  of one 

or  more f a i l u r e s  f o r  e i t h e r  a  component, s e t ,  o r  t h e  system; 

F s U M ( ~ , ~ ,  + t j )  i s  t h e  continued value ,  FSUM(tmaX) t h e  value a t  tmax 

from t h e  f i r s t  run ,and F s U M ( ~ , ~ )  t h e  value a t  t j  from t h e  second run.  

 he symbols used a r e  t h e  same a s  those  output by KITT-2.) 

The above cont inuat ion  procedure can be  repeated a s  many t imes as  

des i red ,  always t r a n s l a t i n g  t h e  phase data ,and reading i n  t h e  l a s t  com- 

ponent f a i l e d  p robab i l i ty  obtained a s  t h e  i n i t i a l  boundary value  Q00 

f o r  t h e  next run.  I n  t h i s  manner, a  l a r g e  number of po in t s  f o r  t h e  

r e l i a b i l i t y  c h a r a c t e r i s t i c s  can be obtained--many more than i s . p o s s i b l e  

. . with j u s t  one computer run.  
1 ' 

. .. 

2. Continuation of t h e  Charac te r i s t i c s  by a  Simple Time Point  Advance 

The above method of continuing t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  i s  

a  b i t  labori6us because t h e  phase da ta  must 'be t r a n s l a t e d  beyore each 

successive computer run.  Another method o r  continuing t h e . c h a r a c t e r -  

i s t i c s  from computer run t o  computer run i s  t o  keep a l l  t h e  phase in- 
. . 

put da ta  t h e  same and simply use  a new s e t  of time po in t s  f o r  each run. 



The f i r s t  computer run i s  made with time points  up t o  tmax. The 

second computer run i s  made with time points  beginning a t  t,, and 

ending a t  tmaX ( 2 ) [ a 1 .  The phase data  f o r  t h i s  second run a r e  l e f t  ex- 

a c t l y  t h e  same a s  f o r  t h e  f i r s t  run,  and t h e  i n i t i a l  boundary condit ions 

QOO a r e  a l s o  l e f t  unchanged. The only input  data  which a r e  d i f f e r e n t  

a r e  t h e  t ime po in t s  used,  TOT(J ) .  

With t h i s  simple change i n  input d a t a ,  t h e  r e s u l t s  obtained from 

t h e  second run a r e  then merely continuations of t h e  c h a r a c t e r i s t i c  

values  from t h e  f i r s t  run,  f o r  t h e  new time points  used. Since t h e  

i n t e g r a l  c h a r a c t e r i s t i c s  a r e  always evaluated with a  beginning time 

of  TOT(^),- t h e  i n t e g r a l  c h a r a c t e r i s t i c s  dbtained from t h e  second run 

must be incorporated with t h e i r  r e spec t ive  values a t  tmax obtained 

from t h e  f i r s t  run. Equations (110) and .(ill) give t h e  simple mani- 

pu la t ions  required  f o r  t h i s  incorporat ion.  

WSUM i s  t h e  in tegra ted  f a i l u r e  r a t e  and FSUM i s  t h e  probabi.l.it.y of one 

o r  more fa i lures- - for  e i t h e r  a  component, a s e t ,  or  t h e  system. 

~ s U M ( 0 ; t j )  i s  t h e  continued value a t  a  time point  t j  of t h e  second 

r u n ,  WSUM(~,,,) i s  t h e  value a t  tm,, obtained from t h e  f i r s t  run,  and 
. . 

wSUM(tj) t h e  value a t  t j  obtained from t h e  second run.  The nota t ion 

i s  t h e  same f o r  FSUM.  he symbols a r e  t h e  same a s  those  p r in ted  out 

by KIT'I-2. ) These simple manipulations w i l l  then give t h e  continuation 

( 2 )  [al.Of course,  tmax > tm .. It i s  noted t o o  t h a t  t h e  time points  must 
be e x p l i c i t l y  read i n  $input Group 4 )  s ince  t h e  f i r s t  t ime point  tmax 
has a  value g r e a t e r  than zero. 



of t h e  i n t e g r a l  c h a r a c t e r i s t i c s  [WSUM( 0 ; t  ) and FsUM(O ; t j  ) 1 . The 

d i f f e r e n t i a l  c h a r a c t e r i s t i c s  need no ad jus t ing  f o r  t h e i r  continuation.  

A t h i r d  computer run can be made with time po in t s  beginning a t  

( 3  tmai2) and ending a t  a  time tmax   TOT(^) = t,L2) and TOT(NTPT) = 

tmA3) f o r  t h i s  run] .  Again, a l l  t h e  other  input  d a t a  a r e  l e f t  un- 

changed. The r e s u l t s  obtained a r e  then f u r t h e r  cont inuat ions  of t h e  

c h a r a c t e r i s t i c s .  The d i f f e r e n t i a l  c h a r a c t e r i s t i c s  a r e  t r u e  continua- 

t i o n s  and t h e  i n t e g r a l  c h a r a c t e r i s t i c s  need only be incorporated with 

t h e i r  r e spec t ive  values a t  tmaA2) from t h e  second run.  [ ~ n  Equations 

( 2  (110) and (111) change tmm t o  tmax and i n t e r p r e t  t j  a s  a  t ime point  

i n  t h e  t h i r d  computer run.] This procedure of using an  increas ing s e t  

of time po in t s  i n  each successive computer run can be repeated a s  many 

t imes a s  des i red .  

This second method of continuing t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  
I 

i s  simpler t o  use than t h e  method of t r a n s l a t i o n  described e a r l i e r .  

However, t h e  computer time w i l l  be longer f o r  each successive computer 

run  f o r  t h i s  method. Generally, however, t h e  increase  i n  computer time 

i s  neg l ig ib le .  

The f a c t  t h a t  t h e  f i r s t  t ime p o i n t ,   TOT(^), has an increas ingly  

. l a r g e r  value f o r  each successive run i n  t h i s  second method i n  no way 

a f f e c t s  t h e  accuracy of t h e  r e s u l t s  obtained.  1.t i s  only t h e  spacing 

of t h e  time po in t s  a f t e r   TOT(^) which i s  important and, a s  described 

' i n  Input Groups 3. and 4, t h e  spacing only a f f , ec t s  $he accuracy of . the  

i n t eg ra l ' cha rac t e r i s t i c s  obtained.  This method of cont inuat ion ,  l i k e  

t h e  t r a n s l a t i o n  method, i s  t h e r e f o r e  a  method of obta in ing exceedingly 

accurat,e r e s u l t s  by using many time po in t s .  



For Each I n h i b i t  Condit ion,  Read I n  The Followinn Three Input  Groups, 

(1nput Groups 1 5  Through 1 7 ) .  These Input Groups Are Input In  Order For 

Each I n h i b i t  Condition. Repeat These Three Input Groups For As Many 

I n h i b i t  Conditions A s  There Are. I f  There Are No- I n h i b i t  Conditions, 

Skip These Three Input  Groups And Go To Input Group 18.  

I npu t  Group 15 ( ~ i r s t  Group of t h e  I n h i b i t  Condition Group s e t )  

Number of Ca.rd.s: 1 

Format: 2110 

Input  Data: IDEX,NPHASE 1 5 NPHASE 2 50 

IDEX is  t h e  negative of t h e  i n h i b i t  condit ion index, and NPHASE i s  

t h e  number of phases f o r  t h e  i n h i b i t  condi t ion .  

The ass igning of phases t o  an i n h i b i t  condit ion has been discussed 

on page 10. As s t a t e d  i n  I ~ r p u t  Group 8,  t h e  components and i n h i b i t  condi- 

t i o n s  a r e  assigned consecutive ind ices  from 1 t o  NCOMI? f o r  i d e n t i f i c a t i o n .  

This assignment i s  a r b i t r a r y .  To d i f f e r e n t i a t e  t h e  inh ib i t ,  condi t ions ,  a 

negat ive  s ign  i s  a t t ached  t o  t h e  index of t h e  inh ib i t ,  cnndi t,i nn when it i c  

r ead  i n ,  t h e  reason IDEX i s  t h e  negative of t h e  index-of t h e  i n h i b i t  con- 

d i t i o n .  Like t h e  components, t h e  i n h i b i t  condi t ions  may be input  i n  any 

order  w i t h  r e spec t  t o  t h e i r  ind ices .  

I npu t  Group 16 (second Group of t h e  Inhi 'bi t  Condition Group s e t )  

Number of Cards: Varies 

Format : 8F10.0 

Input  Data: T P ( L ) ; L = ~ , N P H A s E  
. - 



TP(L) are the phase end times (in hours) for the inhibit condition 

phases. The phase end times must be input in order of phase number; ie, 

~ ~ ( 1 1  is the end time of Phase 1, ~ ~ ( 2 1  of Phase 2 , . .  .,TP(NPHAsE) of phase 

NPHASE. Phase 1 is always assumed to have a beginning time of t = 0.0. 

The phase end times for an inhibit condition are completely analogous. 

to the phase end times for a component (1nput Group 9). As for the compo- ' 

nent phases, the end time of the nth phase is always assumed to be the 

beginning time of the (n + l)th phase. The end time of the final phase 

for the inhibit condition TP(NPHASE) must again always be larger than the 

maximum time for which reliability characteristics are obtained. In this 

respect, the user is referred t n  Rq~iations (102) through (105.) on pages 

80 and 81, where "TP(NPHASE)" in those equations may be interpreted as the 

end time of the final phase for the inhibit condition. 

I n p u t  Group 17 (~hird and Last Group of the Inhibit Condition Group set) 

Number of Cards: Varies 

Format: 8F10.0 

Input Data: PBOB(L) ;L=1 ,NPHASE 

PBOB(L) is the probability of occurrence for the inhibit condition 

for Phase L, L = 1, ..., NPHASE. 
In Figure10 on page 71, PBOB(L) corresponds to the occurrence proba- 

- biliky P;, PBOB(~), for example, corresponds to Pi . Since the PBOB(L) are 

probabilities, they must have values between 0.0 and.l.O. If for a par- 

ticular phase L, PBOB(L) = 0.0, then the inhibit condition does not exist 

in this phase. If PBOB(L) = 1.0, then the' inhibit condition ii always 

existing in Phase L. 



I n p u t  G r o u p  18 

Number of Cards: 1 

Format: I10 

Input  Data: IPATH 

IPATH i s  t h e  s e t  f l a g  and i s  read i n  a s  e i t h e r  1 or 2. I f  IPATH = 1, 

minimal cu t  s e t s  a r e  inpu t ;  and i f  IPATH = 2,  minimal path s e t s  a r e  read 

i n .   his input  group corresponds t o  Input Group 11 of KITT-1.) 

I n p u t  G r o u p  19 

Number of Cards: 1 

Format: I10 

1n.p.u.l; Data: NCUT ( 1  < NCUT 500) 

NCUT i s  t h e  t o t a l  number of minimal cut  s e t s  input  (IPATH = 1) or  

t h e  t o t a l  number of minimal path s e t s  input  (IPATH = 2 ) .  (This  input  

group corresponds t o  Input  Group 12 of KITT-1.)  

For Ea.ch Minimal Cut Se t  ( IPATH = 1) O r  ~ i n i l n a l  Path Se t  ( IPATH = 2 ) , 

Read I n  The Following Input  Group (1nput Group 20) .  Repeat This Input 

Gruup For The NCUT Tota l  Number Of Minimal Cut S e t s  O r  Path S e t s . .  

I n p u t  G r o u p  20 

Number of Cards: Varies 

Format: 8110 

Input  Data: IWX,ICUT(K,I);I=~,IMAX (1 5 IMAX 5 1 9 )  



IMAX i s  t h e  t o t a l  number of components p lus  i n h i b i t  condit ions i n  t h e  

minimal cut  or path s e t .  ICUT(K, I )  a r e  t h e  indices  of t h e  components and 

i n h i b i t  condit ions i n ' t h e  s e t .  Negative s igns  a r e  - not a t tached t o  t h e  

i n h i b i t  condit ion indices  here.  

This input group corresponds t o  Input Group 13 of KITT-1. A s  f o r  t h a t  

input group, t h e  f i r s t  card has as  i t s  f i r s t  en t ry  t h e  number of components 

and i n h i b i t  condit ions i n  t h e  s e t .  The remaining e n t r i e s  on t h e  f i r s t  card ,  

up t o  7 .such e n t r i e s ,  a r e  t h e  indices  of t h e  components and i n h i b i t  condi- 

t i o n s  i n  t h e  s e t .  If the re  a r e  more than 7 . indices,  they a r e  continued, 8 

t o  a  card  (8110  orm mat), on as,many cards as  necessary. The indices  need 

not be i n  any p a r t i c u l a r  order on t h e  cards .  

V .  FORMAT OF OUTPUT FROM KITT-2 

The format of output f  rom KITT-2 i s  very 's imilar  t o  t h a t  of KITT-1 

with i d e n t i c a l  symbols used f o r  t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  p r in ted  

out .  The output of KITT-2 d i f f e r s  from t h a t  of KITT-1 c h i e f l y  i n  t h e  way 

t h e  output i s  grouped. 

The f i r s t  page of output from KITT-2 i s  simply a  p r in tou t  of t h e  * 

values used f o r  Input Groups 1 through 7. This f i r s t  page i s  s e l f -  

explanatory with t h e  names of t h e  va r iab les ,  as used i n  these  input  d i s -  

cussions,  being p r in ted  out along wi th  t h e i r  values.  A b r i e f  desc r ip t ion  

of each v a r i a b l e  i s  a l s o  given t o  a i d  t h e  user  i n  i t s  i d e n t i f i c a t i o n .  

The second page of output i s  e n t i t l e d  "COMPONENT AND INHIBIT INFOR- 

MATION". This output group contains t h e  data  read i n  f o r  each component 

and i n h i b i t  condit i~on (1nput Groups 8 through 14 and Input Groups 1 5  

through 1 7 ) .  I n  add i t ion ,  t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  obtained f o r  



t h e  respec t ive  components a r e  a l s o  p r in ted  O L I ~ .  The information f o r  each 

component i s  separa ted  by a  row of a s t e r i s k s  ( * ) ,  while e a ~ h ' ~ a r t i c u 1 a r  

i n h i b i t  condit ion i s  separated by a  row of d o l l a r  s igns  ( $ ) .  

For a  p a r t i c u l a r  component, again d i f f e r e n t i a t e d  by a  row of a s t e r i s k s ,  

t h e  component index and i t s  number of phases a r e  f i r s t  p r in ted  ou t .  This 

i s  followed by a  p r i n t o u t  of t h e  input  da ta  read i n  f o r  t h a t  component 

(input Groups 8 through 1 4 ) .  The input  d a t a  a r e  c l e a r l y  l a b e l l e d  and i s  

. self-explanatory.  Immediately following t h e  input  d a t a  f o r  t h e  component 

i s -  a  p r i n t o u t  of t h e  component r e l i a b i l i t y  c h a r a c t e r i s t i c s .  The r e l i a b i -  

l i t y  c h a r a c t e r i s t i c s  a r e  p r in ted  out f o r  t h e  time po in t s  spec i f i ed .  I n  

a d d i t i o n ,  whenever a  r i g h t  boundary of a  phase i s  reached, t h e  character-  

i s t i c s  a r e  p r i n t e d  out  f o r  t h i s  r i g h t  boundary value time. The values 

of t h e  c h a r a c t e r i s t i c s  a t  t h e  r i g h t  boundary times ( i e ,  a t  t h e  phase end 

t imes)  a r e  boxed i n  a s t e r i s k s  t o  d i s t ingu i sh  them a s  being boundary 

values .  They a r e  a l s o  l a b e l l e d ,  giving t h e  phase number having t h i s  time . 

as a  r i g h t  boundary. 

These r i g h t  boundary c h a r a c t e r i s t i c s  pr i~rbed out a r e  f o r  t h e  time 

at  t h e  r i g h t  boundary a s  t h i s  time i s  approached from t h e  l e f t ;  i f  tn i s  

t h e  time of t h e  r i g h t  boundary of t h e  nth phase, then t h e  ~ h a ~ a c t e r i s l i c s  

a r e  p r i n t e d  out  f o r  t h e  time .tn-. 

This d i f f e r e n t i a t i o n  i s  needed s ince  t h e  only d i f f e r e n t i a l  component 

c h a r a c t e r i s t i c  which i s  continuous across  phase boundaries i s  t h e  compo- 

nent f a i l e d  p r o b a b i l i t y ,  

where t n +  i s  t h e  time tn approached from t h e  r i g h t .  This con t inu i ty  of 

q(t  ) i s  t r u e ,  except when t h e r e  a r e  imposed boundary condit ions (input 

Group 1 0 ) .  The component f a i l u r e  r a t e  w ( t )  i s  discontinuous across  t h e  



phase boundaries i f  t h e  f a i l u r e  i n t e n s i t y  ~ ( t )  i s  discontinuous across  

these  boundaries. The i n t e g r a l  c h a r a c t e r i s t i c s  a r e  of course always con- 

t inuous across phase boundaries. 

The component c h a r a c t e r i s t i c s ,  including t h e  values a t  t h e  r i g h t  

boundaries, a r e  p r in ted  out i n  exact ly  t h e  same format a s  used f o r  KITT-1. 

For t h e  format t r a n s l a t i o n  t h e  user  i s  the re fo re  referre 'd t o  t h e  discus- 

s ion on t h e  "COMPONENT AND INHIBIT INFORMATION" output groups from KITT-1 

(page 50) o r  he i s  r e f e r r e d  t o  Table D - 1  of Appendix D which summarizes 

t h i s  t r a n s l a t i o n .  

