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I. INTRODUCTION

The TRACE Program is used to determine the probability, and the most
likely sources, of a specific failure of a nonrepairable complex system prior
to a specified time. The systems considered are binary-response structures
that can be represented by a fault tree. A fault tree is a logic diagram, in‘
which an output event (undesired system state or fault) is related by logic,
operations symbols to input events that may be lower-level system states,
component states, command-function faults, or basic component failures. For
this program, the component failures provide the basic input events, which
are assumed to have independent time-to-failure probability distributions.
The gates describe the logical relationships between events and the manner in
which they may combine to produce other events, including the top event or
system failure. )

Because large systems with logically complex structures preclude
analytic solution, computer simulation is used; but, when system failures are
rare, direct simulation becomes impractical. In this situationm, the Monte
Carlo technique of importance sampling is used to reduce the required sample
size and improve efficiency by large multiples.

II. STATEMENT OF PROBLEM

Although the probability of a possible failure mode occurring may be
extremely small, the consequences for a particular system can be catastrophic,
such as the explosion of a missile on its launching pad, the inadvertent fir-
ing of a warhead missile, or loss of power of a nuclear engine during certain
critical states of launch. Therefore, in addition to estimating the proba-
bility of such rare events, the particular component or components must be
identified whose malfunction would be the most probable cause of the events.
Such an analysis of a large and logically complex system is a formidable
analytic task.
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Solution of the above problem requires (1) a means of logically repre-
senting the structure of a system; i.e., how certain malrunctions or failures
may combine to produce the undesired event, and (2) a mathematical technique
to analyze the structure once it is defined. The concept of fault trees,
originated at Bell Telephone Laboratories (Reference 1), provides a solution
to the first requirement by giving an orderly description of the various
combinations of possible occurrences within a system that can result in a
particular undesirable event. Preparation of a fault tree is a detailed,
time-consuming task and is not discussed here. Instead, a technique is
discussed for analyzing a fault tree, estimating the probability of tree fail-
ure, and identifying the most probable causes. A more detailed discussion of

fault trees may be toind in Reference 2.

Simulation affords a good mathematical technique for solving such prob-
lems, but, when the events are rare, the sample sizes required for direct
simulation make this technique impractical. Importance sampling affords a
method for reducing sample size and expediting the simulation. The concept of
using Monte Carlo importance sampling as a variance-reducing technique has been
known for some time (References 3 and 4) but has not been applied to fault-tree
simulation until fairly recently. The technique has been developed by the
Aerospace Division of The Boeing Company (References 5 and 6). This use of
importance sampling involves changing of the given component time-to-failure
distributions so that failures occur before the prescribed end-of-mission time
with a higher probability than for the given distributions, and occur after
the prescribed end of mission time with a correspondingly lower probability.
Weighting factors are computed from the relative distributions and are used
to adjust for this distortion when the probability of fault-tree failure is
estimated.

III.  MATHEMATICAL FORMULATION

Most of this section makes free use of information from References 5
and 6, which discuss the more complex problem of simulating repairable systems.
This section pertains only to nonrepairable systems, but the ideas are very
similar.

A. BASIC FORMULATION

The system is assumed to be composed of independent binary-response
(go, no-go) component faults and is itself a binary-response system. Each
component fails randomly in time according to individual probability distribu-
tions, and all components are "go" (not failed) at time 0. Now let
h

ti = time of failure of the 1t component

and

t = (tl,tz.t3,...).
Then t is a random vector representing one possible history of all components

in the system. If the time-to-failure distribution of the 1‘h coapoonent is
£,(t), the distribution of t, f(t), is given by

f(t) =1 fl(t) Q)
i
since input failures are independent.
Let s(t) be the time to failure of the system corresponding to a
particular t. Then the probability, p, of a system failure prior to the end

of the mission at time T, with all components functioning at time sero, is
given by

p=Pls(®) <T],



which is given by
p=/, £(0) dt, ()
where A is the set of ~1ll vectors t such that s(t) < T.
B. DIRECT SIMULATION

Define the random variable 3(t) by

() = (1) iih&:ise. S
Then, if S is the space of all vectors t, Equation 2 may be rewritten as
p=Jg 8(0) £(r) dt. (4)
In general consider any integral
8 = !S g(x) f(x) dx, (5)

where f(x) is a probability depsity function defined on S, i.e.,
[ £() dx = 1.

Then 6 is known as the expected value or mean value of the function g(x) over
£(x) and may be estimated unbiasedly by

A n
6= L g(xl)/n,
i=1

vhere X0, Xgs eoes x i3 a random sample of size n from f(x).

Hence, 1f t,, L), ..., L are sampled at random from f(t),
Equation 4 shows that an unbiased estimate of p is given by

n
p= I &()/n.
i=1 (.1'

This process is called direct simulation and is time-consuming and inefficient
for rare events. A rough rule of thumb is that, if it is desired to estimate
p within a standard error of 10X of p, sbout 100 occurrences of the event are
required. When p is 10>, this rule calls for a sample size of 10°.