, Contained i n  t h e  output 'group "COMPONENT AND INHIBIT,  INFORMATION", 

along with t h e  component information, i s  t h e  output of t h e  ' i n h i b i t  condi- 

t i o n  information. This i n h i b i t  condit ion output i s   merely a p r in tou t  bf 

t h e  input d a t a  read i n  (input Groups 1 5  through 1 7 ) .  For a p a r t i c u l a r  

i n h i b i t  condit ion,  d i f f e r e n t i a t e d  by a beginning row of d o l l a r  s igns  ( $ )  , 

i t s  counter, index, and number of phases a r e  f i r s t  given. These a r e  p r in ted  

out i n  t h e  format "INHIBIT CONDITION K WITH INDEX = I ,  AND NO. OF PHASES 

= N". K ,  I ,  and N w i l l  be numbers i n  t h e  a c t u a l  p r i n t o u t .  I i s  t h e  in- 

dex of t h e  i n h i b i t  condit ion a s  assigned by t h e  user  (without any at tached 

minus s i g n ) ,  ,and N i s  t h e  number of phases f o r  it (NPHAsE). K i s  t h e  in- 

h i b i t  condit ion counter ,  merely an updated count of t h e  t o t a l  number of 

i n h i b i t  condit ions which have been read i n .  The d a t a  read i n  f o r  t h e  

i n h i b i t  condit ion then follow. 

.Immediately a f t e r  t h e  component and i n h i b i t  condit ion information i s  

a p r in tou t  of ' the minimal path or  c u t  s e t  information. The f i r s t  of these  

output groups i s  e n t i t l e d  "MINIMAL SET INPUT DATA" and contains merely a 

pr-intout of t h e  s e t  da ta  read i n  (1nput Groups 18 through 2 0 ) .  As i n  

KITT-1, t h e  s e t s  a r e  indexed i n  t h e  order i n  which they a r e  r e a d . i n ,  t h e  

indices  used l a t e r  t o  reference  t h e  individual  s e t s .  



Beyond t h i s  po in t  t h e  output from KITT-2 i s  i d e n t i c a l  both i n  order 

of p r in tou t  and i n  format with t h e  output from KITT-1. The output group, 

"MINIMAL SET INFORMATIUN", contains t h e  r e l i a b i l i t y  c h a r a c t e r i s t i c s  ob- 

t a i n e d  f o r  each minimal cu t  or path s e t .  After  t h i s  t h e  system character-  

i s t i c s  a r e  p r i n t e d  out .  Because of t h e . i d e n t i c a l n e s s  with KITT-1, t h e  

reader  i s  r e f e r r e d  t o  page 51. The t a b l e s  a t  t h e  end of those  d iscuss ions  

summarize t h e  t r a n s l a t i o n  of t h e  output formats. These t a b l e s  may a l s o  be 

found i n  Appendix D,  placed t h e r e  again f o r  t h e  convenience of t h e  use r .  
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APPENDIX .A 

PREP Input 

This Appendix i s  a quick reference  input  guide t o  t h e  TREBIL por t ion  of 

PREP. 



TABLE A -1 .  INP.UT DECK 

1. T I T L E  CARD 

2.  {COMMENTS CARDS) 

3 .  *bDATA ( b  = blank column) 

4. I N P U T  GROUP 1 I I CONTROL INFORMATION 

.5. END 

6.  { C O M N T S  CARDS) 

8. I N P U T  GROUP 2 I FAULT TREE DESCRIPTION I 
9. END 

INPUT GROUP. 3 
P!AILUHE AND R E P A I R  DATA t 



TABLE A-2.  INPUT GROUP 1 
(.Control Information) 

' Number of Cards = 2 

Card 1 Format (5110) 

Input Quantity Card Columns Description 

NG 1-10 Number of logical gates.in the 
fault tree. 

MIN 

MAX 

11-20 Smallest combinations to be tested 
deterministically. If MIN = 0, 
Monte Carlo simulation is used. 

21-30 Largest- combinations to be tested 
deterministically 

Cut set - path set switch. 
If IDMl = 0, minimal cut sets are 
found. If IDEX1 = 1, minimal path 
sets are found. . . 

IDEX2 41- 50 Print-punch switch. 
I'f IDEX2 = 0, results are printed 
only. If IDEX2 = 1, results are 
both printed and punched. 

Card 2 Format (4110~1~20.3) (!Phis card will be blank if MIN>O on card 1) 

Input Quantity Card Columns Description 

MCS 1-10 Smallest minimal cut sets to be 
found by.Monte Carlo simulation. 

NRE JEC 11-20 Number of random numbers to reject. 

NTR 21-30 Number of Monte Carlo trials to be 
Tun. 

IREN 31-40 'Monte Carlo mixing parameter switch. 

RAA 41- 60 Monte Carlo mixing parameter. 



TABLE A-3.  INPUT GROUP 2 
(Fau l  t Tree D e s c r i p t i o n )  

Number of Cards = NG 

Format f o r  each card  i n  Input Group 2 

Input  Quan t i ty  Card Columns 

1. Gate'name (any 8 alphanumeric 1-8. ( l e f t  j u s t i f i e d )  
c h a r a c t e r s )  

2 .  Blank. 9 

3. Gate type  ("AND" or "OR") 10-12 ( l e f t  j u s t i f i e d )  

4. Blank 13 

5 .  Number of g a t e  inputs  ' 14-15 ( r i g h t  j u s t i f i e d )  

6. Number of  component inputs  16-17 ( r i g h t  j u s t i f i e d )  

In  t h e  fol lowing input  f i e l d s  
a l l  of t h e  g a t e s  input  t o  t h e  
g a t e  being descr ibed,  ( i f  any) 
must precede t h e  components 
input  ( i f  any) .  A maximum of 
7 lllyuLs per gate i s  allowed. 

.7. F i r s t  input  name 

8. Blank 

19-26 ( l e f t  j u s t  i f  i e d )  

e t c  . e t c  . 



TABLE A-4. INPUT G ~ U P  3 
( F a i l u r e  a n d  R e p a i r  D a t a )  

Number of Cards = Variable 

Format ( 2 ( ~ 8 , 2 ~ , ~ 1 0 . 6  ,F10 .'3 , I X )  Information i n  t h i s  group i s  supplied 
f o r  2 components per  card.  

Input Quant i ty  Card Columns Descript ion 

1. NAM(I )  1-8 ~ t h  component name 

2. Blank 9- 1.0 

3. LMDA(I) l i -20  F a i l u r e  i n t e n s i t y  per  l o 6  h r .  
( A  ) f o r  t h e  I th  component i f  
LMDA(I.) > 0. If LMDA(1) 5 0 ,  
then it i s  an i n h i b i t  o r  switch 
i n d i c a t o r .  

5. Blank 

6. NAM(J)  

7. Blank 

8. ~ A ( J )  

21-30 Ith component r e p a i r  t ime or  
i n h i b i t  f a i l u r e  p r o b a b i l i t y .  

/ 

31 

32-39 jth component name where I#J. 

42- 5 1  F a i l u r e  i n t e n s i t y  f o r  J t h 
component. 

52-61 Repair t i m e  f o r  Jth component. 



APPENDIX B 

I n p u t  f o r  KITT-1 

The t a b l e  on t he  following pages l i s t s  the  input necessary f o r  KITT-1, t o  

be used a s  a quick reference by t he  experienced user .  



TABLE B-1 . Input for KI'TT-1 

  he F i r s t  of Four pages) 

Input Data 

T i t l e  Card 

NPROB 

NC OMF 

X L M D A ~ I : ; I = ~ , N C O M P  

, T A U ( I ) ; I = ~ , N C ~ M P  

ISTOP 

Format 

1 0 ~ 8  

I10 

I10 

8 ~ 1 0 .  0 

8F10.0 

I10 

Input 
Group No. 

1 

2 

3 

4 

5 

6 

Information 

Any a lphanmeric  charac ters  i n  t k e  80 
col-mns of t h e  card.  

Nm-2er of parameter runs, (NPROB 2 1 ) . 
Tota l  number of  components p lus  inhi -  
b i t  condit ions (NCOMP 5 400). 

Component f a i l u r e  i n t e n s i t i e s  ~i jper 
hour) .  The i t h  f a i l u r e  i n t e n s i t y  (h i )  
corresponds with t h e  component of in-  
dex i .  A nonpositive f a i l u r e  inten- 
s i t y  ( A ~  6 0) denotes an i n h i b i t  con- 
d i t i o n .  

Component r e p a i r  t imes T i  ( hours ) .  
The ith r e p a i r  t ime (Ti) corresponds 
with t h e  component of index i .  A non- 
p o s i t i v e  r e p a i r  t ime (.ri, I 0 )  denotes 
a  nonrepairsble component. For s n  
l n h i b i t  condi t ion  (hi 5 0 ) ,  T i  i s  then 
t h e  occurrence p robab i l i ty .  

Bracket f l a g .  I f  ISTOP = 2,  system 
r e l i a b i l i t y  c h a r a c t e r i s t i c s  a r e  ob- 
t a ined  from bracketing.  I f  ISTOP = 
1, they a r e  not .  

No. of Cards 

1 

1 

1 

Varies 

V ~ r i e s  

1 



TABLE 0-1 . (Contd. ) 
   he Second of Four pages)  

I f  DELTA > 0.0,  s k i p  t h e  next  input  group (Input  Group 8 ) .  

I f  IFAG2 = 1, s k i p  t h e  nex? input  group (1nput Group 1 0 ) :  

Input  Data 

NTPT,NOUT,DELTA 

Format 

2110,FlO.O 

Input  ! 
i No. of Cards 

Group No. . 

8 

w 
W 

I Var ies  I 

1 

Information 

T o t a l  number of t ime p o i n t s  a t  which 
c h a r a c t e r i s t i c s  a r e  obtained (NTPT s 5 0 ) ,  
p r i n t  ou t  m u l t i p l e ,  spac ing  between t ime 
po in t s  ( i n  hours ) . I f  DELTA 5 0 .0 ,  t h e  
t ime p o i n t s  a r e  r ead  i n  '(input Group 8 ) .  

7 

~ ~ 2 ( 1 1 )  ; N = l  ,NBMAX 

IPATH 

1 

I f  ISTOP = 1, s k i p  -tihe nex5 two input  groups (1nput Grcups 9 and 1 0 ) .  

Varies  

Number of ou te r  b racke t s  t o  o b t a i n  (NBMAX 
< b o o ) ,  system f a i l u r e  r a t e  c o r r e c t i o n  f l a g .  - 
I f  IFAG2 = 2 :  t h e  system f a i l u r e  c o r r e c t i o n  
term i s  computed by bracke t ing .  I f  IFAG2 = 
1, t h i s  term i s  not computed. 

Number- of i nne r  b racke t s  f o r  each ou te r  
bracke t  ( N B ~ ( N )  5 100) .  

Se t  f l a g .  I f  IPATH = 1, minimal c u t  s e t s  
a r e  used. I f  IPATH = 2 ,  minimal p a t h  s e t s  
a r e  used. 

Time p o i n t s  ( i n  hours ) a t  which cha rac t e r -  
i s t i c s  ars cbta ined .  The t ime p o i n t s  must 
be  i n  i nc reas ing  o rde r .  

8 ~ 1 0 . 0  TOT(J);J=~,NTPT 



TABLE B-1 . (Contd. 1 
 h he Third of Four pages)  

Fo- each s e t  read  i n  t h e . f o l l o w i n g  input  g r o q  (1nput ~ r o u ~  13) .  

Input  
Group No. 

1 2  

For NPROB = 1 (1npilt Group 2 )  , t h r r e  i s  no nore  input  t o ' t e  r ead  i n .  I f  IPROB > 1, r e a d  i n  t h e  

No. c f  Cards 

1 

fol lowing inp;lt  groups f o r  each remaining p a y m e t e r  run .  

Number of  c~mponents  p lus  i n h i b i t  cond i t i ons  
i n  t h e  set (IMAX I 1 9 ) ,  l i s t  of component 
and i n h i b i t  cond i t i on  i n d i ~ c e s  i n  t h e  s e t .  
For more than  7 i n d i c e s ,  cont inue on t h e  
next  card  wi th  t h e  same format (8110). 

Var ies  

Number of c ~ ~ x p o n e n t  s  and i n h i b i t  cond i t i ons  
which have d i f f e r e n t  f a i l u r e  i n t e n s i t i e s  ( A )  
f o r  t h e  new 9arameter run .  

Format 

I10  

I f  NLAM = 13 o r  NUM < NCOMF, s k i p  ' t h e  next  i npu t  group (input Group 1 5 ~ )  . 

81 10 

! In2ut  Data Information 

IMAX,ZCUT(K,Z) ;1=1, 

a s  f o r  . t he  f L r s t  parameter run  ( i e ,  a s  f o r  
.Input Group 4 ) .  

NCUT 

I IMAX 

, 

Varies  

Number o f  ninimal  c u t  o r  pa th  s e t s  (NCUT I 
500).  

8 ~ 1 0 .  0  XLMDA(1) ; I=1 ,NCOMP The new f a i l u r e  i n t e n s i t i e s  ( p e r  hour)  f o r  
t h e  parameter run.  The components and 
i n h i b i t  condi t ions  r e t a i n  t h e  same i n d i c e s  



TABLE B-1 . (Contd.) 

   he Fourth of Four Pages) 

I f  NLAM = 0 o r  NLPM = NCOMP, s k i p  t h e  next  input  group ( Inpu t  Group 1 5 ~ ) .  

I n  j u t  
Grour, No. 

Varies  

1 NTAU 

No. of Cards 

Index of comronent o r  i n h i b i t  cond i t i on  
having a  new f a i l u r e  i n t e n s i t y ,  new f a i l u r e  
i n t e n s i t y  (pe r  hour)  . The f a i l u r e  i n t e n s i -  
t i e s  not changed w i l l  r e t a i n  t h e i r  same va lues  
a s i n  t h e  preceding parameter run .  

Number of components and i n h i b i t  condi t ions  
which have d i f f e r e n t  r e p a i r  t imes (T) f o r  
t h e  new parameter run .  

Format 

I f  BTAU = 0 o r  NTAU < NCOM?, s k i p  t h e  next  input  group ( Input  Group 17A). 

The new r e p a i r  t imes (hours  ) f o r  t h e  parameter 
run.  The components a n d . i n h i b i t  condi t ions  
r e t a i n  t h e  same ind ices  a s  f o r  t h e  f i r s t  para- 
meter run ( i e ,  a s  f o r  Input  Group 5 )  .. 

Input  Data 

I f  NTAU = 0 o r  NTAU = NCOMP, s k i p  f h e  next  i npu t  group ( Inpu t  Group 1 7 ~ ) .  

Information 

Varies IND(E) , T A U ( I N D ( K ) )  ; 
K= 1 , BTAU 

Index of component o r  i n h i b i t  condi t ion  having 
a  new r e p a i r  t ime,  new r e p a i r  t ime ( h o u r s ) .  
 he r e p a i r  t imes not  changed w i l l  r e t a i n  t h e i r  
same va lues  a s  i n  t h e  preceding parameter run .  



APPENDIX C 

I n p u t  f o r  KITT-2 

The'table on the following pages summarizes the input for KITT-2. 



TABLE C-1 .  I n p u t  f o r  KITT-2 

1 Format 

T i t l e  Card 

( ~ i e  F i r s t  of Four pages)  

NCOMF' 

NTPT , NOUT , DELTA 

Input  Data 

I f  DELTA > C .  0 ,  s k i p  t h e  next i npu t  group (input Group 4).  1 

I n f o m a t  i on  

Varies  TOT(J )  ;J=1 ,NTPT 

ISTOF 

Any alphanumeric c h a r a c t e r s  i n  t h e  80 
columns of t h e  card .  

Tot.al number of components p lus  i n h i b i t  
condi t ions  (NCOMP 5 350). 

T o t z l  number of t ime p o i n t s  a t  which char- 
a c t e r i s t i c s  a r e  obtained ( f i ~ ~  s 50),  p r i n t  
out  mul t i? le ,  spacing between t imes  at which 
c h a r a c t e r i s t i c s  a r e  obtained A t  ( i n  hour s ) .  
I f  DELTA i s  l e s s  t han  o r  equal  t o  z e r o ,  t h e  
t ime po in t s  a r e  read  i n .  I f  t h e  p r i n t  out  
m u l t i p l e ,  NOUT, equals  1 component and s e t  
c h a r a c t e r i s t i c s  a r e  p r i n t e d  out  f o r  every 
t ime p o i n t ,  i f  NOUT equals  2 ,  conponent and 
s e t  c h a r s c t e r i s t i c s  a r e  ~ r i n t e d  out  f 3 r  every 
second t ime p o i n t ,  and S G  f o r t h .  

Time p o i n t s  ( i n  hours )  a t  which c h a r a c t e r i s -  
t i c s  a r e  cbtained.  The t ime p o i n t s  may be  
a r b i t r a r i l y  spaced and may o r  may not inc lude  
zero ,  b u t  must be  i n  i nc reas ing  o rde r .  

Bracket I l a g .  I f  ISTOP = 2 ,  system r e l i a -  
b i l i t y  c h w a c t e r i s t i c s  a r e  obta ined  from 
bracket ing .  I f  ISTOP = 1, they  a r e  no t .  



TABLE C-1  . (Contd. ) 

 he Second of Four Pages) 

Number of  o u t e r  b racke t s  t o  ob ta in  
(NBMAX I 100 ) , system f a i l u r e  r a t e  
co r r ec t ion  f l a g .  I f  IFAG2 = 2 ,  t h e  
system f a i l u r e  r a t e  c o r r e c t i o n  term 
i s  computed by b racke t ing .  If IFAG2 
= 1, t h i s  term i s  not  computed. 