C. IMPORTANCE SAMPLING

Importance sampling is a slight but poverful variation of direct
sampling. Again consider the general integral of Equation 5 and suppose h(x)
is another probability denmsity function defined on S. Then, 6 may be rewrittem

as
0= [g 80 £(x) ax = [ g(x) :(: h(x) dx. ®)

Now, if n random variables xi. xi, cees x"l are sampled from h(x), the param—
eter 6 may be estimated by

n
6=z '(xi) v(xi)ln. (¢))
i=1
where
v = o ®

and is called the weighting function. This weighting function compensates for
the distortion caused by sampling from h(x) instead of f (x) and still provides
an unbiased estimate. By choosing h(x) so as to concentrate the sample

points in the more "important" regions, the standard deviation of p can be
appreciably reduced from that obtained by direct, or crude, simulatioan.



Suppose that a new probability density function f*(t) is defined
on S, and consider Equation 4 rewritten as

f
p = IS 5(£) E_*(_L-’(_zt_-)_ f*(E) dt. 9)

Whenever f*(t) is identical to f(t) except for specific components, the ratio
f(t)/f%(t) is easily computed. For example, suppose the failure distributions
for input components 1 and 2 are changed from £1(t) and fz(t) to f *(t) and
fzﬁ(t). Then '

£A(D) = £ 2 (E,4(0) b,
1 2

£R) £ (0)E,(e)

wit) = D OO - (10)

Consequently, if 51.’ 32‘. e oie p En. are a random sample of vectors from
f%(t), the probability of system failure is estimated by

p= 151 §(e,*) w(e *)/n. (11)

Thus, the problem becomes one of choosing importance functions for
the component failures suitable to emphasize those input failure patterns that
cause system failure prior to the end of the mission at time T.

D. THE POWER RULE

In performing a fault-tree simulation with importance sampling,
it must be kept in mind that one of the prime purposes is to identify those
sets of components most likely to cause systm failure. Any set of compo-
nents vhose failure results in a state that induces system failure is
called a cutset. A m‘nimal cutset is one for which no proper subset is also
8 cutset. For direct Monte Carlo simulations, those cutsets that have the

highest probability are most likely to occur, because the probability that

such a set will occur in a given trial is equal to its true prebability.
While importance sampling increases the number of occurrences of rare eveants
compared with the number expected with direct simulation, care must be exer-
cised not to sacrifice the balance of well-ordered probabilities. In other
words, those cutsets having the highest true probabilities should still have
the highest probabilities of occurring in the simulation.

More precisely, let Pi and l’j be true probabilities for two

specific cutsets, and let Pi* and Pj* be the corresponding distorted proba-
bilities under importance sampling. Then the following four conditions are

necessary:

(1) Pi* > Pi
(2) Pi* > Pj' whenever P1 > Pj
(3) 1’1t = PJ* whenever P:I. - Pj

(4) The sampling scheme is independent of the structure function.

For any series-parallel structure composed of independent non-
repairable components, the probability that system failure will cccur as a

result of the 1"“ minimal cutset is given by

Pi =1 P’-J'
b

where P N is the failure probability for the j"h component of the cutset.

Similarly, if independence between component pairs is maintained under the

distorted sampling scheme,

P*=IN P

1 T
j 3

It follows from Condition 4 that, since the sampling scheme is to be valid for
all cases, it must satisfy the requirements for the following special case.



Consider two sets such that

1 2
and
™ "2
P, = 1 s Pam T P. o
1 j=1 1j 2 j=1 2j
Furthermore, let
P.. = a
13 - b for all j.
2j
Then
n n
Pl a PZ b ~.

For a distorted sampling scheme that changes a to a* and b to b*,

n n

P* = (a%) 1. P,* = (b%) 2

under Condition 3. Thus,

log a* _ log b*
log a log b ’

which i{s true only {f

This implies that

Imposing Conditions 1 and 2 leads to the requirement 0 < r < 1.
Hereafter, any importance density function with the property that

P = P 0<r<l (12)

will be called the power rule. For any other sets i and j where Pi > ’j’

the power rule implies Pi* > P, and Pi. > P Direct simulation corresponds

3 1

to the special case r = 1.
E. THE IMPORTANCE DISTRIBUTION

This program assumes exponential time-to-failure distributions for
the components. Consider a particular component and let X denote the mean
failure rate (failures per unit of time). The probability demsity functionm is

given by

£(t) = A ot t>0, 13)

and the probability of component failure prigr to time T is
i“:

T
P= f Xe.xt

0

el <oy 14)

Using the power rule, let P* = P¥ (for 0 < r < 1) and define the importance
density function by

P*
7 £(®) if0<t<T
fx(t) = Qs)

1-P*
i f(t) if t>T.

The fact that this is a probability demsity function may be verified by

T -«
[ gr(e)de = [ fr(t)de + [ f*(e)de
T

0 0
o ]T £(t)de + !. £(t) dt
Po I-Pr

= P* 4+ (1-P%) = ],



Since the component failures are independent,

f2(r) = 1 £.*(0). (16)
i

The weighting function w(t) is therefore given by

£(t)
w(t) = oy T, (e), (17)
f*(t) g 1
wvhere
P
S5 if 0cecT
fi(t) i
v (t) =7 = (18)
: £,4(e) 1-p,
~ITP? if t>T.

F. ESTIMATION OF SYSTEM FAILURE PROBABILITY UNDER THE PAWER RULE

1f tl'. tz'. S tn* are a random sample of vectors from f*(t),
Equations 11 and 17 show that the system failure probability may be estimated
by
. n
- * *
P Loy ) "'(51 )/n,
i=1
vhere
%) = T *),
'(-(-1 ) ; 'j (t1 )

The following paragraphs, however, show that weights for only those components
in the minimal cutset need be used.

From Equation & we have the desired probability expressed as

p=Jg o) £(0) de, (19)

where t is a vector of component failure times and S is the space of all such
vectors. Now,
js £x(t*) de = 1; (20)

so we may multiply Equation 19 by this integral without changing its value;
i.e.,
p =g 6 £() dt [ £A(e?) de

(21)
- !st 6(r) £(r) f*(t*) dt de*.

Now, let g(t|t*) be an importance density for t that is conditional on the

outcome t*. Then Equation 21 may be written

£(r)
p=J 8 Ao g(t|e*) £2(c*) dr de*; (22)

and the probability estimate is given by

Pp= ;: 6(_:_.') "(Ej-t %) /n, (23)
where
£(0)
v(gj,t %) = m (24)

The conditional distribution g(t|t*) is defined as follows. Select
random tii's from fi*(t) and check the system for failure assuming the ti.'l
are in fact the life lengths of the compounents. 1f the system has not failed,
generate new random variables t, for all the inputs by using the origimal £(t).
If the system has failed, let C be the minimal cutset of components causing
the failure. Then define ti so that ti = tiﬁ for those components in C, and
generate new random variables t, from f 1(t) for those not in C. The importance
density for t, conditional on t* under this definition is

fi*(ti) if 1eC

gt |t .®) = (25)
il £,(t) 1f 1dC,

1



and the weight function becomes

f(t) fi(ti)
U(t,&*) = = [ 5
= gele*) | g, (t [e %)
wvhere
f.(t *)
n f—i*(+;)r for ieC
fi(tl) . i"i i -
ARG
. | i¢C.

The weight function thus equals one for all components not in the minimal cut-
set, and, foc those in the cutset, the ratio is fi(t)/fi*(t). For the ith
component to be in the minimal cutset, ti* must be less than T; so, from

Equation 18, this ratio equals Pi/Pi*. Thus

P

wg,e %) = 1 S, @2n
ieC i
and, from Equation 23,
n Pi
p= L 6(_t_j) n F—*/n
j=1 1eC, 4
(28)
P
i
=L 1 <5=/n,
i ieC‘ Pi*

where k ranges over only those trials resulting in system failure. In other
words, a trial weight consists of the product of component weights for only
those components in the minimal cutset; and f) is obtained as the sum, over
all failed trials, of the trial weights divided by the total number of trials.

The variance of'f; is estimated by

n
]
El (6jvj-p)

“y .=t - -
v(p) =y . (29)

12

G.  CALCULATED PROBABILITY OF SYSTEM FAILURE

Once the minimal cutsets for a specific tree have been identified,
another approximation of system failure probability is available. Let the k
components of the system be denoted by 1, 2, ..., k; and suppose the following
minimal cutsets have been identified: (1,2), (3,4), and (1,3,5). If ¢ repre-
sents the tree status, we can cd2fine the Boolean statement

¢ = 12 + 34 + 135. (30)
The probability of tree failure may be approximated by
P(¢) = P(12) + P(34) + P(135), (31)
since, when the probabilities are small, second- and higher-order terms such
as P(12 and 34) are negligible in comparison with the first-order terms.

Since the component faults are assumed to be independent and have exponential
failure distributions, P(¢) is easily calculated for a nonrepairable systea by

P@)=I n (1l-e

k i.t:(:k

), (32)

where k ranges over all minimal cutsets Ck.

This calculation is provided by the program and should afford
reasonable check on f).

13



Iv. METHOD OF SOLUTION

A. PROGRAM LOGIC
The program uses the following basic logic.
1. A forcing parameter, r, is read in.
The following calculations are performed for each component:

-2, T
i
l’1 1-e

|
=

- - ®
v, ’llpi

2. A trial is initialized.

All components are set to "go;" i.e., not failed (FALSE in
the program). All houses® are checked and the appropriate ones are failed.
The tree status is checked, and, if failed status is indicated, the program
terminater with an error message. If not, the time to failure is randomly
generated from .-mortance distributions for each component; and those times
that are less than T are stored.

%A house identifies a system state normally expected to be in existence
throughout the mission phase being analyzed. Houses slways input to an
AlD gate and are assigned a probability of occurrence of 1.0 when the
branch they are in is to be included in the simulated mission, and are

assigned 0.0 vhen it is desired to delete the particular branch from the
analysis.

14

3. Component failures are simulated.

The smallest t i for all components not already failed is
found, and the corresponding componert is set to fail. The tree status is
checked; if failed, step 4 is performed; if not failed step 3 is repeated.
If all checks for L, < T are completed, a new trial is started at step 2.

4. Minimal cutset is identified.

The procedure used here does not necessarily yield the
smallest minimal cutset, but it does provide a minimal cutset in that no
proper subset of it is a cutset. By starting with the last component failed
and working in the reverse crder from that in which the failures occurred, a
component is set to "go" and the tree is checked. If the tree is still
failed, the last component checked is left at "go" and the ncxt component is
set to "go" and so on. If when checked, the tree is not failed, the last
component set to "go" is reset to failed; and the next component in the
cutset is set to "go." After all failed components have been reset and the
tree status checked in this way, those remaining in a failed status form the
minimal cutset; i.e., if any one of them is now set to "go," the tree is not
failed. If this cutset has already been identifiea, the mumber of times it
has occurred is increased by one; and a new trial is started at step 2. If
this is a new cutset, step 5 is performed.