Input  
ND. of Cards 

I f  IFAG 2 = 1, s k i p  t h e  next input  ' group (input Group 7 ) . 1 
Varies  

I f  ISTOP = 1, s k i p  t h e  next  two inpu t  g-oups ( Input  Groups 6 and 7 ) .  

Number of  i nne r  b racke t s  f o r  each ou te r  
bracke t  ( N B ~  ( N  ) 5 30 ) . 

Information Format 

I I I I 
For each component, r ead  i n  t h e  fol lowing seven input  g r ~ u p s  (input Groups 8 through 1 4 ) .  Repeat f o r  

Input  Data 

a s  many :zomponents a s  t h e r e  a r e .  

1 

Varies 

IDEX, NPHASE 

.TP(L) ;L=~,NPHASE 

IBPHA 

The component index,  t h e  number o f  
phases f o r  t h e  component ( NPHASE I 50 ) . 

The end-times (hours  ) f o r  each phase i n  ' 
order  of i nc reas ing  phase number. Phase 
1 i s  always assumed t o  begin a t  t = 0.  

Boundary index (IBPHA 5 50) I f  IBPHA = 
0 ,  t h e r e  a r e  no boundary condi t ions  im-  
posed on t h e  phase boundaries .  I f  IBPHA 
> 0 ,  t hen  IBPHA i s  t h e  number of such 
boundary condi t ions .  



TABLE C - 1  . (Contd. ) 

   he Third of Four Pagss)  

Information 
Input  

Group No. 

I f  IBPHA 5 0 ,  s k i p  t h e  next two i n - ~ u t  group; ( Input  Groups 11 and 12) .  

I 
Varies  I 8110 

i 

No. ~f  Cards 

Varies j 6F10.0 

I 
Varies  I 8 ~ 1 0 . 3  

Format 

- 
7 -  I I I 

I f  t h e r e  a r e  no i n h i b i t  cond i t i ons ,  s k i p  t h e  next  t h r e e  i r p u t  groups ( Input  Groups 15  - 1 7 ) .  

In9ut Data 

Phase numbers f o r  which t h e r e  a r e  i m -  
3osed f a i l e d  p r o b a b i l i t i e s  at t h e  phase 
beginning t ime.  

-Corresponding imposed f a i l e d  p r o b a b i l i t y  
f o r  phss e  IBPOS ( K ) . , 

The coaponent f a i l u r e  i n t e n s i t y  A L  ( p e r  
hour 1 and r e p a i r  t ime TL (hours  ) f o r  
Phese L; L = 1, NPHASE. I f  A L  < 0 ,  t h e  
component i s  nonrepa i rab le ,  and - A ;  i s  
t t ~  f a i l u r e  i n t e n s i t y .  I f  TL < 0 ,  t h e  
component has  a  cons tan t  r e p a i r  i n t e n s i -  
t y  VL (per  hour )  and VL = - 1 1 ~ ~ .  

The i n i t i a l  f a i l e d  p r o b a b i l i t y  at t = 0 ,  
q ( 0 ) .  

I I I I 
For each i n h i b i t  cond i t i on ,  r ead  i n  t h e  fol lowing t h r e e  input  groups (input Groups 15  - 1 7 ) .  Repeat 

f o r  as ran:{ i n h i b i t  condi t ions  a s  t h e r e  a r e .  I 
The negat ive  of t h e  i n h i b i t  condi t ion  . 
index,  t h e  number of 'phases  f o r  t h e  
i n h i b i t  condi t ion  (NPHASE 5 50 ) . 



TABLE C - 1  . (Contd. ) 

 h he 'F'ourth of Four Pages) 

The end t imes ( i n  hours ) f o r  each phase 
i n  o rde r  of i nc reas ing  phase number. 

In?ut 
. Grour, No. 

16 

1 7  

Phase 1 i s  always a s s i n i d  t o  begin a t  
t = 0. 

No. of Cards Format 

Occur-ence p r o b a b i l i t i e s  f o r  each phase. 

Varies 

Varies 

IPATH 

Input  Det a  

Set f l a g .  I f  IPATH = 1, minimal c u t  
s e t s  a r e  used. I f  IPATH = 2 ,  minimal 
pa th  s e t s  a r e  used. 

Information 

18F10.0 

8 ~ 1 0 . 0  

Number of minimal cu t  o r  pa th  s e t s  
(NC,,UT 2 500).  

T P ( L )  ;L=~,NP=SE 

PBOB (L ) ; L=1 ,NPHAS3 ' 

For each minimal cu t  o r  pa th  s e t ,  read  i n  t h e  fol lowing input  group (input Group 20 ) .  

Number of components p l u s  i n h i b i t  condi- 
t i o n s  i n  t h e  s e t  (IMAX I 19), l i s t  of 
component and i n h i b i t  condi t ion  i n d i c e s  
i n  t h e  s e t .  For more than  7 i n d i c e s ,  
con t inueson  t h e  next  ca rd  wi th  t h e  same 
format (8110 ) . 



Output From KITT-1 and KITT-2 

Tables a r e  given here  f o r  quick t r a n s l a t i o n  of t h e  KITT-1 and KITT-2 output.  

These t a b l e s  a r e  merely a r e p e t i t i o n  of t h e  t a b l e s  given a t  t h e  end of the  

KITT-1 d iscuss ion.  They a r e  repeated  here  f o r  t h e  convenience of t h e  user .  

Since t h e  output from KITT-1 and KITT-2 i s  i d e n t i c a l  i n  fbrrnat, t h e s e  

t a b l e s  apply equal ly  t o  KITT-1 and KITT-2. 



TABLE D-1 

KEY TO "COMPONENT AND I N H I B I T  INFORMATION" 

TABLE D - 2  

KEY TO "MIN IMAL  SET INFORMATION" . I F  M I N I M A L  CUT SETS ARE USED 

~ r o ~ r a m  output 

T (hours)  

9. 

W 

L 

WSUM 

FSUM 

Information 

t ,  time ( i n  hours) 

q(t ) , t h e  component f a i l e d  probabi l i ty  

' w ( t )  , t h e  component f a i l u r e  r a t e  ' (per  -hour) 

A ,  t h e  ( input  ) component f a i l u r e  i n t ens i t y  
(per  hour ) 

t 
( w ( t  ) d t  ' , t h e  expected number of f a i l u r e s  
o t o  time t 

1 - e x p ( - ~ t ) ,  the  probabi l i ty  of one or more 
f a i l u r e s  t o  time t 

Program Output 

T (hours)  

Q 

.W 

L 

WSUM 

FSUM 

. , $--- 

Information 

t ,  time ( i n  hours) 
" 

~ ( t ) ,  t h e  minimal cut  s e t  f a i l e d  probabi l i ty  
" 
W (  t ) , t he  mirllrnal cut  s e t  f a i l u r e  r a t e  

(per  hour ) 
" 

~ ( t ) ,  the  minimal cut  s e t  f a i l u r e  i n t ens i t y  
(per  hour ) 

t 
I;(t ' ) a t '  , t he  expected number of f a i l u r e s  
o  t o  .time t 

t " 
1 - e x p [ - j ~ ( t '  ) d t t  I ,  t h e  probabi l i ty  of one 

o or more f a i l u r e s  t o  time t 



TABLE D - 3  

KEY TO " M I N I M A L  S E T  INFORMATION" I F  M I N I M A L  PATH SETS ARE USED 

Program Output 

T (hours) 

P 

W 

L 

WSUM 

NO FSUM 

Information 

t, time (.in hours) 
n 

~(t), the minimal path set functioning 
probability 

n 

~ ( t )  , the minimal path set failure rate 
(per hour ) 

A 

h(t), the minimal path set failure intensity 
(per hour ) 

t A 
/w(tl )dtl , the expected .number of failures 
o to .time t 

tA 
exp[-Jn(t ' )dt' ] , the probability of no 

o failure to time t 



TABLE D-4 

KEY TO "SYSTEM INFORMATION - UPPER BOUNDS" 
~ ~ -- 

Program Output 

T (hours)  

FSUM 

Information 

t ,  time ( i n  hours)  

c 

1 - [ l  - i i ( t ) l ,  t h e  upper bound f o r  ~ , ( t )  
i=l 

N c 

Wi(t), t h e  upper bound f o r  w 0 ( t )  ( pe r  hour)  

i=l 

i=l 
t h e  upper bound f o r  ilo(t ) 

Nc 
- i i ( t ) I  (pe r  hour)  

i=l 

[ i i ( t 1 ) ] ' d t ' ,  t h e  upper.'bound f o r  

1=1 L 1 w o ( t f  ) d t '  
0 

t 
t h e  upper bound for I - e ~ ~ [ - ( / \ ~ ( t  ' ) d t t  ] 

0 



TABLE D-5  

KEY TO "D IFFERENTIAL  CHARACTERISTICS - BEST BRACKETS" 

&MAX 

WMIN 

TA'BLE D-6  

Program Output 

Q M I N  

LMAX 

KEY TO "FAILURE RATE CONTRIBUTIONS~ I F  M I N I M A L  CUT SETS ARE USED 

Information 

QO ( )min t h e  b e s t  lower bound f o r  t h e  
system f a i l e d  p r o b a b i l i t y  &,(t) 

Q,o(t)max, t h e  b e s t  upper bound f o r  ~ ~ ( t )  

~ ~ ( t ~ ) ~ ~ ~ ~  t h e  b e s t  lower bound f o r  t h e  
system f a i l u r e  r a t e  w 0 ( t )  ( p e r  hour)  

~ ~ ( t . ) , ~ ~  t h e  h e s t  upper bound f o r  w 0 ( t  ) 
( per  hour ) 

~ , ( t ) , ~ ~ ,  t h e  b e s t  lower bound f o r  t h e  
system f a i l u r e  i n t e n s i t y  h o ( t )  

( p e r  hour ) 

'0(')max7 t h e  b e s t  upper bound f o r  h o ( t )  
( p e r  l ~ o u - )  

Program Output 

W l M I N  

wmAx 

W 2 M l N  

W2MPIX 

Information 

" ( 1 )  Wo ( t  lmin7 t h e  b e s t  lower bound f o r  hi1 ) (t  ) 
( p e r  hour ) 

" (1  
'0 ('),ax) t h e  b e s t  upper bound f o r  ;:I ) ( t  ) 

( p e r  hour ) 

" ( 7 )  
Wo . ( t  )min, t h e  b e s t  lower bound f o r  hi2) (t ) 

( p e r  hour ) 

" ( 2 )  
'0 (')max7 t h e  b e s t  upper bound f o r  ;L2)(t) 

( p e r  hour )  

[WMIN and WMAX a r e  t h e  b e s t  bounds f o r  W , ( t )  , repea ted  from Table1)- 5. ] 

I 
- 



TABLE D-7 

KEY TO "FA ILURE RATE CONTRIBUTIONS~ I F  M I N I M A L  PATH SETS ARE USED 

, TABLE D-8 

Program Output 

W l M I N  

W l M A X  

W2MIN 

W2MAX 

KEY TO "D IFFERENTIAL  CHARACTERISTICS - LAST BRACKETS" 
I F  M I N I M A L  CUT SETS ARE l lSED 

Information 
-- 

^ ( I )  
Wo ( t  )min, t h e  b e s t  lower bound f o r  iL1 ) ( t  ) 

( p e r  hour ) 

( 1 )  g ( t l m a x ,  t h e  b e s t  upper bound f o r  iLi)(t) 
( p e r  hour ) 

W o  ^ ( 2 )  ( t  )min, t h e  b e s t  l ove r  bound f o r  iL2) (t  ) 
( per  hour ) 

A (  a 
Wo (t.)mnax, . the  b e s t  upper bound f o r  iL2) ( t  ) 

( p e r  hour ) 

[ WMIN and WMAX a r e  t h e  bes t ,  hounds - f o r  W, ( t  ) , r epea t ed  from ~ a b l c  D-5. ] .--. 

I 

r 
Program Output 

. .  , 

Information . . 

I f  t h e  exact  va lues  f o r  system c h a r a c t e r i s t i c s  are obta ined:  

QLAST 

WlLnST 

~ ~ ( t  )., t h e  exact  va lue  f o r  t h e  system f a f l e d  
p r o b a b i l i t y  

.;( "(t ) , i t s  exac t  va lue  (per hour)  
0 t . 

. . 

G ( 2  ) ( t  ) , i t s  exac t  va lue  hour)  
0 



TABLE D-9  

KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS" 
I F  M IN IMAL  PATH SETS ARE USED 

TABLE D-10  

KEY TO "INTEGRAL CHARACTERISTICS - BEST BRACKETS" 

Program Output Information 

Program Output 

WIN-SUM 

WMAX-SUM 

FMIN-SUM 

. . 

FMAX- SUM 

I f  the  exact values fo r  system cha rac t e r i s t i c s  a r e  obtained: 

Information 

t 
/wo ( t  ' )mindt ' , t h e  bes t  lower bound f o r  
0 t 

/ w 0 ( t 1 ) d t '  
0 

t 
/w0 (to ' ),at ' , t h e  hes' IIPPPT bound f o r  
0 t 

/wo (t ' )d t  ' 
0 

t 
1 - exp[-Jho (t ' )mindt ' 1, t h e  be s t  lower 

0 t 
bound f o r  1 - exp[-(h0(t ' ) d t l  ] 

0 

t 
1 - exp [-Jh0 (t ' ),,dt ' 1, t h e  bes t  upper 

0 t 
bound f o r  1 - exp[-Jh0(t t  ) d t  ' 1 

0 

QLAST 

I 

WlLAST 

~ , ( t ) ,  t h e  exact value f o r  t he  system f a i l e d  
. probab i l i ty  

( t  i t s  exact value ( ~ e r  hour) 

2 ( t ) ,  i t s  exact value ( ~ e r  hour) 
W0 



APPENDIX E 

The Use o f  t h e  PREP and KITT Co.des f o r  Non-Time-Dependent Problems 

I n  c e r t a i n  ana lyses ,  t h e  t o p  of t h e  f a u l t  t r e e  r e p r e s e n t s  a ( c e r t a i n  

event ,  and t h e  f a u l t  t r e e  i t s e l f  r e p r e s e n t s  t h e  cause r e l a t i o n s h i p  of t h i s  

t o p  event  t o  t h e  primary events .  The "components" of t h e  f a u l t  t r e e  a r e  

t h e  primary events  and t h e  t o p  of t h e  t r e e  i s  t h e  event  caused by t h e  p r i -  

mary events .  For example, t h e  t o p  of t h e  t r e e  may r e p r e s e n t  an  occurrence 

of a p a r t i c u l a r  ty-pe of a c c i d e n t ,  o r  it may r ep resen t  a system f a i l u r e  

occurr ing  i n  a given experiment.  For t h i s  t y p e  of f a u l t  t r e e ,  t ime de- 

pendence has  no meaning. One wishes merely t o  o b t a i n  t h e  p r o b a b i l i t y  of 

t h e  t o p  event  occurr ing  from knowledge of t h e  p r o b a b i l i t i e s  of t h e  primary 

events  occurr ing .  The PREP and KITT codes can be used i n  a s t r a igh t fo rward  

manner t o  o b t a i n  t h e  p r o b a b i l i t y  of t h i s  t o p  event  occurr ing .  

For t h i s  t ype  of f a u l t  t r e e ,  t h e  minimal c u t  s e t s  ob ta ined  by PREP 

a r e  t h e  "occurrence modes" by which t h e  t o p  event  occurs .  I n  a comple- 

mentary manner, t h e  minimal pa th  s e t s '  a r e  t h e  "nonoccurrence modes" by 

which t h i s  t o p  event does not occur .  An occurrence mode c o n s i s t i n g  of a 

c e r t a i n  number of primary events  means t h a t  i f  t h e s e  primary events  simul- 

t aneous ly  occur ,  t hen  t h e  t o p  event  occurs .  A nonoccurrence mode cons i s t -  

ing  of primary events  means t h a t  i f  t h e s e  primary events  do no t  occur ,  

t hen  t h e  t o p  event  does not occur .  An occurrence mode t h e r e f o r e  corresponds 

p r e c i s e l y  t o  a minimal c u t  s e t  whi le  a nonoccurrence mode corresponds pre- 

c i s e l y  t o  a minimal pa th  s e t .  

Consequently, i n  PREP, i f  occurrence modes a r e  d e s i r e d ,  t hen  one 

should r ead  i n  t h e  input  v a r i a b l e  IDEXl such t h a t  minimal c u t  s e t s  a r e  

E l  



found   ID EX^ = 0 ) .  I f  nonoccurrence modes a r e  des i red ,  then t h e  input  

v a r i a b l e  I D E X l  i s  read i n  such t h a t  minimal path s e t s  a r e  found ( I D M ~ = ~ ) .  

The only o ther  input  v a r i a b l e s  f o r  PREP which need redef in ing a r e  t h e  com- 

ponent f a i l u r e  i n t e n s i t i e s  X [LMDA(I)I and t h e  r e p a i r  times [TAU(I)].  For 

every component, where a component now corresponds t o  a primary event ,  

read i n  t h e  r e p a i r  time TAU(I )  a s  0.0 ( o r  leave it b lank) ,  

TAU(I)  = 0.0 , f o r  a l l  components . ( E-1 

For each component (primary event)  read i n  t h e  f a i l u r e  i n t e n s i t y  [LMDA(I)]  

where P i  i s  t h e  p r o b a b i l i t y  of occurrence f o r  t h e  p a r t i c u l a r  primary 

event[&] .  Except f o r  t h e s e  changes, t h e  r e s t  of t h e  input da ta  remains 

exac t ly  t h e  same and r e t a i n s  t h e i r  meanings a s  defined.  