S. Minimal cutset calculatioms.

For each new minimal cutset, the following statistics are
calculated.

Trial Weight = wtr, = n w_,
i i
jtc1

15



Cutset probability = Pli = 7 Pi'

The status of all gates is checked, and a list of those in a failed status is
printed. If the desired number of trials has been completed, step 6 is per-
formed; if not, a new trial is started at step 2.

6. Final Calculations

Let kj be the number of times the jth minimal cutset occurred
and k = § .'1 be the total number of failures out of n trials. The following

calculations are then performed:

) p-= § kyvtr, /n.

(a-k)p? + I K, (wer,-p)2
L kyluery

@ vp) = et :

(3) pPsf =L Ps,_.
j h

B. GENERATION OF RANDOM-FAILURE TIMES FROM IMPORTANCE
DISTRIBUTION

For a given component, the importance density function f*(t) 1is

defined by Equation 15. From f*(t), the cumulative distributionm, F*(t), 1is
obtained as

16

f%‘— (1-e7%) t<T
PR(t) = (33)
P* + %‘— (n-u-o.“) t>T,

which is shown graphically in Figure 1.
Bl oo i i o I i et M o AR

F(u)

P her - -
e cr - .- -

Figure 1 - F(t) vs t

A uniform random number U is obtained from subroutine RANDU, which uses the
pover residue method, and is tested for being less than P®. If U is > P*, the
failure tize will be greater than T and is mot cilculated. If U < P*, it is
set equal to F*(t); and the equation is solved for t to give

P
t=- lo.. Q- T U)/A.
C. RANDOM INHIBIT GATES
Let q be the probability of failure associated with a random

inhibit gate. To maintain the proper order of probabilities, importance
sampling is alsc used on these. utq‘-q'; then, each time the tree is

17



checked, a uniform random number U is generated for each gate of this type.
1f U < q*, the gate will fail if its imput is failed. If U >q*, the gate
cannot fail. Weignts q/q* are also calculated. For each random inhibit gate
that is failed for a minimal cutset, these weights are included in the trial
weight calculations of step 5.

D. PRIORITY GATES

A priority gate fails only if the inputs to it occur in a particu-
lar order. However, when a cutset has been found and a minimal cutset is being
identified in step 4, the priority is ignored because the inputs originally
failed in the proper order whereas, in selecting a minimal cutset, components
are checked in the reverse order. Unless priority is ignored, these gates
could not be reset to fail; and erroneous cutsets and critical paths would be
obtained. Because the inputs to the gate originally failed in the proper
order and it acts like an AND gate, the reverse-order process yields proper

results by ignoring priority during this tracing step.
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NC = NUBRER OF COMPIWMENTS TRACHONS
NCL = MO, COMPONENTS ¢ 1 LINDER OF ¢ IRST WMOUNE ) TRACOONS
NCFL = MAFR OF COMPONENTS FAILFD IN A TRIAL PRICKR TO T TRACONSR?
NCOBE - TOTAL NUMMER OF COMPONENTS AND MOUSES (NCeNM) TRACONSA
NCUT « NUMRER OF COMPONENTS ¢ MOUSES IN CUTSET TRACOOSY
NCUTL - NCUT =) TRACOOMD
NOUT2 - NCUt e ) TRACOOSM)
NEW = FLAG FOW START ING NEW HAGH THACNHOB?
NEXTC1000) = INDICES OF FATLFD COMBONENTS TRACODS S
NG = NUMHER (W (ATES TRACOOAS
NP - NUMRER OF  MinISE S TRACOHOAS
NME L - NUMRER (¥ ~OWISES SALLE D TRACOOAN
N L) - NMELD ¢ ) TRACOOANTY
NMSETIRONT = NUMHERN COMBIINENTS IN [T MINIMAL CUOTSHETY TRACODOAN
N = NUMAFR (IF HANODOM INMIALT GATH TRACONBY
NSETS = NUMAER (5 DIFFFRENT MINIMAL CUTSETS FOUND TRACOOTN
NSEL = NOMHER (W SYSTEM FATLURES TRACOOT)
NTH = NUMRER O TRTALS VIR CASE THACO0T?2
PLICOD) = BROM OF FAILUKE OF ITH COM ONENT BRINK TO TIME T THACODT7 3
Bl = TrMEORARY CALCULATION (10 @51 TRACONTS
PERCNT ~ PrRCENT SYSTEM FATLUSES Wil 10 NR LESS CUMB, IN MIN, SETTRACONOTS
PLOLDO) = PROIHANMILITY Uk FATLUKE OF INMIAIT GATES TIACOOTH
PROK = PROMARTILITY OF SYSTEM FAILURE ¢t STIMATED FROM WwE [GHTING FUNCTRACNO??
PSS = PRORARILITY OF SYSTEM FATLURE s UINECT CALe = SUM OF PSE (1) THRACOOT7H
PSF(S00) = PROH FAILURE 0OF MINIMAL CITSET HY DIRFCT COMPUTATION TRACONT7Y
PSTAR(1000) = HROW OF FAILUKE Ur 11+ COMP FOR TMBIJRTANCE DIST, TRACOOAD
R = FORCING FARAMETER FOn IMEORTANCE SAMPL ING 1RACOOR)
il = PROAAAILITY OF FAILURS FLAGS FUOR Rele GATES, TRACNOR?
IF RANDON VARIAWLFE 1S THAN PROHARILITYFLAG = oTWUke TRACGOKI
OTHERWISE JFLAG = JFALSE . TR.I00KM
STDERK - STANDARD ERRON 0OF PROM TRACOORS
T = MISSION LENGITM TRACOORG
TEMP | « TEMPORARY STORA( & TRACOOR?
TEMENM « TEMPORARY NAMF STORAGF TRACOORAA
TITLE = TITLF IDENTIFICATION NF CASF TRACOORY
TNEXT(1000) =~ TIMF OF FAILURF OF CIMBONENTS TRACONSO
U = UNIFORM RANDOM NUMRFR QFETWFEN 0 AND | TRACOO9
VAR = VARIANCE OF PROA TRACOOG?
WT(1000) = WFIGHTING FUNCTINON FOR 1TH COMPONENT TRAC009)
WYL = TEMPORARY CALCULATION OF wTk(1) TRACNO9S
WYLI(100) = WFIGHTS FOR HANDOM INHIAIT GATES TRAC009S
WTR(S00) =~ WEIGHTING FUNCTION FOR TwWIAL TRAC0096
TRACOQ097
COSEBIISNINVL ISRV ESI ISR SRRSO ISRERRICENEIINEIBOINCEBUNENOIERERSISSTRACNHOYHM
TRACO0099
COMMDN /MTRFE/Z TITLFI9), COMPNM(1000)s GATENM(2000)s PI(1IN0), TRACO100
] WTI(10)e Re IRTC100)s IXe Keo GTYRE(2000), COMPST(1000), TRACO101
? GATFST(2000), RICH(100) THACNH102
REAL®A TITLE, TEMPNM  COMPNM,GATENM I AST/LAST '/, ENDSAR/ *Ean ¢/  TRACOION
REALSA CHANGE/'CHANGE '/, PRINT/'PUINT 'Y
REAL®S LAMDA(1000)
INTEGER=a FLGATE(S500)
INTEGERSZ NMSFT(S00) MFLAG M/ "N/
INTEGER & 2 GTYVYME, |AST(S00), PG/ P/
LOGICAL®] COMPST ,GATEST ,TOP ;4 |Cw
DIMENS TN PI1000)PSTARI1000) WT(1000) TNEXRT(1000) . MERT(100A),
1 WTYR(S00) XOUNT(S00) #INSET(SCO0,10) ,P5F (500) MSET(10)
OIMENS1ON RSAVE(20) yRacens
™TRACO1))
00000800880 R0SECE20E0000000000000000ERR000000000000 o0t eoeTRACOI 16
TRACO1 1S
DIMENS IONS [MELY FOLLOWING AFSTRICT |ONS : Co11e
MAX OF 1000 COMPONENTS AND HOUSES N TOTAL bacans- it
MAX OF 2000 GATES IN TOTAL v
MAX OF 100 RANDOM [NMINIT GATES v
MAX OF 500 DISTINCT MINJMAL CUTSETS wiLlL RE FOuND TRago 1)
v
0888888080080 000008000000800000C0000000000000000000000000000000%000000
v
9000 FORMAT(* | TRACE == TREE AMALYSIS COOZ. AEROJET-GENERAL CORPORAY |ON,. Y
1 SACRAMENTOD, CALIFORNIA'ZZ) :
9010 PORMAT( 9AM)
9020 FOAMAT( 11, 29X, 9AR ) TRACOI2M
Q025 FORMAT(16, 1X, 19, 1Xs E13e6 ) TRACOI129
9030 POUMAT(ALs Ti, A8y 1Xs F1a0s 1Xe EI3eA ) hacetde
9060 FPORMAT( //28K NUMBRER OF TRIALS = «19/7254 RANDDM MDD, CONSTANY TRACOID)
1 J19/21M MISSION LENGTH = o F13a120) 132
9045 FORMAT(25M NUMBER OF COMPONENTS = o 9/284 NUMBFR OF MOUSES = TRACO133
I «19730M TOTAL NOe COMP, AND WOUSES = siazer) TRACO) 94
9050 FNRMAT(// 28X, 'COMPONENT NAMES AND PROBABILITIFS TIMFS 10 TH THE TRACOIIS
16TH PONER® //) TRACO) 36
Q060 FORMAT( SLI1X, 182X A82X, El3ehSX)) YRACO) MY
Q070 FORMAT( /747X, "HOUSE NAMES AND PROBAAILITY ASSIGNEN' 7)) TRACODI AN
Q0RO FNRMAT( S(1X 182X sAb2XF3e1e5K)) TRACOL IO
Q090 FOUMAT(® [MPUY RESTRICTION VIOLATED, TOTAL MUMAFN OF CRUPONENTS ATRACOL 60
IND HOUSES MUST WOT ¢ ACLEED 1000.°7 IXe17:" HMAVE HEEN 1NOUT, '/ TRacora)
2¢ PROGRAM wiLL LIST FIRSY 1000 THEM CHECR FOR VIOLATION N GATE RETHRACOISG?
ISTRICTIONS®//) ;:::::::
:::: :m""":;:::;:';:;, NUMBER ,18/% FORCING PARAMETER IS *.FR.6) TRazOolas
G115 FORMAT(//3%Ke 00808 FAILFD GATES FOR 1TH MININAL CUTSET sesss'y//s "TRACOIGS
1 CUTSET N0, OF* / * ~0o GATES 'y SOX.'GATF NANFES® /7 ) TRACO107
9120 FORMAT (/16.2X.1642X.181(2XsA8) ZU18Xe18(2XA0) ) ) TRACOI&A
QIS FORMAT (/1A.%8% oo 16:2Xe1A(2XARY /7 (16X, 18(2V,46) ) ) TRACO149
@130 PORMAT(///733%,'0sess MINTMAL CUTSETS WiITH 10 DR LFSS COMPONENTS ¢eTRACOISO
seeesss YRACO1IS)
20 CUTSET CUTSFT PHORASILITY N, OFC/ TRACO1S2