Having obtained t h e  occurrence o r  nonoccurrence modes (minimal cu t  

s e t s  o r  path s e t s ) ,  KITT-1 i s  then used t o  0btai.n t h e  p robab i l i ty  of t h e  

t o p  event occurring.  I n  KITT-1 a s  i n  PREP, t h e  occurrence modes correspond 

t o  minimal c u t  s e t s  and nonoccurrence modes correspond t o  minimal path s e t s .  

For KITT-1, each primary event i s  t r e a t e d  a s  an i n h i b i t  condj t i  on wi t,h tahp 

p r o b a b i l i t y  of occurrence equal t o  P i ,  t h e  p robab i l i ty  of occurrence f o r  

t h e  p a r t i c u l a r  primary event .  Therefore, t h e  f a i l u r e  i n t e n s i t i e s  X read 

i n  f o r  Input Group 4 a r e  read i n  with values l e s s  than o r  eqi.I.81 t o  0.0 

( o r  l e f t  b lank) ,  

Xi I 0.0 , f o r  a l l  components (primary events)  . (E-3) 

The r e p a i r  times r i  ( ~ n p u t  Group 5 )  a r e  read i n  as t h e , r e s p e c t i v e  occur- 

rence p r o b a b i l i t i e s  P i ,  f o r  t h e  primary events ,  

IalThe l o 6  f a c t o r  i s  needed i n  Equation (E-2) s ince  PREP mul t ip l i e s  t h e  
f a i l u r e  i n t e n s i t i e s  by 



T~ = Pi , f o r  each component event)  . (E-4) 

I f  PREP i s  used t o  obta in  t h e  occurrence or  nonoccurrence modes, and 

values were read i n t o  PREP a s  given by Equations (E-1) and (E-2), then t h e  

f a i l u r e  i n t e n s i t i e s  and r e p a i r  times punched out by PREP need merely be 

interchanged. The f a i l u r e  i n t e n s i t i e s  used f o r  PREP and punched out by 

it now become t h e  r e p a i r  times f o r  KITT-1 (1nput Group 5 ) .  The r e p a i r  

times read i n t o  PREP a s  0.0 ( o r  l e f t  blank) now become t h e  f a i l u r e  inten- 

s i t i e s  f o r  KITT-1 (input Group 4 ) .  

Beside t h e  primary events being in te rp re ted  as i n h i b i t  condit ions 

f o r  KITT-1,  t h e  only other input  data  which need be modified i s  Input 

Group 4 .  Input Group 7 contains NTPT, NOUT, and DELTA. . NTPT should be 

read i n  a s  2. I f  a  p r in tou t  i s  des i red  of t h e  occurrence o r  nonoccurrence 

mode information, then s e t  NOUT equal t o  1 ( o r  equal t o  2 ) .  I f ' n o  p r in t -  

out i s  des i red  of t h e  mode information, s e t  NOUT equal t o  3. DELTA can 

be read i n  a s  any p o s i t i v e  (nonzero) number, such a s  1.00. These input  

values a r e  needed f o r  Input Group 7 because of t h e  mechanics of t h e  code. 

( ~ o t e  t h a t  Input Group 8 i s  skipped s ince  DELTA is  read i n  a s  a  p o s i t i v e  

number. ) Beside Input Group 7 ,  a l l  o ther  Input Groups remain exact ly  a s  

previously described. 

I f  occurrence modes a r e  input t o  KITT-1 t o  obta in  t h e  p robab i l i ty  of 

t h e  t o p  event occurring, t h e  f a i l e d  p r o b a b i l i t i e s  Q p r in ted  out by KITT-1 

f o r  each minimal s e t  (occurrence mode) a r e  t h e  p r o b a b i l i t i e s  t h a t  t h e  

respect ive  modes w i l l  occur. (1f NOUT = 1, t h e  f a i l e d  p r o b a b i l i t i e s  w i l l  

bc p r in ted  out f o r  two "time points" and w i l l  be equal.  E i the r  value i s  

the  exact  p r o b a b i l i t y . )  I f  nonoccurrence modes a r e  input t o  KITT-1 t o  

obta in  t h e  p robab i l i ty  of t h e  t o p  event occurring,  t h e  functioning pro- 

b a b i l i t i e s  P  pr in ted  out f o r  each minimal. s e t  (nonoccurrence.mode) a r e  

C 3 



t h e  p r o b a b i l i t i e s  t h a t  t h e  r e spec t ive  modes w i l l  not occur,. Again, two 

such p r o b a b i l i t i e s  (equal  i n  va lue )  w i l l  be  p r in ted  out i f  NOUT = 1. From 

t h e s e  f a i l e d  o r  funct ioning p r o b a b i l i t i e s ,  t h e  most important occurrence 

o r  nonoccurrence modes a r e  obtained.  A l l  o ther  minimal s e t  (mode) infor-  

mation w i l l  have no meaning. 

For t h e  system, t h e  f a i l e d  p r o b a b i l i t y  Q p r in ted  out  by KITT-1 i s  t h e  

p r o b a b i l i t y  t h a t  t h e  t o p  event w i l l  occur. Two such values  w i l l  be pr in ted  

o u t ,  and e i t h e r  one (both  being equal )  i s  t h a t  p robab i l i ty .  A l l  o ther  

system information p r i n t e d  out w i l l  have no meaning. 

A s  s t a t e d  previous ly ,  except f o r  I n p i ~ t .  Group 7 ,  a11 o ther  input  t o  

KITT-1 remains t h e  same, wi th  a minimal c u t  s e t  corresponding t o  an occur- 

rence  mode and a minimal pa th  s e t  corresponding t o  a  nonoccurrence mode. 

I f  an  upper bound i s  only des i red  f o r  t h e  p r o b a b i l i t y  of occurrence f o r  

t h e  t o p  event ,  ISTOP (1nput Group 6 )  i s  s e t  equal t o  1. Q of t h e  system 

upper bound information w i l l  then be t h i s  upper bound. I f  t h e  p robab i l i ty  

of ,Lhe t o p  event i s  bracketed,  WIN and QMAX w i l l  then be the . lower  and 

upper bounds fo r t  it. 

. I f  bracket ing  i s  done, IFAG2 should be s e t  equal t o  1, s ince  IFAG2 

does not inf luence  t h e  f a i l e d  p r o b a b i l i t y ,  i e ,  t h e  p robab i l i ty  of t h e  top  

event occurring.  I f  t h e  exact  p r o b a b i l i t y  of t h e  t o p  event occurring i s  

d e s i r e d ,  then NBMAX of Input  Group 9 should be s e t  equal t o  NCUT, t h e  

t o t a l  number of occurrence ( o r  nonoccurrence) modes. If t h i s  i s  done, 

then  QLAST i s  t h e  exact  p robab i l i ty .  A s  recommended before ,  NBMAX should 

b e  s e t  equal  t o  2 i f  occurrence modes a r e  used (IPATH = 1 )  and NCUT > 10.  



APPENDIX F 

SAMPLE FAULT TREE EVALUATION 



\, 

I .  PREP Run For The Sample Tree 

The f a u l t  t r e e  i n  Figure 1 was analyzed using t h e  PREP and KITT 

computer programs. The PREP codes were f i r s t  used t o  obta in  t h e  minimal 

cu t  s e t s  of t h e  t r e e ,  and t h e  KITT codes were then used t o  obta in  t h e  

a s soc ia ted  p r o b a b i l i t y  c h a r a c t e r i s t i c s .  

A l i s t i n g  of inpu t  cards f o r  PREP a r e  shown .on pages F3 and ~ 4 .  - The 

f i r s t  of  these  decks i s  t h e  input  used t o  obta in  t h e  minimal cut s e t s  from 

de te rmin i s t i c  t e s t i n g  (COMBO) .  The second deck contains t h e  necessary 

modificat ions t o  ob ta in  minimal cut  s e t s  using Monte Carlo simulat ion 

(FATE). In us ing t h e  de te rmin i s t i c  t e s t i n g  algori thm, M I N  was s e t  t o  1 . 

and MAX t o  10.  ~ i n c k  t h e  output was t o  be punched f o r  use by KITT, I D M ~  

= 1. Pages F5 through F12 a r e  t h e  r e s u l t i n g  dut-put from t h e  PREP codes. 

The Monte Carlo run was made using 1000 t r i a l s  (NTR = i 0 0 0 )  and t h e  mixing 

parameter switch IREN s e t  t o  1 ( ~ n i f o r m ' m i x i n ~ )  . -pages F10 through F12 

show those  por t ions  of t h e  output from PREP, obtained with Monte Carlo 

s imula t ion ,  which d i f f e r  from those obtained using de te rmin i s t i c  t e s t i n g .  

A l l  o t h e r  output  was i d e n t i c a l  t o  t h a t  obtained using COMBO. 



TEN COMPONENT SAMPLE PROBLEM 

DATA 

2  1 

0 

E N 0  

TREE 

1 UP OR 

G A T E l  OR 

GATE3 OR 

G A T E 1 3  OR 

GATE2 OR 

G A T E 1 4  OR 

G A T E 1 5  AN0 

GATE8 AN0 

2  0 G A T E l  

2  0 GATE2 

2 0 GATE7 

2  0 G A T E 1 4  

3 0 GATE4 

3 0 G A T E 1 6  

2  0 G A T E 1 9  

2  0 GATE9 

G A T E 1 3  

GATE3 

G A T E 8  

G A T E 1 5  

GATES GATE6 

G A T E 1 7  C A T F I R  

GATE2 

G A T E 1 0  

GA~EIO OR Z O G A T E l l  G A T E 1 2  

GATE7 AN0 1 2 G A T E 2 0  COMPI  COUP2 

GATE4 AN0 O Z C O M P I  COMPZ 

AN0 

AN0 

AN0 

AND 

AND 

OR 

OR 

OR 

COUP3 

CUMP3 

COMPS 

COUP6 

COMP6 

COMP8 

COMPlO 

COUP8 COUP9 

, l i A T t l 2  ANU 0 3 COUP4 CUUPS COMP6 

END 

RATES 

COMPI 2.6 100.0 COMPZ 2.6 100.0 

COMP3 2.6 ,100.0 COMPI  -35.0 100.0 

CORPS 35.0 100.0 COUP6 35.0 100.0 

C O M P i  5.0 100.0 COUP8 5.0 100.0 

CUMPI) - 8.0 100.0 COMPIO 8.0 100.0 

E N 0  



T E N  COMPONENT SAMPLE PROBLEM 

DATA 

2 1 0  0  0  

1 1 0 0  1 0 0 0  1 

END , 

TREE 

TOP UR 2  0  G A T E 1  G A T E 1 3  

G A T E 1  OR Z  0 G A T E 2  G A T E 3  

G A T E 3  OR 2  0 G A T E 7  G A T E 8  

G A T E 1 3  OR Z  0  G A T E 1 4  G A T E 1 5  

G A T E 2  

GATE 14 

G A T E 1 5  

G A T E 8  

G A T E 1 0  

GATE7 

G A T E 4  

G A T E 5  

G A T E 6  

G A T E 1 6  

G A T E 1 1  

GATE 1 8  

G A T E 1 9  

G A T E 2 0  

G A T E 9  

G A T E 1 1  

G A T E 1 2  

OR 3 O G A T E 4  

OR 3 0  G A T E 1 6  

A N 0  2  0 . ~ ~ 1 ~ 1 9  

AND 2  0 GATEQ 

OR Z O G A T E l l  

AND I 2  G A T E 2 0  

A N 0  0 2  C O M P l  

A N 0  0 2  C O M P I  

A N 0  0 2  COMPZ 

A N 0  0 2 COUP4 

A N 0  0 2  COMP4 

A N 0  0 2 COMP5 

OR 0 2 COWP7 

OR 0  2  COMP9 

OR 0 3 COMP7 

A N 0  0 3  C O M P l  

A N 0  0  3  COMP4 

COMPB 

COMPIO 

c o n p a  C O M P ~  

COMPZ COMP3 

CUMP5 COUP6 

E N 0  

R A T E S  

C O ~ P ~  2.6 100.0 COWPZ 2.6 100.0 

C O M P ~  2.6 100.0 C O M P ~  35.0 10n.n 

COMP5 35.0 100.0 CUMP6 35.0 100.0 



******ft**#**n~#**********************************i*************************************************************************** 
* T R E B l L  F A U L T  TREE B U I L D I N G  PROGRAM 
t*~+~tw******u++*+ttt**~tt***t*+t**+**+t**+***t++**+++~**++*~++*******+*+*******ttt****+*+***r**********t**t~t***t**t**t~****~t 

T E N  COMPONENT SAMPLE PROBLEM 

NUMBER OF GATESING------------------- 

c o n e 0  STARTING VALUE~MIN----------------- 

COMBO ENDING VALUE ,MAX--------------- 

CUT SET - P A T H  SET SYITCHIIOEX~---------- 

P R I N T  - PUNCH SWITCH. I OEX2------------. 

MONTE C A R L 0  STARTERIMCS-----------7- 

NO. OF RANDOM NUMBERS TO REJECTINREJEC--- 

NO. OF MONTE C A R L 0  T R I A L S .  NTR---------- 

M I X 1  NG PARAMETER SWITCH1 IREN---------- 0 

MONTE C A R L 0  M I X I N G  P A R A H E T E R I T A A - - - - - A  

* * * * * * * * * * * * * * # * * * * * * * * O * * * L L . t * * * * * * * * * * * ~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * b * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

* T R E B I L  F A U L T  TREE B U I L D I N G  PROGRAM 

TEN COMPONENT SAMPLE PROBLEM 

NAME 
TOP 
G A T E 1  
GATE3 
GATE 1 3  
G A T E 2  
G A T E 1 4  
G A T E 1 5  
GATEB 
GATE 1 0  
G A T E 7  
G A T E 4  
GATE 5 
G A T E 6  
GATE 1 6  
GATE 1 7  
G A T E 1 8  
GATE 19 
G A T E 2 0  
G A T E 9  
GATE 1 I 
GATE 1 2  
E N 0  

TYPE INPUTS--- 
OR 2 0 GATE1 
OR 2 0 GATE2 
OR 2 0 GATE7 
OR 2 0 GATE14 
OR 3 0 GATE4 
OR 3 0 GATE16 
AN0 2 0 G A T E 1 9  
AN0 2 0 G A T E 9  
OR 2 0 GATE11 
AN0 I 2 G A T E 2 0  
AND o z c o n p i  
AND o 2 c u m p i  
AN0 0 2 COMPZ 
AN0 0 2 COMP4 , A N 0  0 .2  ,COMP4 
AND o z c o n p s  
OR 0 Z COMP7 
OR 0 2 COMP9 
OR 0 3 COUP7 
AND o 3 c o n p i  
A N 0  0 3 COMP4 

0 0 



*~+$~***C.***+****U************b*********O*1********+***b******+**********************************  

* T R E B I L  F A U L T  TREE B U I L D I N G  PROGRAM 
******************++**************************************.*rl*****.*******************b*****b************************************* 

TEN COMPONENT SAMPLE PPOBLEM 

T H l S  I S  THE SLBROUTINE GENERATED B Y  T R E B l L  
SUBROUTINE TREE 
L O G I C A L  T O P ~ M 2 O O C ) ~ X l 2 0 0 0 )  

A( 2 1  = X I  4l.AND.XI 5l .LNO.XI 6 1  
A l  3 1  = X I  7l.OR.XI 8I.OR.Xl 9 1  
A1 4 1  = X I  9l .OR.XI 1 0 1  
A1 5 1  = X I  7l.OR.Xl 8 1  
A1 6 1  = X I  2l .ANO.Xl 3 1  
A l  7 1  = X I  1I .AND.XI 3 1  
A1 8 l = X l  1I.AND.XI 2 1  
A l  9 1  = X I  5 l .AND.X l  6 1  
A1 1 0 1  = X I  4 I .ANJ.XI  6 1  
A1 1 1 1  = X I  41.ANO.Xl 5 1  
A1 1 2 1  = A1 4 1  

.AND.XI 4I.ANO.LI 5 1  
A1 1 3 1  = A1 2 l .OR.A l  I 1  
A1  1 4 1  = A1 3l .ANO.Al 1 3 1  
A1 1 5 )  = A1 8 I .JR.AI  7l .OR.Al 6 1  
A1 1 6 1  = A1 1 l I . O R . A I  10I.OR.AI 9 1  
A l  1 7 1  = A l  121.3R.AI 1 4 1  

, A t  1 8 1  = A I  16l .JR.Al 1 7 1  
A1 1 9 1  = A l  51.PNO.Al 1 6 1  
A l  2 0 1  = A 1  151.3R.Al 1-31 
A1 2 1 1  = A1 181.3R.Al 2 0 1  
TOP = A1 2 1 1  
RETURN 
END 

THERE YERE 1 0  C W P O N E Y T S  INOEXEO I N  T H l S  TREE 

* ~ ~ * + ~ + ~ * L ~ + O ~ + ~ ~ * * ~ O ~ O D O ~ * O ~ ~ * * ~ ~ ~ ~ ~ ~ * * ~ * * * * ~ L * ~ * * * * * * ~ ~ O * * * * * ~ ~ * * * C * I * * * * * * * * * * L * * ~ * * * * I * * * * * * * * * * * C * * * * L * * L * * * * * * * * * * * * * * * * * *  