3¢  Saaie 0o OF FAILURE OCCURRENCES® ¢ 38X ¢ *CONPONENTS */ ) TRACO1SS

vV XION3ddY

v

v



Q140 FORMAT ('0%, 14,

1O 2R F1AA SRl IN 102X 0A8) ) TRACH | Sa
QIS0 FONMAT(s/77 v »

SUMMARY DATA FOR CASF NUMRER' (A" sseeert s/ TRACOISS

1Y NUMHER OF TRIALS COMPLETEN st 177 TRACO) S8
2% NUMBER OF SYSTEM FAILURFS 1 TRACCIS?
3 PERCENY OF SYSTEM FAILURE Fre2/ TRACO15M
' NOs ADDITIONAL SYSTEM FAILUMES ='417,' (UVFK 10 COMP, IN MINIMATRACO159
SL UTSET « NOT INCLUDED IN ABIIVE FATLURE COUNY )Y/ TRACOINO
6 N OF DISTINCT MINIMAL CUTSETS =%,17//7) TRACOLG)
Q160 FORMA “(aAXs" ESTIMATES HASED ON [MO ITANCE SAMPL INGY/ TRACO1A2
1Y PROBRABILITY OF SYSTEM FAILURE =9 ,¢ | 146/ TRACO163
2% VARIANCH OF AHOVE FSTIMATE LRI B Y. Y4 TRACO1 64
3 STANDARD ERRNR (IF ESTIMATE LARLE R LY YR TRACOI165
QIT70 FORMAT ('O'aX 'FSTIMATE RASED (IN MINIMAL CUTSETHY » TRACOD I A6
L' PRORARILITY OF YSTHr™ FALLUKE =0k et 27) TRACOI1 A7
QIR0 FORNAT ( s7/0 THY OBSERVED wERCENT (F SYSTEM FATLURES,Y +7,2, IRACO) AR
1Y 1S WITHIN ACCHPTIAHLE LINMITS OF 74% TO 1HeO' ) TWACH 1 AY
190 FORMAT (/77 % ThHr OMSFRVED SERCENT (F SYSTIM FATLURI S4' F 742, TRACOY70
14, IS OUTSIOFr ACCERTAMLL LIMITS tF 745 T (M0 g'/ TRACODI1 7]
2' A Nrw FORCING PARAME TER SHIUL - v F TRIEDG Y/ TRAT 0172
3 A LARGER FORCING PARAMETER wiLL THLD TO 260UCE It PERCHFNTAGr g Y /TRACOY 73
A' A SMALLFR ONF WILL THND THO O INCWREASH 1T1eY ) TRACNH) 74
Q200 FORMAT(///7% TREF FAILS WITH HOUSES A1 ONF /' BRODGRAM wilLL GO T NEXTRACHI 7S
IT PROBLEMY /77 Auxy® TRES FALLED WITH rOLLOWING HOUSESY//) TRECOL1T76
V210 FORMAT(10(3IXAN) ) TRACOV 77
Q220 FORNMAT(//77 KOXW'FALLED GATES'/ 15(2X.AR) ) TRACCI7R >
Q230 FORMAT( 7/7% THE MASIMUM OF S00 DISTINCT MINIMAL CHOTSETS HAS RerN FTRACO179 :
TOUND '/ % PROGHAM Wil GO TO NEXT CASE FOLLOWING S IMMARY ' ) TRACO1 A0 m
Q240 FORMAT(//% INPUT RESTRICTION VIOLATED == PROGRAM wlLL GO TN NEXT PTRACOIAL ;
1ROALEMY ) TRACO1RA2 x
9300 FORMAT (*ONOTEseeeeASTERISKS AFTER CUTSETS NNy IN TAALF RELNOW INDITRACOIASZ > .
1CATE "IN OR MORF BRIODRITY GATFS 1% INCLUDFD IN FAILURE PATH.'// ) TRACO|IAR4
Q310 FORMAT (*+%,12x,0%0 ) TRACO1AS
c THACO) A6
C S8R EIRITIRIIBEIREIFINRRTSCRBNPEUBNTENINBEENIBENOEDN 208803 T RcocusssTRACOIRTY
10 READIS 9010, F&N= &850 ) TI1TL TRACO1AR
WRITE(A,4700) TZACO1R9
NFEw = 0 TRACO190
WRITE (AQ9020) New, TITLF TRACO191
NEw = | TRACN192
C sssess RIS CIISRISSFIPITI SRR ICEHNENENINBTCr IO NSET USROS TRACODI93
c TRACO194
C sssss  INITIALIZF PRORLEM VARIABLFS ®ssas TRACO195
C TRACO196
C S04 086885308303800083C000000,CUSCIT0003300800008000008000CC000O0TRACNH]I9Y
KASF = 0 TRACOI19”
NC = 0 TRACO199
NH = 0 TRaco?0n0
NCOMP = 0 TRAC0201 )
NG = 0 TRACO202
NHEL = 0 TRACN?0)
1FLAL = 0 TRACN2046
% -
READ(5:902%) NTR, IX,T oaceras
IF(IX €N Ix = 13579 TRACO20A
C ssssesesse $00000000000000000000000000080000000000000Y
c INSURE TMAY IXx 1§ 00O
C sessesse sesse 000000000 E00SECE0000000000000000000000000000000000T
IXx s Ix/2 v
1F ( (IR = REIXX) (€0, 0 ) IX & IK ¢ | v
C $00000080000000000000000800000000080000000000000000000000000000000000007
[4
C ®e0ee READ COMPONENT CARDS AND CALCULATE PHO8 OF FAILUAR FOR EACH oo
(4
C 000000500004000008008008000000000800000000
30 READ(S,9030) WFLAG,TEMPNM, TEMD] , TENSD TRACAR)?
1P ( TEMPNM ,EQ, LAST) GO TO SO RLceR) o
NCOMD 5 NCOMP ¢ | TeaCORIY
1P ( NCOMP ,GT, 1000 ) GO YO 30 T8acez20
IF ( WFLAG oE0, W ) GO TO &0 T8acaz2)
NC = NCe) TRaCOR??
COMPNM(NC) = TFMPNM TRacears
LAMDA(NC) = TEMS2 y8acense
PINC) & 1,0 = FEP(~LANDAINC) ® T 710,000A) TRacerzs
Gh TN 30 TRACO2?4
G0 M = NMe) TRACOZ2Y s
COMPNN{ |00 =NM) = TEMPNM TRACO22»
LAMDAL 1IN0 =) = TEMP) TRACO229
Gh YO 3o TRACOZNO
C $000000080000300000008800000808C03000002ATR00000000000000000000000020000TRACORS!
< . TRACO232
(4 PLACF HMOUSFS [N COMPONENT ARRAYS [MeENTATELY TRACO233 -
c POLLNWING THE LAST COMPONENT TRACORIS »
c TRACO23S
C 8000000000980 0008008008000088008008 .o TRACO2YA
80 IF(NM ,FQ. O) GN TO &S yRACO?3Y
ON 60 | & oM TRACO2)3A
TEMPNM = ZOMPNMINCe ) yRACO2YS
COMPNM(NCOT) ® COMPNM(1001=1) TRACO240 .
COMPNM(1001=1) = TEMPNM TRACe2e)
TEMP2 = LAMDAINCS]) TRACORe2
LAMDAINCS]) = LAMDA(100)=1) TRACORSN
60 LAMDA(1001~=1) » Teup2 o
C eoseossese 90000000000500000008000000830008000000000005000000000000TRAL
[ 4
€ %000 WRITE DUY THE COMPONENT INPUT DATA oosse
[ 4
C es000000800cs000000 . L] -
6% WRITE(H.,9000) NTR,IN.T
IF ( NCONP LLE. 1000 ) GN TO &8
WRITE(4,9090) NCONP TRACO2S2
e 10 70 TRACO283
68 URITE(A9008) NCo NMe NCHMS TRACO2SS
7O WRITF (6,9020) NFW,TITLE TRacozss