* T R E B I L  FAULT TREE B U I L J L N G  PROGRAM 
* t * * + t b t t t t * t t ~ t ~ * * ~ ~ ~ t b f t + + ~ * + * L + + * t ~ 8 # t * * * * t * * ~ * * t t t 8 t , ' t t t * * t t * * 8 * 8 * * * * * * * * * ~ * * L * C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

T E N  COMPONENT SAMPLE PXOBLEM 

COMPONENT INO[CESI NAMES, AN0 F A I L U R E  RATES I P E R  HOURI  - 
TREE I N D E X  

1 
2 
3 
4 
5 
6 
7 
B 
9 

LO 

COMPONENT NAME 
COHP4 
c o n p i  
COUP5 , 
c o n P L  
COMP? 
COMP3 
COMP7 
COMPJ 
COMP? 
COMPLO 

L A M B O A I F A I L U R E  I N T E N S I T Y I H R - I  
3 . 5 0 0 0 0 0 - 0 5  
3 . 5 0 0 0 0 0 - 0 5  
3 . 5 0 0 0 0 0 - 0 5  
2 . 6 0 0 0 0 0 - 0 6  
2 . 6 0 0 0 0 0 - 0 6  
2 . 6 0 0 0 0 0 - 0 6  
5 . 0 0 0 0 0 0 - 0 6  
5 . 0 0 0 0 0 0 - 0 6  
8 . 0 0 0 0 0 0 - 0 6  
8 .000000-06  

TAU 
100.000 
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  
1 0 0 . 0 0 0  



**m=**********+* .n*t+*******++-+**+**++*****+***+*** t************ t ******~****++*t**+++*+*+****+***+*********+**+*******  
* T R E B l L  F A U L T  TREE B U I L D I N G  PPOGRA'M 
L L ~ ~ . ~ * * ~ * * * * ~ ~ ~ * * ~ = * * * * * * * * * * * * * * * + + * * C L + + * * * ~ * * * * L * S * * L ~ * L ~ ~ + * * L * + L * * * * * + * * * L L * ~ * ~ ~ L * ~ L ~ ~ * ~ ~ Z ~ * * ~ * + * * * * * * * * + * * * * * + * * * * * * *  

T E L  COMPONENT SAMPLE, PROBLEM 

GATE NAME INPUTS- 
G A T E 1 2  Am0 COMP4 
GATELI nno C O M P ~  
GATE9 OR COMP7 
G A T E 2 0  OP. COM P 9  
G A T E 1 9  OK COMP7 
~ d ~ ~ l e  AMO COMP5 
G A T E 1 7  A n 0  COMP4 
G A T E 1 6  AMD COMP4 
GATE6 AND COMPZ 
G d T E 5  A n o  COMPI 
GATE+ A H 0  C O M P l  
G d T E 7  A N 0  GATEZO 
G P T E l O  OF. - G A T E 1 1  
GATE8 AN0 GATE9 
G A T E 1 4  OF. GATE16 
GATE2 OP G A T E 4  
GATE3 OF. G A T E 7  
G A T E 1  OF. GATE2 
G A T E 1 5  AMD G A T E 1 9  
G A T E 1 3  OF G A T E 1 4  
TOP 0 9  GATE 1 

COMP5 
COMPZ 
COMP8 
COMPlO 
COMPB 
COMP6 , 
COMP6 
COUP5 
COMP3 
COMP3 
c o n p z  
COUP 1 

~ ~ ~ t l n ~ ~ ~ * ~ + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ u ~ ~ ~ * * ~ m ~ * ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ r ; * ~ o ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ * * ~ ~ ~ ~ ~ ~ t ~ * ~ ~ o * ~ ~ ~ ~ * ~ * * ~ ~ ~ * * ~ * * ~ * * * * * t + ~ * * * * * * * ~ * ~ * * ~ ' t ~ * * * ~ * * ~ *  
TREB1;L F A U L T  TRElE W I L D I N G  PROGRAM* 
* * ~ * t . ~ ~ ~ ~ ~ ~ ~ ~ + u n t ~ n ~ t ~ ~ ~ ~ u ~ ~ ~ ~ ~ ~ t ~ ~ t ~ * ~ ~ a t ~ ~ ~ ~ ~ ~ + + ~ ~ ~ ~ ~ * ~ ~ ~ ~ * ~ ~ t * * * ~ ~ ~ ~ o t * * ~ ~ ~ + ~ ~ * t ~ * ~ ~ * * ~ ~ * # * ~ * * * ~ * * ~ * ~ * * ~ ~ ~ ~ * * * * * *  . . .  -. 

T E N  ,COMPONENT SAMPLE PROBLEM 

TREE I N D E X  
1 
2  

COMPONENT NAME 
conw 
COMP5 
COMPb 
COnP: 
COMP2 
t f l M P 3  

NUMBER OF GATES I N P U T  GATES I N P U T  BY T H I S  COMPONENT 
3 GATE12 G A T E 1 7  G A T E 1 6  
3  GATE12 G A T E 1 8  G A T E 1 6  
3  GATE12 GATE18 G A T E 1 7  
4  G A T E l l  GATE5 GATE4 GATE7 
4  G A T E l l  GATE6 G A T E 4  GATE7 
3  G A T E l l  GATE6 GATES. 



L E V E L  1 8  I S E P T  6 9  I O S 1 3 6 O  - 0 R T R A N  H D A T E  70 .191111 .22 .31  

C O M P I L E R  O P T I O N S  - NAME= M A I N , O P T = O ~ ~ L I N E C N T ~ = ~ ~ ~ S O U R C E ~ E B C O I C ~ N O L I S T ~ N O O E C K ~ L O A O I ~ O W A P ~ N O E D I T ~ N O ~ D ~ N O X R E F  
I S N  0 0 0 2  S U B R O U T I N E  T R E E  
I SN 0 0 0 3  L O G I C A L  T O P ~ S 1 2 0 0 0 1 r X 1 2 0 0 0 1  
I S N  0 0 0 4  . C O M M O N I T R E E S I A ,  XI TOP 
I SN 0 0 0 5  A 1  I 1  = X I  I I .AN0.X I  2 l . A N O . X I  3 1  
I S N  0 0 0 6  A 1  . ? ) = X I  4 l .ANO.Xl  51.ANO.XI 6 1  
I SN 0 0 0 7  A 1  3 1  = X I  7l.OR.Xl 81.0R.X' 9 1  
I SN 0 0 0 8  A t  4 1  = X I  9 l .OR.Xl  1 0 )  
I SN 0 0 0 9  A 1  5 1  = X I  7 l .OR.Xl  8 1  
I S N  0 0 1 0  A 1  6 1  = X I  2I.ANO.XI 31 
I S N  0 0 1 1  A 1  7 1  = X I  1I .ANO.XI 3 1  
I S N  0 0 1 2  A 1  8 1  = X I  1 l .ANO.Xt 2 )  
I S N  0 0 1 3  A 1  9 1  = X I  51.ANO.XI 6 )  
I S N  0 0 1 4  A 1  1 0 1  = X I  41.ANO.Xl 6 )  
I S N  0 0 1 5  A l  1 1 1  = X I  4l.ANO.XI 5 1  
1 S N  0 0 1 6  A 1  1 2 )  = A 1  4 )  

3 .AND.#[ 41.ANO.Xl  5 1  
I S N  0 0 1 7  A 1  1 3 1  = A 1  2l.OR.AI 1 1  
I S N  0 0 1 8  A 1  1 4 1  = A 1  3l .ANO.Al  1 3 1  
I SN 0 0 1 9  A 1  1 5 1  = A 1  B).OR.AI 7l.OR.AI 6 )  
I S N  0 0 2 0  A 1  1 6 1  = A 1  1 l I . O R . A I  1OI.OR.AI 9 1  
I SN 0 0 2 1  A 1  1 7 1  = A 1  12 I .OR.A I  1 4 1  
I S N  0 0 2 2  ' A 1  L B I = A I  16 l .OR.A l  1 7 1  
I S N  0 0 2 3  A 1  1 9 1  = A 1  5l.ANO.AI 1 6 1  

, I S N  0 0 2 4  A (  2 0 1  = A 1  151.OR.Al  1 9 1  
I SN 0 0 2 5  A I  2 1 )  = AI L~I.OR.AI 2 0 1  
1 SN 0 0 2 6  TO? = A 1  2 1 1  
I S N  0 0 2 7  R E T U R N  
I SN 0 0 2 8  E N:3 

* * O P T I O N S  I N  E F F E C T *  09 ,VAHE= M A I N , O P T = O Z , L I N E C N T = 5 8  

* O P T I O N S  I N  E F F E C T *  S L I U R C E t E B C O l C t N O L l S T 1 N O D E C K ~ L O A O ~ O M ~ P ~ N C E O I T t N O l D ~ f 4 O X P P E F  

* S T A T I S T I C S *  . SOURCE STATEMENTS = 2 7  ,PROGRAM S I Z E  = 5 7 2  

* S T A T I S T I C S *  NO D I A G N O S T I C S  G E N E R A T E 0  

****** E N 0  OF C O M P I L A T I O N  ****** 



~ * ~ * O t ~ O ~ 4 ~ O O ~ ~ + ~ O O O O O O O O 4 O ~ O 8 O O ~ O O O ~ * O ~ D O O ~ ~ 5 ~ * O ~ b O O * $ ~ O ~ O b ~ * * ~ O O O ~ O O O O O O ~ 4 * O * O ~ O t b ~ ~ * O ~ * 1 ~ ~ O ~ 6 O ~ * b ~ ~ ~ ~ O ~ ~ O ~ ~ ~ ~ ~ * ~ ~ ~ * ~ ~ O ~ ~ ~ ~ ~ ~ ~  

M I N I M A L  CUT SETS FOUhO BY COMDO FUR TEN COMPONENT SAMPLE PPDRLFM 
~ 8 ~ ~ O + ~ 1 O * ~ O ~ ~ ~ * ~ ~ ~ $ 5 $ O ~ O O ~ O 4 * O 4 ~ O ~ O a O ~ ~ O ~ ~ O ~ O ~ * ~ ~ ~ ~ O ~ ~ b O b O O ~ ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ ~ 5 ~ O ~ O ~ ~ O ~ O O * O - b ~ b ~ b ~ ~ ~ ~ ~ * * * ~ ~ ~ ~ ~ ~ ~ ~ ~ O * ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~  

M I N I  P A L  CUT SET NO. 1 , 
C W P 5  cnr P 4  

U8RRESPONDING GATE F P I L U R E S -  
L 1 5  2 0 2 1  

M I N I M A L  CUT SET NO. 2 
C M P b  COFP4 

CDRRESPONDIYG GATE F P I  LURES- 
7 1 5  2 0  2 1 

MINIMAL CUT SET NO. 3 . 
CDMP6 COPP5 

CJjRRESPONOIVG GATE F I I L U R E S -  
6 15 2 0 2 1  

M I N I H A L  CUT SET NO. 4 
C M P 2  COCPl  

CCtRRESPO!VOIYC GATE F P I L U R E S -  
11 16 18 2 1  

PIN1 MAC CUT SET NO. 5 
C M P 3  COPPI  

CClRRESPONOlYG GATE F P I L U R E S -  
10 1 b 1 8  2 1  

M l N l M A L  CUT SET NO. 6 
C M P 3  COPPZ 

CCrRRESPONDlNG GATE F P I L U R E S -  

3 
1 6  1 8  2 1 



**nt+#***t******t+******************#*******************************=********************************************************** 

* T R E B l L  FAULT TREE B U I L O I N G  PROGRAM ................................................................................................................................ 

TEN COMPONENr SAMPLE PROBLEM 

NUMBER OF GATESING 21 

COMBO STARTING VALUE. HIN--------------; 0 

COMBO ENDING VALUEeMAX------------------ 0 

CUT SET - PATH SET SWITCH,IOEXI-------- 0 

PRINT - PUNCH SY ITCH, IOEYZ------------ o 

MONTE CARL0 STARTERIMCS-:---------------- 1 

NO. OF MONTE CARL0 TRlALS,NTR------------ . . 1000 

MONTE CARL0 M I X I N G  PARAHETERITAA--------- .O 



*eeb*******e****b**+************b***********e*********************e***e*ie******e*ee**ee***e****~ee*e**ee*ee*eeee*.,*e****e*e**eee 
M I N I M A L  SETS FOR TEN CJMPONEI4T SAMPLE PROBLEM 
+ ~ ~ ~ ~ ~ e e ~ ~ ~ + + * e e ~ 1 ~ e ~ * t 2 * e ~ e a ~ ~ * + b ~ ~ * * e * + e e * * * e e e ~ ~ C e * * * Z e ~ ~ e e e * e e e * e * e * e e * e ~ * e e e e e ~ t e * e e # ~ * t C e e e L e * e * * e * e ~ e e e e L * e e e ~ ~ e e * b ~ e ~ e e e  

M I N I  '4AL CUT SET 1 C O M P ~  COMP3 
T H l  5. SET MAS FOUND ON l R I A L  1 
S E T  F A I L U R E  P R O B A B I L I T Y  = 5.12564E.-03 
CORRESPONDING GATE F A I L U R E S -  . 

10 1 6  1s 2 1  ' 

I I I N I H A L  CUT SET 2 COMP4 COMP5 
T H I S  SET MAS FOUND ON T R I A L  2 
SET F A I L U R E  P R O B A B l L  l T Y  = ' 3 . 9 9 5 7 6 E - 0 1  
CORRESPONDING GATE F A 1  LURES- 

B 1 5  2 0  2 1 

M l N I ' 4 A L C U T S E T  3 C O ~ P ?  COMP6 
. T H l i  SET WAS FOUND ON T R I A L  3 
SET = A I L U R E  P R O B A B l L l T Y  = 3 . 9 9 5 7 6 ~ - 0 1  
CORRESPONDING GATE F A I L J R E S -  

7 1 5  2 3 2 1 

I I I N I ! t A L  CUT SET 4 C O M P l  C O ~ P Z  
T H l j  SET MAS F W N O  ON T R I A L  4 
SET = A l L U R E  P R O B A B l L l T Y  = 5 . 1 2 5 6 4 E - 0 3  
CORRESPONDING GATE F A I L U R E S -  

11 1 6  1 0  2 1 

M I N : ! I A L  CUT SET 5 C O ~ P Z  COMP3 
T H I : j  SET MAS FOUNO ON T R I A L  1 2  
S E T  F A I L U R E  P R O B A B I L I T Y  = 5 .12564E-03 
CORRESPONDING GATE F A I L U R E S -  

9 1 6  1 0  ' 2 1  

R I N :  9 A L  CUT SET 6 COMP5 COUP6 
T H I S  SET MAS FOUNO ON T R I A L  . 1 4  
SET F A I L U R E  P R O B A B l L l T Y  = 3 . 9 9 5 7 6 E - 0 1  
CORRESPONDING GATE F A I L U R E S -  

6 1 5  20 2 1 
. . 

***a S U C H . I S  F A T E  ***a* 



*~t* t++~t*** t**~**** t* t~****~*** t t~t* t*+***~*** t* t i i * t **=~*t* t t~**~*; t ** t ********* t ********=********* t ** f ! j *b**********************  
M I N I  HAL SETS FOR T H l  S T ? E E  ............................................................................................................................... 

M I N I  HAL CUT SET 2 COMP4 COHP5 

M I N I  HAL CUT SET 4 C O ~ P I  COMPZ 

M I N I  HAL CUT SET 5 COMPZ COHP3 . . . .  

M I N I M A L  CUT SET 6 CO.YP 5 COMP6 

********** END OF OUTPUT FROM .YI,VSET ********** 



I I. KITT-.I Run For  The Sample. Tree - 

Having obtained t h e  minimal cu t  s e t s  from PREP, t h e  KITT codes were 

then run t o  obta in  t h e  p robab i l i ty  c h a r a c t e r i s t i c s  associa ted  with t h e  

sample f a u l t  t r e e .  KITT-1 was f i r s t  run t o  i l l u s t r a t e  t h e  evaluation of 

a  one phase problem. A l i s t i n g  of t h e  input  cards f o r  t h e  sample run I s  

shown on page F14. The l i s t i n g  dep ic t s  t h e  cor rec t  order and format f o r  

t h e  input .  A l l  t h e  components on t h e  t r e e  were assumed t o  have constant  

r e p a i r  times of 100 hours. The number of components (input ~ r o u ~  31, t h e  

component f a i l u r e  i n t e n s i t i e s  and r e p a i r  times (input Groups 4 and 5 ) ,  and 

t h e  components i n  t h e  minima'l cu t  s e t s  (input Group 1 3 ) ,  were punched out 

by PREP, i n  t h e  proper format, and were merely inse r t ed  i n  t h e  proper lo- 

ca t ions  i n  t h e  KITT-1 input .  Because t h i s  output was used from PREP, t h e  
/ 

component indices  f o r  KITT-1 a r e  those  assigned by PREP and a r e  given i n  

t h e  cross-rqference output of PREP (showing which index i s  assigned t o  

. which component ) . . 
For t h e  sample run,  t h e  p robab i l i ty  c h a r a c t e r i s t i c s  were'obtained a t  

20 time points  equally spaced a t  20 hours, and t h e  exact values of t h e  

system c h a r a c t e r i s t i c s  were obtained. The output from K1TT.-1 f o r  t h e  run 

i s  given' on pages F15 t o  ~ 2 9 .  