WRITF(A,90%0)

TRACO254

N2 = 0 TRACO2%?

Th NL = N2 ) TRACO?25A
I8 (NC=N2) 6T, 260 ) GO 1IN 74 TRACO2%9

72 N2 ¢ onC TRACO280
PS WRITHIALQ060) (1y COMPNMIT), LAMODA(!I )y | = NIy N2) TRACO24)
IF G NG qFOe N2) GO TO 7S TRACO?282
WRITHIAL9020) NEw, TITLH TRACO2A1Y
WRITH(A,90%0) TRACO2Aa
G 17y TRACO28%

T4 N2 = N2 e 280 TRACO24/6

(AN R A THACO2A7

B e e e Ll T I kLY.

( scomnw eRLTr OuUT HWOUSE INE T DATA - TWACO2A9
( ececcacs em - - - - R T I Yt b 1))
PS IF 0 N Qe O ) (L | "0 TieaCOo?7)
N2 = 0 TRACNHP2 T2
THONL = N2 e ) TRaCn» 73y
wWR I ta9020) Nt wg ThTee TRACCP? 74
MELTE (070 T1T<ACL2TS
I (Nm=eND) LGl 170 ) GO0 79 TRACN?276
P? M2 = M TeaCO277?
TR wRITE(B4IN0R0) ( 1y COMPNMINC*®T )y LA AINCH+[)y | = NIy NZ) TwaCD27A
IF (NM o 0e N2) v) Tl =0 TVACO279
GTO e 1+ACA2RO »
79 N2 = N2 e A0 TRATN2A)
o G Y 7w TRACO2A2
8 R L R Y T L T Il ]
S CreCn FOWR VIOLATION (0 DIMENSTON ZESTRICTINONS 3289y TRACO2?2Ra
(s ] WEAD GATE INVOUT DATYTA scsse 1FACO2AS
R e L e L L N R L T I L g
HO CALL GAYES (NCIMB, NGy NR1) TRACO2RY
1P INCUME gGT 4 1000 40ike NG oGTe 200 slie HWRT «GTe 100) Gl 1) S00TRACO?AR
I¥ (X2 NF, 0 ) GO T S00 TRACO2ZKY
G N N NIt TRt I NI E IRt IR T IR L 4P BERCI TSRS OI SRR R e TRACNZ29D
€ TRACOD?29)
C HKEAD FORCING PARAMETFR CARDS AND INITIAL)ZE TRACO29?
C VARIARLFS TO START A Nbw CASE. e 1T IS AN TRACO0293
C END CARD GI) TO START A NEw PROSL M TRACN?29a
C TRACO295
R e R e I STRACO296
Cemme e c e e c e cc e cc e s e cc e rmmrc e e ceecceeee=eTRACO2Q7
c THE FOLLOWING FORTRAN STATEMENTS UR TO STATEMENT 9% wERF ADDED DR TRACO29A8
C MODIFLIED RY F oYEE THRAL 0299
C TRacCo3o00
IPRINT = 0O TRACN3O0)
e =0 TRACO3O02
UL KFLAGL = 0 TRACN30)D
1P» = 0 THACOI0
Q0 COANT INUF Teacolons
IF(KFLAC oGTe 0) GO TN 92 TRACO3OH