SAMPLE PROBLEM FOR CONVERSION CHECKING 
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SET I N F O R H L T l O N  

SET NO. 1 ,  W I T H  COMPUCCNTS - 2 1 

SET NO. ? I  W I T H  COMPflhENTS - 1 1 

SET NO. 3 ,  W I r H  COUFONENTS - 3 Z 

SET NO. 4 ,  U I r H  COMPONENTS - 5 -4 

S E T  NO. 5 ,  u t r ~  COMPONENTS - 6 4 

SET' NO. 61 W I l H  COMPONENTS - h . 5 



COMPONENT AN0 INHIBIT  INFORMATION 

T (HOURS) 

T (HOURS) ' 

0.0 
2.00030000 0 1  
5.00000000 01 
6.00000000 0 1  
8.00000000 0 1  
1.00000000 02 
1.20000000 02  . . . . . . . . - . - 

CHARACTERISTICS FOR COMPONENT NO. = 1 

Q Y L 
0.0 3 ~ 5 0 0 0 0 0 0 0 - 0 5  3 ~ 5 0 0 0 0 0 0 0 - 0 5  
6-99387860-04 3.49755210-05 3.50300000-05 
1.39877570-03 3.49510430-05 3 ~ 5 0 0 0 0 0 0 0 - 0 5  
2.09755210-03 3.49265860-05 3.50000000-05 
2.79571710-03 3.49021500-05 3.50000000-05 
3.49388210-03 3.48777140-05 - 3.50000000-05 
3.49205030-03 3.48777180-05 3.50000000-05 
3.49021860-03 3.48778420-05 3 ~ 5 0 0 0 0 0 0 0 - 0 5  
3.48899930-03 3-48778850-05 3.50000000-05 
3.48839250-03 3.48779060-05 3.50000000-05 
3.48178570-03 3.48779280-05 3.50000000-05 
3.48778810-03 3.48719270-05 3.50000000-05 
3.48779060-03 3.48779270-05 3.50000000-05 
3.48779200-03 3.48179270-05 3.50000000-05 
3.48179240-03 3.48719270-05 3.50000000-05 
3..48779270'-03 3.48779770-05 3~IOOOOOOO-05 
3 . 4 8 ~ 7 9 2 7 ~ - 0 3  ~ 4 8 i 7 9 2 7 0 - n 5  ~ . ~ O O O O O O ~ - D ~  
3.48779270-03 5.48779270-05 3.50000000-05 
3.48779270-03 3.46779270-05 3.50000000-05 
3.48779270-03 3.48779270-05 3 ~ 5 0 0 0 0 0 0 0 - 0 5  

CHARACTERISTICS FOP COMPONENT NO. = 2 

CHARACTERISTICS FOR CnHPONENT NO. = 3 

YSUY 
0.0 
h.99755210-04 
1.39902090-03 
2.00719710-03 
2.-t9008+5n-03 
3.4938R3lD-33 
4.19143RlD-03 
9.aR899430-33 
5.586551s0-03 
b.28410950-03 
6.9Rlbh79n-03 
7.hi9?263n-33 
R.37678490-01 
9.074-4360-03 
9.7719020?-03 
1.04604010-37 
1.1107019n-07 ' 

I. 186457RP-07 
1.?56zi36n-o7 
I. 37596950-07 

YSUY 
0.0 
6.Q9755210-04 
1.30902n90-03 
2.09779710-03 
2 . 7 ~ 6 0 ~ 4 5 n - 0 3  
3.49300?10-0'4 
4 . 1 q i 4 3 ~ 1 n - 0 3  
0.6R89943fl-03 
5.5R655150-03 
5.28110950-03 
h.9R166780-03 
7.h792Zh30-03 

,8.37678490-03 
9.07434100-07 
9.7719020n-03 
l .04h94blD-32, 
l . l l h 7 0 1 9 0 - 0 2  
1.18645790'02 
1.25621360-02 
1.3259695l7-02 

FSUM 
0.0 ' 
6.9915$0hD-04 
1.39907050-03 
2.09779650-03 
7.79608370-03 
3 .~9388210-03  
4.19119230-03 
4.R88014b0-0'1 
5.5R434920-03 
6.7R01Q660-03 
h.9755571D-03 
7.b704309D-03 
8.704RlRhD-03 
9.05R7Z030-03 
9-15213650-03 
I .0445007n-o7 
1.1 1375140-02 
1.1829475P-02 
l .Zs209520-07 
1.32119460-07 

FSUM 
0.0 
6.99755060-04 
1.39902050-03 
2.09779650-03 
2.7960R370-03 
3.49388210-03 
4.19119230-03 
4.8R80146D-01 
5.5843492D-03 
6.28019hbD-03 
6.97555110-03 
7.6704309n-03 
8.3h481860-03 
9.05872030-03 
9.75213650-03 
1.04450670-02 
1.1 1375140-02 
1.18294750-02 
1.25709520-07 
1.3211Q460-02 

FSUM 
0.0 
6.99755060-04 
I .3q90205n-03 
2.0977Ph5D-03 
7. T9608370-03 
3.49388210-03 
4.19119730-03 . --  



C H A R A C T E R I S T I C S  FOR 2ClMf 

0 u 
0.0 2. hOOD300n-Oh 
5.19966200-05 2.5QQRh4RO-Oh 
1.03993240-04 2.509779hD-87h 
1.55986480-04 2.5995944n-06 
2.07976340-04 2.5994593D-06 
7.59966200-04 2.5993241 D-06 
2.59956070-04 Z .5993741Wf l6  
2.59945930-04 Z.59937410-06 
2.59939170-04 2.59917420-05 
2.59935790-04 2.59932420-Oh 
2.59932410-04 2.5903247D-Oh 
2.59932420-04 2.5903242D-Oh 
2.59932420-04 2.50932420-Oh 
2.59932420-04 2.59937420-06 
2 .59932420-04  2.599374?n-Oh 
2 . 5 9 9 3 2 4 2 ~ - 0 4  2 . 5 0 9 3 2 4 2 n - ~ h  
2.59932420-04 2.5993242D-fl0 
2 . 5 9 9 3 2 4 2 ~ - n 4  2 . 5 9 9 . ~ 4 z n - n h  
2.59932420-04 2.59C374LD-06 
2 . 5 ~ 9 3 2 4 2 n - 0 4  2 .59$3242n-cs  

'ONFNT Y O .  = 4 

' " t l E N T  N O .  = 5 

F S U M  
0.0 
5.1998h480-?5 
I . n 3 9 9 4 5 9 ~ - n 4  
1.55987830-24 
7,n?978370-r14 
7.5Q966200-04 
3.1 1951330-04 
3.63933?hn-o4 
4.159134RD-n4 
4.678a051D-04 
5.14864320-04 
5.71836441)-04 
6.238053sn-on 
0.75771560-04 
r .777?sn70-04 
7.7QbQ5880-04 
~ . 3 1 6 5 3 % n - n 4  
R. 8363Q390-04 
Q.35567000-04 
9.87512090-04 



T (HOURS) 
0.0 
2.00000000 0 1  
4 ~ 0 0 0 0 0 0 0 0  0 1  
6.00000000 0 1  
8.00000000 0 1  
1.00000000 02  
1.20000000 02  
1.40000000 02  
1.60000000 02  
1. 8OOOOOOD 02 
2.00000000 0 2  
2.20000000 02  
2.40000000 02  
2.60000000 02  
2.80000000 02 
3 ~ 0 0 0 0 0 0 0 0  02  
3.20000000 02  
3.40000000 02  
3.60000000 02  
3.80000000 02  

'ONENT YO. = 7 

FSUM 
0.0 
5.19986280-05 

USUW FSUM 
0.0 0.0 



CHARACTERISTl.CS FOR COMPONENT YO. = 8 

4. ooooooon 0 1  
6.00000000 0 1 
8.00000000 0 1  
1.00000000 02  
1.20000000 0 2  
1.40000000 0 2  
1.60000000 0 2  
1.80000000 02  
2.00000000 02 
2.20000000 02 
2.40000000 02 
2.60000000 32 
2.80000000 0 2  

CHARACTFRISTICS FOR COMPLINENT NO. = 9 



CHARACTERISTICS FOR COMPONENT YO. = 10 

FSUM ' 

0.0 
1.59987700-04 
?.1994R810-04 
4.79884R20-04 
6.39795240-04 
1.99680090-04 
9.59539350-04 
1.1193730W03 
1.77918110-03 
1.4389h37D-03 
1.59872070-03 . 
1 . 7 s ~ ~ s 2 i n - 0 3  
1.91815800-03 
z .or7838m-03 
~ . 2 3 7 4 9 3 i o - n 3  

. ~ . 3 9 7 1 7 7 3 n - 0 3  
7.55h77600-03 2.71630420-03 

7.R75P56RO-03 
3.03538190-03 



1 

HIN lMhL  SET INFORMATION 

CHARACTFPISTICS FOR SF1 NO. = 1 

0 u L 
0.0 0.0 0.0 
4.89143370-07 4.89225100-08 4.8'3223340-08 
1.95657350-06 9.7777Z.430-08 9.71725310-08 
4.3997250D-06 1.4652C670-07 1.46521310-07 
7.81603430-06 1 .9515?oa~-n7  1 . 9 ~ ~ 5 4 6 0 0 - 0 7  
1.22072120-05 2.43713240-07 2.437213.220-07 
1.2 1944160-05 2.43585320-07 2 - 4 7 5 9 2 8 9 0 - 0 7  
1 . 2 ~ 8 1 6 ~ 6 0 - 0 5  2 . 4 3 4 6 ~ 8 n - 0 7  7.43465550-07 
I .z ~ 7 3 1 1 6 0 - 0 5  2.43377a3n-07 7 . 4 3 3 ~ ~ 7 9 0 - 0 7  
1 .2168882~-05  2 . 4 3 1 3 ~ 5 n - 0 7  2 . 4 3 3 3 ~ 6 1 ~ - 0 7  
1.21646490-05 7.4329W7D-07 2.43295430-07 
1.21646660-05 2.4321%+0-(17 2.4329b600-07 
1.21646830-05 2.43233820-07 Z.43295780-07 
1.2164693~-05 2 . 4 3 2 ~ 3 ? 1 n - n 7  2.43205870-07 
1.21646960-05 2.43733340-07 2.4329f+?00-07 
1.21b46980-05 - 2.432'23360-07 2.4329692D-07 
1 .2~646980-05  2.4329336n-07 2.437q+qz0-07 
1.21646980-05 2 . 4 3 2 9 3 a ~ ~ - 0 7  2.43296920-07 
1.21646980-05 2.43293360-01 7.43296920-07 
1.21646980-05 2.43293360-07 7.43296920-07 

CHARACTER1STI:S FOR SF1 NO. = 2 

0 Y L 
0.3 0.0 0.0 
4 -39143370-07  4.89229.00-08 4.89229340-08 
1.956573511-06 9.77773-no-08 0.7777531n-08 
4.39972500-06 1.46520b70-07 I .4b521310-07 
7.3160343D-06 1.95153180-07 1 .Q515LhOO-07 
1.22072120-05 2.43717:CD-07 2.43720220-07 
1 . 2 1 9 ~ 4 1 6 ~ - 0 5  2.43589-20-07 2.4359:.390-07 
1.21816260-05 2.4346Za;8D-07 7.43465550-07 
1.21731160-05 2.433778:30-07 ' 2.43380790-07 
1.21688820-05 2.433?5b5D-07 7.43338610-07 
1 .21646490-05 2.43213' 7Ll-07 2.43796430-07 

CHARACTERISTICS FOR S E T  rJ0- = 7 

FSUP 
D.0 
4 . ~ ~ ~ 7 9 2 7 n - 3 7  
1 -95623210-36  
4.3997128P-06 
7 -815951  10 -06  
1.22046550-35 
1.707771 5D-05 - . - . - - - . -  - -  



T (HOURS) 
0.0 
2. 00000000 01 
4.00000000~01 
6.00000000 01 
8.00000000 01 

CHARACTERISTICS FOR SFT NO. = 4 

CHARACTERlSrlCS FOP SET NO. = 5 

USUM 
0.0 
7.703hP170-09 
1.06144530-08 
2.43315710-08 
4.3254174P-04 

'h. 7581 3720-OR 
9.46103020-OR 
1.716381Rn-07 
1.48665IRD-07 
?. 75691hSP-07 
2.02717770-07 
2.29743710-01 
2.5h7C96hn-07 
2. ~3795hnn-07 
3.10821540-07 
3.37R4769D-07 
3.64873430-07 
3.91199380-07 
4.1R975170-F7 
4.45qs177n-07 



CHARACTERISTICS FOR SF1 NO. = 6 

T IH I I I JRS I 
0.0 
z.ooooooon n l -  
4.000000011 n l  
6. ooodooon 0 1  
8 . o o n o ~ o ~ n  01 
i.oon3onon 02 
1.200000i)~ 32 
1.40000000 07 
1.60000000 n7 
1.8oooooon 02 
2.00000000 02 
2.2000000n 02 
7.40000000 02 
2.60000000 02 
2.80000000 02 
3.0000OOOO 02 
3.20000000 02 
3.40000000 02 
3.60000000 07 
1.800DOD00 02 

YSU* 
0.0 
7.7036837n-09 
1.0814453D-OR 
2.4331571 n-oe 
c . 3 2 ~ + i w n - o ~  
6 .  75813770-08 
9.4h103DZn-0P 
I.Zlb3RLRD-07 
1.4Rhb5180-07 
1.75h91650-07 
2.0271777n-07 
2.29743710-01 
2.56769660-07 
2.83795600-07 
3.!0R2154D-07 
3.37R47490-07 
3.64R7343n-07 

'3.91~9939n-n7 
4.1R975320-07 
6.45951270-07 



SYSTEM INFOPMATlON-UPPER BOUNDS 

T (HOURS1 
z.coooooooo 0 1  
4. C 00000000 0 1 
6.COOOOOOOO 0 1  
e.cooonooon .OJ 
1.C00000000 02 

- i .20n000000 02 
1.400000000 02 
l . to0000000 02 ., 
1 .F00000000 02 
2.C00000000 02 
2. i0000000n 02 
? .~00000000 02 
2.600000000' 02 
2.EOOOOOOOD 02 
3.C~00000000 02 
3.2'00000000 02 
3 .~0000n000 02 
3.600000000 0 2  
3.E00000000 0 2  

OlFFERENTlAL CHARACTFRISTICS-UPPER BOUNDS 

0 W 
0.0 0.0 
1.475540345-Oh 1.475798350-07 
5.902152600-Oh 2.949541459-07 
1.327211139-05 4.4199501 7D-07 
2.35 7767920-05 5.887029899-07 
~ . 6 ~ 2 ~ 9 3 n o n - o 5  7.35206153n-07 
3.678552480-05 7.34824006n-07 
3.67471397D-05 7.34441 857n-07 
3.6721 600h0-05 7.341874870-07 
3.670889403-05 7.340608953-07 
3.h69h1895n-05 7.339343030-07 
3.669624159-05 7.339348210-07 
3.669629355-05 7.339353380-07 
3.669637310-05 , 7-339356349-07 
1.669h33043-05' 7;339357060-07 
3.669h3777D-05 7-339357790-07 
3.6696337h9-05 7.33935778fl-07 
3.609h3376)-05 7.339357783-07 
3.669633760-05 7.339357780-07 
3. hh9633769-05 7.339357780-07 

INTECSAI. :IlARACTFRISTlCS-LIPPER BOUNDS 



SVSdEM INFORWATICN-BEST BRACKETS 

OlFFERENrIAL CHARACTERISTICS-REST BRACKETS 

T IHOURSl 

0.0 

2.,00030000 0 1  

4.00000000 0 I 

6.00000000 0 1  

8.00000000 0 1  

1. OOOOOOOD 02 

1.20000000 02 

1.40000000 02 

1 ~ 6 0 0 0 0 0 0 0  02 

LMAX 

0.0 

I .4747736o-n7 

2.94545390-07 

4.4107R42D-07 

5.~7079700-07 

7 . i k 7 7 1 6 n - 0 7  

7.32297650-07 

7.31918130-07 

1.31665510-07 

7 .1 iqw7qn-07 

7.3141 4O7D-01 

7.31414SPO-OT 

7.3141 5090-07 

7.3141 5790-07 

7.3141 546W.07 

7.~141557n-07 

7.31415570-07 

7.3141557n-07 

7.1141 5530-07 

7.31415530-07 



F A I L U R E  R A T E  C O N T P I R U T I O Y S  



DIFFERENTIAL CHARACTERISTICS-LLST BRACKETS 

. T (HOURS) 

0.0 

QLAST 

0.0 

I. 47485660-06 

5.89668820-06 

1.32537040-05 

2.35341420-05 

3.67390419-05 

3.67007690-05 

3.66625170-05 

3.66370660-05 

YZMAX-LAST 

0.0 

5.13476000-11 

7.0525671D-10 

4. b125595D-10 

8.18878170-10 

1.27810180-09 

1.27676490-09 

1.27542870-09 

I. 2 7 4 5 3 ~ ~ n - 0 9  



INTEGRAL CHIRACTERISTICS-BEST RRbCKETS 

*****CONCLUSION OF OUTPUT FROM K I T T - l * * * * *  



111. KITT-2  Run For The Sample Tree 

To i l l u s t r a t e  t h e  evaluat ion  of a  multiphase problem, KITT-2 was then 

run t o  determine t h e  p r o b a b i l i t y  c h a r a c t e r i s t i c s  of t h e  same f a u l t . t r e e .  

' Pages F31 and F32 show a l i s t i n g  of t h e  input  cards t o  KITT-2 f o r  t h i s  

mult iphase run. The minimal cu t  s e t s  output by PREP were again used; t h e  

cards  containi'ng t h e  components i n  t h e  minimal cu t  s e t s  (input Group 20) 

were t h o s e  punched out  by PREP and weremerely  i n s e r t e d  i n  t h e  proper 

p lace  f o r  the  KITT-2 run. The component f a i l u r e  i n t e n s i t i e s  and r e p a i r  

t imes punched out  by PRFP could not be used f o r  a  multiphase run. The 

component ind ices  a r e  again those  assigned by PREP and given i n  i t s  cross-  
. . 

r e f e r e n c e  output .  . 

For t h e  mult iphase run ,  Components 3 and 6 had two phases with t h e  

f i r s t  phase ending a t  200 hours. In  t h e  f i r s t  phase t h e  two components 

were nonrepai rable ,  while i n  t h e  second phase they had constant  r e p a i r  

t imes of 100 hours.  The remaining  component^ ware one-phase and had 

constant  r e p a i r  t i m e s  of ,100 hours. The same cornponcnt f a i l u r e  i n t & ~ ~ s i t i e s  

were used a s  f o r  t h e  KITT-1 sample run.  Since Components 7 , .  8', 9 ,  and 10 

were not  i n  a  minimal cu t  s e t ,  input  da ta  were not  necessary for  them. 

A s  f o r  t h e  KITT-1 sample run,  t h e  p r o b a b i l i t y  c h a r a c t e r i s t i c s  were 

obta ined a t  20 time po in t s  equal ly  spaced at. 20 hours. The exact values 

f o r  t h e  system c h a r a c t e r i s t i c s  were again obtained. Pages F33 t o  ~ 4 8  

give  t h e  output from KITT-2 f o r  t h i s  sample multiphase run.  



6 

1 

soy. 

0 

2.60-06 

0.0 

2 

500. 

0 

2.60-06 

0.0 

3 

200. 

. 0 

-2.6b,06 

0.0 

4 





* * + ~ + * + * + * + + t + + r * + + t i * * * * i * * * ? * * * * * ~ * * z ~ * * * * * t t * * * t ~ * * * t ~ ~ * * * * - * * * * * * * * * ~ * * + * * * * * * * * ~ * * * * * * ~ ~ * ~ * ~ * ~ * * ~ * ~ * t * * * * * * * * * * * * * t * * * * * * * * * *  
PROBLEM T I T L E  FOR T.HIS A N A L Y S I S  BY K 1 l T - 2 .  SAMPLE P R O ~ L E M  FOR CONVERSION CHECKING I 

*********************rl+********************=***********a*:**************************************=********************************** 

NO. OF COMPONEN~: h 0  INHIBIT C O N D I T I O N S  IflCOMPl = ' 6 

NO. O F  T I M E  P O l Y T S  I N - P T )  = 2 0  
P R I N T  OUT M U L T I P L E  I N O U T I  = 1 
M E W  S I Z t  I 0 E L T P . l  2 ~ 0 0 0 0 0 0 0 0 0  01 HOURS 

B R A C K E T  F L A G  lISTOR.1.. IF I S 7 0 P = 2  SYSTEM I N F O R M A T l O N  I S  O B T A I N E D  FROM BRACKETING. I F  I S T O P = l  I T  : S  WOT. 
F O R  T H I S  P R O B L E  I S T O P '  = 2 

NUMBER OF OUTER BRACKETS I N B M A X I  = 6 
F A I L U R E  R A T E  C U 3 R E C T I U N  F L A G  I I F A G Z )  = 2 

I N N E R  3 R A C K E T S  F O R  I F A G Z - 2  
UUTER B R A C K E T  HI. ( M I  NO. OF I N N E R  BRACKETS I N B Z I M I I  

1 6 
. 2  5 

3 4 
4 3 
5 z 
6 1 



COEPDNENT AN3 lN'i l8IT INFORMATION 

................................................................................................................................. 

COMPONENT IYOEX = 1 NO. OF PHASES = 1 

PI-ASE END TlSE PHASE EN0 TIME 
1 5.00000000D 0 2  

!YO TIME 

THERE ARE 1.10 IMPOSE0 BOUNDPRY CONOITIONS'I IBPH..=OI 

FAILURE INTENSITIES ILAM8OAI 4YD REPAID TI4FS ITAUI FO1 THE .NOIVI@UIL P i b S i S  
INtCtT IVE LAMBOA DENOTES NO REPAIR. NEGATIVE TAU OENOrES TAU I S  INVERSE REPAII IYTEqSITYI 

PHPS E LAMBDA TAU THPSE LAMBDA TAU 
1 2~600000000-06 1 ~ 0 0 0 0 3 0 0 0 0  C*Z 

I N I T I A L  FAILED PRO3ABILITY FOR PHASE 1 10001 = 0.0 

T IHOURSI 
0.0 
z.oobuuoo~ 01 
4 ~ 0 0 0 0 0 0 0 0  01 
t. 0000000c 0 1  
e. oooooooo 31 
L.0000COOO 0 2  
L.2000C000 -32 

- 1.40000000 02 
1.600000CO 02 
1.800000C~O 02 
2.0000OOCO 02 
2.200000CO 02 
2.4OC@OOOCO 02 
2.60~00000 02 
2.80C00000 02 
3. COCOOOOO 02 
3.20C00000 02 
3 ~ 4 0 0 0 0 0 0 0  02 
3.60COOOM) 02 
3.8OM)0000 02 

COMPOKEYT RELIABILITY CHARACTEKISTICS 

FSUM 
0.0 
5.19986480-05 
1.03994590-04 
1.55987030-04 
2.07978370-04 
2.59966200-04 
3.11951330-04 
3.63933760-04 
6.15913490-04 
4.67890510-04 
5.19864820-04 
5.71835440-04 
5.23805350-04 
6.75771560-04 
7.27735070-04 
T. 7959588D-04 
3.31b53980-04 
9.8360939D-04 
9.35562 030-04 
9.87512090-04 



PHASE ' 'END TIME 
1 5.000000000 0 2  

PHASE EN0 TlME,S IHOURSI 

PHASE €NO TIME PHAS E EN0 TIPE 

THERE ARE NO IMPOSED ROUNOARV CONOITIONS lI8PHA=31 

FAILURE INTENSITIES ILAMBOA) AND REPAIR TIMES (TAU) F31 
INEGATIVE LAMBDA DENOTES NO REPAIR. NEGATIVE TAU 0ENOTE6 T&U I 

THE INOIVIOUAL P 
S INVERSE REPAII 

PHASE LAMBDA ' TAJ PHASE LAMBDA 
1 2~600000000-06 1 ~ 0 0 0 0 3 0 0 0 0  02 

I N I T I C L  I-AILED PROBA8lLITV FOR PHASE 1 I 0 0 0 1  = 0.0 

COMPONE,qT AELIPBILITV CHARACTERISTICS 

T IHOURSI 
0.0 
2.00000000 0 1  
4 ~ 0 0 0 0 0 0 0 0  0 1  
b. COOOOOOO 0 1  
8 ~ 0 0 0 0 0 0 0 0  0 1  
1 .,oooooooo 02 
1. ~ 0 0 0 0 0 0 0  02 
1 ~ 4 0 0 0 0 0 0 0  02 
1.60000000 02 
1.80000000 02 
2.00000000 02 
2. 2OOOOOOO 02 
2.40000000 02 
2.60000000 02 
2.80000000 02 
3.00000000 02 
3.20000000 02 
3 ~ 4 0 0 0 0 0 0 0  02 
3.60000000 02 
3.80000000 02 



PHASE EN0 TIME PHAj E END TIME P-lASE 
1 2.000000000 02 2 

5.000000000 02 

FAILLIRE INTENSITIES ICAMBObl 4YO REPIIR TIMES (TLUI  FOR THE lNDIVIDUAL PHASES 
(NEGATIVE LAYBUA DENOTES NO REPAIR. NEGATIE TAU OENOTES TAU,IS INVF.RSE REPAIl IYTEI(Sl1YI 

PHAS E L AM8DA T A U  
1 -2~.500000000-06 0.0 

PHI SE LAMBDA TAU 
2 2.60000000D-05 1 ~ 0 0 0 0 0 0 0 3 0  02 

I N I T I A L  FAIL8ED P R O B A ~ I L I T Y  FOR PHASE 1 10001 = 0.0 

COYPOYENT RELIABILITY C"RACTEkIST1CS 

1 l no l~us  I 0 w L 4 s  JM FSUM 
a o 0.0 :.~OOOOOOD-06 ~ . ~ o o o o o o ~ - o 6  0.0 0.0 
2.00000000 01 5.1?986480-05 2.5998645C-06 2.bOOOOOOO-06 5.19986490~35 5.19986480-05 
4.000C0000 01 1.03994590-04 2 .  5?a729b0-06 2.00000003-Oh 1.03994533-34 1.03994590-04 
b COOCilG00 OL 1.55981830-04 i.5?959'Ln-06 2~60000000-06 1.55987831-04 1.55987830-04 
3.00000000 OL 2.0797837D-04 2.599*5930-06 2~b0000000-06 2.07978370-34 2.57918370-04 
1.00000COIl 02 2.5996620304 2.59932410-06 .2.60000003-06 2.59966203-34 2.59966200-04 
1. 20000000 02 3.1195133C.-04 i'.59918e?I-06 2~60000000-06 3.11951330-34 3.31951330-04 
1.4000UOOO 02 3.63933760-04 2.5J9053EO-06 2.b0000000-06 316393375)-04 3.~3833760-04'  
1. b0000000 02 4.159134RC'-04 2.59PqLRtD-0t 2.COOOOOOO-06 4.15913480-04 00  35513480-04 
1 ~ 8 0 0 0 0 0 0 0  02 4.6789051C-04 2.59878350-06 2~60000000-06 4.57890511-34 4.S789051D-04 
2 ~ 0 0 0 0 0 0 0 0  02 5.1986482C-04. 2.59964840-0t 2~60000000-06 5.19864823-04 5.19864820-04 

RIGHT RPUYOAFY VLLUES FOR PHLSE 1 
2. COOOOCOO 02 5.19864820-04 2.59864840-06 2~60300000-06 5.19864823-04 5.19864820-04 

2 ~ 2 0 0 0 0 0 0 0  02 5.73834410-04 2. 5985132CC-06 2.60.300003-06 5.71836443-04 5. I183644D-04 ' 

2.40000000 02 6.2380400D-04 2.5983781C8-06 Z.tO00000D-06 6.2380535i-04 6.23805350-04 
2.60000000 02 6.7571021D-04 2.50@2430C.-OC. 2.t0000000-06 6.75711550-04 6.75771560-04 
2. 30000030 02 7.27733050-01 2.5981079D-06 2.60.30000D-06 7.27735071-04 7. i 7735070-04 
3. COOOOOIU 02 7.7969588W04 2.5979728C~-Ob 2~50000000-€16 7.7969588D-04 7.79695880-04 
3.20000000 02 2.5984795P04 2.59912LCC-06 2. t01300003-06 8.31668850-34 8.3 1653980-04 
3.SOOOOOOO 02 2.5986485D-04 2.53932L4C-06 2.60000000-06 8.E3655341-C.4 8r23609390-04 
3.60000000 02 2.59885130-04 2.5993243C-06 2.60000000-06 913564183G-34 9.35562090-04 

, 3 ~ 8 0 0 0 5 0 0 0  0 2  2.59908780-04 2.5?932420-0t 2~6000000I)-06 9.97628310-34 9.@7F:12090-04 

O b b * b b b b b + ~ I L * * * * * * * O * * O * b * O * * * * O O b * O O O * O O * * * * O b b b * O b O O * O b I C * O O O * O O t 1 O * 1 O * O L t t b b b * b t * * * Z * ~ * b L * * * b C * b t C b b ~ * ~ k t t t * L * t ~ * * b * b b ~ b b * ~ * *  

COMDONINT lNOiX = 6 NO. OF PHASES = 1 



PHASE EN0 TIMES (HOURS1 

PH4SE €NO TIME PHASE EN0 TIME 
1 5 ~ 0 0 0 0 0 0 0 0 0  02 

RHASF. END TIME 

THERE ARE NC IMP3Si3 80UNnPRY CONOITIOVS I16PHA=QI 

FAILIJRE INTENSITIES ILAMBOAI AN0 REPAIR TIMES (TAU1 FOX THE INDlVIOUAL Pi4SES 
(NEGATIVE LAM8OA OENOTES NO REPLIL. NEGATIVE TAU OENOTES Tau I S  INVERSE REPAlX INrENSITVl  

n u ? r s  I . ~ m n .  7 .  # nu" c c  I aumn. 7 . 0 0  

1 3~500000000-05 1 ~ 0 0 0 0 0 0 0 0 0  02 

1MlTIAL FAILEO OROBABILITV FOR PHASE 1 lOOOl = 0.0 

T IbOURSI, 
0.0 
2.00000c~00 01 
4. OOOOOOOO 0 1  
6.00000C~00 0 1  
8.00000000 01 
1.00000000 02 
1.z0000o00 02 
1.40000C~00 02 
1.6o0ooc'oo 02 
1.80000COO 0 2  
2.00000000 02 
2. 2OOOOC~OO 02 
2.40000COO 0 2  
2.60000c 00 02 
2.80000COO 02 
3.00000COO 02 
3. 20000C00 02 
3. QOOOOCOD 02 
3.60000COO 02 
3.80000COO 02 

COMPONENT RELIABILITY CHARbCTERISTICS 

P Y L 
0.0 3.5000000D-05 3~50000000-35 
6.933E7860-04 3.49755210-05 3.50000003-05 
1.39877570-03 3.09510430-05 3~50000000-05 
2.097E5210-03 3.49265860-05 3.50000000-05 
2.79511710-03 3.49321500-05 3.50000000-05 
3.493E8210-03 3.48777140-05 3.50000000-05 
3.492C5030-03 3.48777780-05 3.5000000)-05 
3.49021860-03 3.48778420-05 3~50000000-05 
3.48859930-03 ' 3.98778850-05 3.5 0000000-05 
3.488Z9250-03 3.48179060-05 3~50000000-0  5 
3.58718570-03 3.48779280-05 3.50000OOD-05 
3.48718810-03 3.48779270-05 3.500OODOO-05 
3.48719060-03 3.48779270-05 3.50000000-05 
3.48719200-03 3.49779270-05 3~50000000-05 
3.48719240-03 3.48179270-05 3.50000300-05 
3.48719270-03 3.48779270-05 3.5000000J-05 
3.40719270-03 3.48779270-05 3.50300300-05 
3.+877927D-03 3.48779270-05 3.5000000D-05 
3.48719270-03 3 .  be779270-05 3.5000OOOO-05 
3.48719270-03 3.48779270-05 3~50000000-05 

FSUM 
3 . 3  
6.99755 060-04 
1.39902050-03 
2.3977Pt50-03 
2.79608370-03 
3.49388210-03 +. 191 19230-03 

4. BA801460-03 
5.5R4W920-03 
5.2ROLPbbO-03 
6.97555710-03 
7.67043090-03 
8.364R1860-03 
9.058liO30-03 
3.7521?.650-03 
l . 0 ~ 4 5 0 6 7 0 - 0 2  
1.11375 140-02 
1.18294750-02 
1.2220952D-02 
1.3211F460-02 

*t*************r*****a**a****C***********************************~*****a************************************~********************* 

C'OMPONENT INDEX = 5 NO. OF PHASES = 1 

PHASE EN0 TIMES IHOURSl 

PHASE EN0 TIME ' PHASE END 'TIME 'HAS F. 
1 , 5 ~ 0 0 0 0 0 0 0 0 0  0 2  

END T l Y F  



THERE ARE t4O IMPOSED BOJNCARV COh'OlrlONS ( I B P H b = O I  , 

FAILURE INTENSITIES (LAMBOI I AVO REPAIR TlPES I T A U I  FOI  THE ILO lV lOUAL PiLSES . . 
(NEGATIVE LAMBDA DENOTES NO REPLIR. NEGATIVE TLU.OENOTES T A U  IS INVERSE PEPAII l v r E v s r r v l  

PHI'IE LAMBDA . TPU 
1 

PHASE 
3 ~ 5 0 0 0 0 0 0 0 0 - 0 5  

L A M B O ~  
1 ~ 0 ~ 0 0 0 0 0 0 0  0 2  TAU 

I N I T I A L  F A I L E O ' P R O B A ~ I L I T Y  FOR PHASE 1 IQOOI = 0.0 

T IHOURSI 
0.0 
2.00000000 0 1  
4. o o o s o o o o  0 1  
6.00000000 0 1  
8. oooi>oOOO 01 

F SUM 
3.0 
b. 99755060-04  
1.39Q0205D-03 
2.09779650-03 
Zm7960837D-03 
3.4Q388210-03 
4.19119230-03 
4.88801460-03 
5.58434920-03 
5.29019660-03 
6,97555710-03 
7.57043090-03 
3.3648186D-03 9. 3cP7203D-03 

9.75213650-03 
1.04450670-02 
1.1137514r'-02 
1.18294750-02 
1% E520952C-02 
1.32119460-02 

COMPGKENT IJCEX = 6 NO. OF PHASES = Z 

PHASE EN0 TIME PHASE EYO TIME FHbSE 
1 - z.WoOOOOOo 0 2  2 5.0000000CD 0 2  

EYD TCuE 

THERE ARE NO IMPOSED BOUNOAZY CON0l:lONS I IBPHA=CI  



FAILURE I ~ T E N S I T I E S  ILAMBOA) AN0 REPAIR TIMFS (TAU1 FO3 THE INDIVICUPL FiLSES 
!NEGATIVE LAMBDA OENOTES NO REPAIR. NEGATIVE 7411 DENOTES TAlJ I S  INVFRSF EFPAI3 INTEYSITI I  

pnh;~ LAM8OA TAU 
1 -3~500000000-05 0.0 

I N I T I A L  FAILED P R O ~ A B I L I T Y  FOR PHASE 1 CP00.1 = 0.0 

COMPONENT RELlbB lL lTY CHAPACTERISTICS 

f (HOURS) 
0.0 
2.00000000 0 1  
4. COOOOOOO 01 
6.00000000 0 1  
8 ~ 0 0 0 0 0 0 0 0  0 1  
1.00000000 02 
1.20000000 0 2  
1.40000000 02 
1.60000000 02 - - - - - - - - - . - 
..""""I""" " L  

2.00000000 02 ------------ ----. 
' BOUYOARY VALUES 

3.47558560-05 

L 
3.L0000000-05 
3~50000000-05 
3~50000000-05 
3~50000000-05 
3.50000000-05 
3~50000000-05 
3~50000000-05 
3.50000003-05 
3.50000000-05 
2. ,""""""" ."2 

3.50000000-05 ------------------- 
FOR PHASE I 

3.50000000-05 . 

YSUU 
0.0 
6.99755030-34 
1.39932053-33 
2.091p9655-33 
2.79618383-03 
3.49338230-03 
4.191 L9250-03 
4.8881143)-33 
5.58414953-01 
- . L " " - . " , d  .a 

6.97525741-03 -----------------. 

TAU 
I, nnoooooon .oz 

FSUH 
3.0 
6.39755060-04 
1.39902050-03 
2.39719650-03 
2.79608310-03 
3.49388210-03 
0.19119230-03 
4.8BPO1460-03 
5. ~a0 '4&07n-na  
d . L Y I .  >"""-"> 

6.97555110-03 ------------------ 



M l l l I M A L  SET 1NPI.T 0bTA 

S E T . F L A G  I I P A T H I .  IF IPPTH-1 MINIMCL CUT S E T S  A R ~  IISEO. !F IPATH=Z Y I ~ I M P L  P A T H  S E T S  O P F  USEP. 
FOR T H I S  PROBLEM I P A T H  = 1 

NO. OF SETS ( N C U T I  = 6 

SET I r 4 F O R M T I O N  

SET NO. I t  W I T H  COMFONENTS - 1 3 

SET NO. 2 1  W I T H  COUFERENTS - I 2 

SET NO. 3 ,  WLTH COMFONENTS - 3 

SET NO. 4 9  W I T H  COMFONENTS - , : c  6 

S E T N O .  5 1 W l T H C O U F C N E N T S -  C 5 

SET NU. 6 9  WLTH COMPONENTS - Z 6 . 



MINIMAL SET INFOPMATION 

T IHOURSI 
0.0 
2.0000000D 0 1  
4.00000000 0 1  
6.00000000 0 1  
8.00000000 01 
1.00000000 02 
1.20000000 02 
1 ~ 4 0 0 0 0 0 0 0  02 
1.60000000 02 
1.80000000 02 
2.0000000D 02 
2.20000000 02 
2 ~ 4 0 0 0 0 0 0 0  02 
2.60000000 02 
2.80000000 02 
3.00000000 02 
3.20000000 02 
3 ~ 4 0 0 0 0 0 0 0  02 
3.60000000 02 
3 ~ 8 0 0 0 0 0 0 0  02 

T (HOURS) 

CHARACTERISTICS Foil SET NO. = 1 

Q W 
0.0 0.0 0.0 t 
2.70375390-09 2.70373640-10 2.70373640-10 
1.08147351)-08 5.40712130-10 5.40712139-10 
2.43319930-08 R e  1100669D-10 R.llO06710-10 
4.32545800-08 1.08125730-09 1.08125740-09 
6.75824270-08 1.35147280-09 1.35L47290-0° 
8.10936410-08 l r48653750-09 1.68653770-09 
9.46030990-08 1.62159530-09 1.62159543-09 
1.08112210-07 1.75665470-09 1.75665490-09 
1.21621490-07 1.8917159D-09 1.89171620-09 
1.35129720-07 2.02677010-09 2.02677040-09 
1.48638300-07 2.16182080-00 2.16182120-09 
1.62146880-07 2.29687150-09 2.29687190-09 
1.75654580-07 2043191340-09 2.43191350-09 
1~a89161410-07 2.56694660-09 2.56694711-09 
2.02668230-07 2.70197970-09 2.70198020-09 
6.75429070-08 1.35107770-09 1.35107780-09 
6.75473000-08 1.35112170-09 1.35112170-09 
6.75525701)-08 1.35117430-09 1.35117440-09 
6. K587180-08 1.35123580-09 1.35123590-09 

CHARACTERISTICS FOR SET NO. = 2 

Q W L 
0.0 0.0 0.0 
2.7036485W09 2.70368370-10 2.70368370-10 
1.08145940-08 5.40708610-ID 5.40703620-10 
2.43317820-08 8.11003189-10 8.11003200-LO 
4.32541590-08 1.0812521D-09 1.08125210-09 
6.75824270-08 1.35147280-09 1.35147290-09 
6.7577156D-08 1.351420LO-09 1.35142023-09 
6.75718851)-08 1.35136740-09 1.35136750-00 
6.75683720-08 1.35133230-09 1.35133240-00 
6.75666161)-08. 1.35131480-09 1.35131493-00 
6.75648600-08 1.35129720-09 1.35129730-a9 
6.75648610-08 1.35129720-09 1.35129730-09 
6.75648611)-08 1.35129720-09 1.35129730-09 
6.75648620-08 1.35129720-09 1.35120730-09 
6.75648620-08 1.35129720- 09 1.35129730-09 
6.75648620-08 1.35129720-09 1.35129730-09 
6.75648620-08 1.35129720-09 1.35129730-09 
6.75648620-08 1.35f2972D-09 1.35129731-09 
6.75648620-08 1.35129720-09 1.35129730-09 
6.75648620-08 1.35129720-09 1.35129730-09 

CHARACTERISTICS FOR SET NO. = 3 

id SUP. 
0.0 
2.7037361D-35 
1.08115941-Oe 
2.43317820-0e 
4.32544221-39 
6.75a17241-0e 
9e5961P290-3E 
1.27063153-07 
1.60925650-31 
1.97309361-07 
2.36494220-07 
2078380131-17 
302296706)-07 
3.70254910-31 
4.20243510-07 
4.72932770-07 
5.13463340-07 
5.40485340-37 
So675O83O)-37 
5.94532600-37 

F SUM 
3.3 
2.70368370-09 
l,OP144530-08 
2.43315710-OR 
40 32541240-OR 

~5075R13730-OR 
90 461 03020-08 
1.21t38189-07 
1.49665170-07 
1.75691640-07 
2.02717760-07 
2.29743700-07 
2.56769640-07 
2.83795580-07 
3.10821520-07 
3.37847450-07 
3.64873390-07 
3.91899330-07 
4. 18025260-07 
4. ~ 5 9 5 1 2 0 0 - 0 7  



CHARACTERISTICS FOR 

Q U 
0.0 0.0 
4.89400190-07 4.89357440-08 
1.95691580-06 9.77858820-08 
4.40023760-06 1.46529190-07 
7.81105900-06 1.95165830-07 
1.22072120-05 2.43717240-07 
1.46358550-05 2.67888980-07 
1.70602390-05 2.92063940-07 
1.94837900-05 3.16203330-07 
2.19077900-05 3.40367070-07 
2.43292480-05 3.64513950-07 
2.67515660-05 3.88652300-07 
2.91738880-05 4.12790640-07 
3.15940860-05 4.36907850-07 
3.40121580-05 4.61003920-07 
3.64302300-05 4.85099990-07 
1.21116040-05 2.42764880-07 
i . 2 1 ~ ~ ~ 7 6 0 - 0 5  2.42871220-07 
1.21350530-05 2.42998550-07 
1.21499380-05 2.43146879-07 

SET NO. = 4 

CHARAClERISTlCS FOR SET NO. = 5 

Q Y L 
0.0 0.0 0.0 
4.89143370-07 4r89229100-OR 4.89229340-08 
1.95657350-06 9.77773400-08 9.77775310-08 
4.39972500-06 1.46520670-07 1.45521310-07 
7.81603430-06 L195L53081-07 1.95154601-07 
1.22072120-05 2.43717240-07 2.43720220-07 
1.21944160-05 2143589920-07 2.43592890-07 
1.21816260-05 2.43462580-07 2.43465550-07 
1.21731160-05 2.43377830-07 2.43380790-07 
1.21688820-05 2.43335650-07 2.43338610-07 
1.21666490-05 2.43293471)-07 2.4 3296433-07 
1.21646660-05 2.43293640-07 2.43296600-07 
1.21646830-05 2143293820-07 2.43296730-07 
1-21  646930-05 2.43293910-07 2.43296870-07 
1.21646960-05 2.4329 3940-07 2.43296900-07 
1.21646980-05 2.43293960-07 2.43296920-07 
1.21646980-05 20 43293960-07 2.43296920-07 
1.21646980-05 2.43293960-07 2.43296920-07 
1.21 646980-05 2.43293960-07 2.43296923-07 
1.21 646980-05 2.43293960-07 2.43296920-07 

F sun 
0.0' 
4.80357560-07 
1.95657420-06 
4.39972550-06 
7.81667650-06 
1.22055080-05 
1.73215640-05 
2a29208700-05 
2.90032960-05 
3.55689240-05 
4.26176220-05 
5.01491280-05. 
5.816334RD-05 
6.56600610-05 
7.56388340-05 
8.50994470-05 
9.23776550-05 
9.72336150-05 
1~0209LA90-04 
1.36c52P9D-04 



CHARACTERIS1 , ICS FOR SET NO,. = 6 

F SUM, 
3.3 
6.89357540-0.7 
1.95657420-06 
4.399725501'06 
7.81667650-06 
1.22055080-05 
1.73215640-05 
2.29208700-05 
2.900329bO-05 
3.55689260-05 
4.26176220-05 
5.016912aO-05 
5,81533490-05 
6.66600610-05 
7.56388340-05 
8.50994470-05 
9.23776560-05 
9.72336150-05 
1.020918SO-04 
1.06952810-04 



SYSTEM IYFORHATI~ON-UPPER BOUNDS 

OIFFEREI4TIAL CHARACT ERISTICS 

0 
0.0 
1 . 4 7 6 0 5 r l ~ o - 0 6  
5.902831560-06 
1.327313700-05 
2.357972930-05 
3.682393000-05 
4.169530E70-05 
4.655316?40-05 
5.142362070-05 
5.62942s190-05 
6.115Y76440-05 

-UPPER BOUNDS 

INTEGRPL CHA4ACTEQ nSTI3S-UPPER SOUNDS 

wsun 
1.47605519)-06 
5.001822WJ-06 
1.327105560-05 
2.3579lML33-05 
3. h818WROD-05 
5.200739333-05 
6.8155Tt740-05 
8.5293 M 9 0 ) - 0 5  
1.033922463-04 
1.2246~553r1-0r  
1.42'0 C547~1-04 
1.6351&80)-05 
1: 8 5 4 9 m z 0 ) - o r  
2.OR445046Q-Or 

, 2.3236 W 0 8 5 - 0 4  
3.51 9 9 ~ 7 2 ~ - o r  
2.6655W430-Or 
Z.R12ZU689)-0~ 
2.9589055 10-04 

FSUY 
1.476056230-06 . 
5.90182693)-06 
1.327166543-05 
2.357907870-35 
3.681843511-05 
5.20073P330-05 
6.816546070-05 
8.52929283D-05 
1.03390731)-04 
1.224590050-34 
1.424976230-34 
1.635067813-04 . 
1.854860070-34 
2.084344000-04 
2.323514710-04 
2.5187932bO-34 
2.665357311-04 
Z.Rl1965990-34 
2.958627650-31 



SYSTEM INFORMATION-BEST BRACKETS 

O I F F E R E N T ~ A L  :HARACTERI STICS-BEST BRICKETS 

QMAX WMlN ' Y M P  X 

0.0 0.0 0.0 

I*47531010-06 1.47502780-07 1.47502780-07 

5.89737220-06 2.94560700-07 2.94560700-07 

1.32547280-05 4.41089540-07 4.41099540-OT 



FAILURE RATE CONTP I8l.lT IONS 

WMAX 

0.0 

1.47502 780-07 

2.94560700-07 

4.41089540-07 

5.87090760-07 

7.. 32650250-07 

7. R0798930-0' 



QL AST 

0.0 

1.47537010-06 

5.89737220-05 

1.32547280-05 

2.35361860-05 

3. 67390410-05 

4.15936190-05 

4.64397330-05 

5.128?4610-05 

5.61423460-05 

6.09911680-05 

6.58459310-05 

7.07007020-05 

7.55512290-05 

8.03975 11 0-05 

& 52437920-05 

3.65060290-35 

3.652730bO-05 

3.65527830-05 

3.65824600-05 

WZMI N-LAST 

0.0 

5.13655600-11 

2.05280130-10 

4. b1291730-10 

8.1894S610-10 

1.27913180-09 

1.44693230-09 

1.51541270-09 

1.78401 980-09 

1.95281220-09 

2.12143300-09 



INTEGRAL CHARACTER I STIC S-BEST BRACKETS 

T IHOURSI 

2.00000000 0 1  

4.00000000 01 

6.00000000 0 1  

e.oooooooo 0 1  

1.00000000 02 

1.20000000 02 

1 ~ 4 0 0 0 0 0 0 0  02 

1.60000000 02 

1.80000000 02 

2.00000000 02 

2.20000000' 02 

2.40000000 02  

2. 60000000 02  

2.80000000 02  

3.00000000 02 

3.20000000 02  

3.40000000 02  

3.60000000 02 

3 ~ 8 0 0 0 0 0 0 0  0 2  

WIN-SUM UMAX-SUM, FMIN-SUM 

1.41502780-06 1.47502780-06 1.5750289C-06 

5.89566260-0b 5.89566260-06 5.8956670t-06 



APPENDIX G 

REQUIRED JOB CONTROL LANGUAGE FOR THE 
EXECUTION OF.PREP AND K I T T  AT THE NRTS 

The use of t h e  PREP and KITT computer codes on t h e  IBM 360/75 computer 

a t  t h e  NRTS requ i res  minimal Job Control hnguage.  I n  order t o  use  PREP 

and/or KITT,.,the user  need only supply a standard NRTS job card ,  one of 

t h e   four^ EXEC cards described'below, and any required input da ta .  . . 

To. run . the  .PREP codes i n  order t o  o b t a i n . t h e  f a u l t t r e e ' s m i n i m a l  c u t  

or path se t s ; the  following EXEC card should be used. 

/ /  EXEC PREP 

I f  t h e  user expects t h e  running. time . w i l l  exceed 5 minutes, t h e  card 

should be coded R S ,  

/ /  EXEC PREP,PTIME=XXX 

where XXX i s  t o  be replaced by t h e  time required  i n  minutes ( l e f t  j u s t i f i e d ) .  
. . 

I f  t h e  KITT-1 program i s  t o  be used t o . o b t a i n  t h e  p r o b a b i l i t y  infor-  

mation from t h e  f a u l t  t r e e  then t h e  following EXEC card should be supplied.  

/ /  EXEC KITTl 

I f  t h e  time required t o  evaluate t h e  f a u l t  t r e e  w i l l  exceed 5 minutes, 
. . 

then t h i s  card should be coded a s  fol lows.  

/ /  EXEC KITTl,KTIME=XXX 

To us.e t h e  KITT-2 program t o  obta in  t h e  p robab i l i ty  c h a r a c t e r i s t i c s  

t h e  EXEC card i s  coded a s  

/ /  EXEC KITT2, KTIME=XXX 

G1 



where KTIME=XXX may be omitted i f  t h e  execution time w i l l  be l e s s  than or 

equal t o  5 minutes. 

I n  add i t ion  t o  t h e  above procedures f o r  t h e  execution of any one of 

t h e  t h r e e  components of t h e  code package a procedure i s  ava i l ab le  which 

allows t h e  automatic sequent ia l  use of PREP followed by KITT-1. That i s ,  

PREP i s  f i r s t  executed t o  obta in  t h e  f a u l t  t ree ' s  minimal cu t  or  path s e t s ,  

and then  these  s e t s  a r e  passed automatical ly t o  KITT-1 which obta ins  t h e  

assoc ia ted  p r o b a b i l i s t i c  information. The use of t h i s  automatic l i n k  pre- 
. , 

cludes t h e  running of severa l  p a ~ h e t e r  runs with KITT-1 ( i e ,  NPROB = 1 . . .  . . .. 

only) .  This &utomatic l i n k '  i s  executed with t h e  following input  deck 

arrangement .. 
/ /  (STANDARD NRTS JOB CARD) 
/ /  EXEC REflWHQ , p l ~ l T ~ = X ~  

/ /  T.SYSIN DD * 
- 

PREP INPUT 

KITT INPUT r\ 
The input  deck f o r  KITT-1 i s  t h e  same a s  t h a t  used when KITT-1 i s  

executed alone except t h a t  t h e  cards which speci fy  t h e  number of components 

(NCOMP) , t h e  f a i l u r e  i n t e n s i t i e s ,  r e p a i r  t imes,  t h e  number of 'minimal cu t  

o r  pa th  s e t s  ( N C U T ) , ' ~ ~ ~  t h e  minimal c u t  or  path s e t s  w i l l  be supplied 

automat ica l ly  by PREP. These cards must be omitted from t h e  deck supplied 

by t h e  user .  