? -
4
READ (5.9100) TEMONM, W :n::;:.
T
c l"‘(.DN:-::?. g v .l------- sesssssvescasessIBNCODNC
TRACO310
) ARD
: TEST FOM CMANGE OF CONYHOL CARD. v b
TRACO3I 2
MONM T0 ve
: 1F(TE oNEo CHANGE) GO s
c NEW CONTROL CARD OPTION FOLLNWS. TRACO31 &
c
KFLAG = 1
WRITE (6,9020) NEW,.TITLF
WRITE (6,6000) Sl
6000 FORMAT (°OCHANGE OF CONTROL CARD,
READ (5,902%) WNTRGIX,T :uc:::
IF(IX oFNe O) 1K =& 13579 HAC
1xx = Ix/2 Teaco32?
IF(LIX=201XK) oF0e O) X @ X&) :.:::::
WRITE ($:,9080) NTR. 1KY Saaossbe
DO 91  11=1¢NC Saisonse
@1  PUII) * 1.0=EXP(=LAMNAII]1)8T/10,080A) oy o
92  CONTINUE *
1PP = [PBe)
IFCIPP ,GT, 1P) G0 TH WO .
3 R/ = RSAVE((PP) :
en TO 9% :
94  CONTINUE -
IF ( TEMPNM EQ0, ENDPRA ) GO TO 10 :
= c i TRACO3IS
amg MANGE OF CONTROL CARD OPT 10N THACO336
: SAVE FORCING PARAMETERS POR C Sibebhss S
IF(IP JLE. 20) RKAVE(IP) = W ;:::::::
®)  IF(R 80, 0,) 6N 10 90 Hatetoe ‘
KASE = KASE ¢ | FhiNee
IFLIPRINT LEQ. O) a0 YO 96 a9
WRITE(6,9020) NEw, TITLP $hasenes
WRITE(S.9110) KASE, ¥ $00089e2
AR oo TRACO3as
WRITF(6,9118)
6  COmTimWF
S TRacs 308
:nl s 0 TRACO369
VAR = 0,0 TRACOISO
PuUN = 0.0 TRACOIS!
NSFL = O TRACOIS2
wSETS = O TRACO3IS3 ;
00 100 | = 1.%00 ;::::m
NegFEvil) = 0 e
PSFE(I) = 0,0

1AST(I) s O TRACO3S?



nNANANN

ann

nnnnn

ROUNTLL) = 0 TRACOISA
00 Y10 | = 14 TRACOISO
PLTARIL) = P(1) oo n TRACO3AO
WTLL) = (1) 7 PSTAR(L) TRACOJS!

G0Nttt Nttt ettt tettestsieeertetteserietitestestssssssevsasTRACOYSD

08000 INITIALIZE TRIAL VARIAALES =~ START NEw TRIAL eecee

TRACOYO
TRACO 3o
TRACO3eS

............O.....".......‘..O.....‘......O..‘...‘.............'.‘...‘.lco!..

120 IF (KTR ,GE. NTR) GO TO 320 TRACO3SY
RTR = 2TRh « | TRACOIAA
NeFL e o TRACO369
NCFL =0 TRACO370
PS = 1.0 TRACOX7)
TOP = FALSE, TRACONY?
DO 128 (=) NR] TRACO3?3

128 MICHIT) = FALSE,. TRACO374
00 130 | = 1, NCOMP TRACON?S

130 COMPSTII) = FALSE, TRACO376
DO 135 | = 1y NG TRACO3”?Y

135 GATEST(I) =  FALSE, TRACOX78
IF (NW L,EQ. 0) GO TO 150 TRACOL79

- ceccccecccccceeaTRACOIB0

FAIL HOUSES AS REQUIRED TRACO3S)
ceccccccccceaaTRACOISR

NCY1 = NC ¢ | TRACO3AB3

00 140 | = NC1. NCOMP TRACO384

IF (LAMDA(I) +EQs O) GO TO 140 TRACO38S
COMPST(I) = ,TRUE,. TRACO386

NMEL = NMEL e ) TRACO3A?
NEXTINWFL) = | TRACO3AA

CALL TREE( TOP,I1,INM ) TRACO3AS

IF ( +NOT, TOP ) GO TO 140 TRACO0390

IFL INM (EQ. © ) GO TO 137 TRACO0391
COMPST(1) =  FALSE. TRACO39?

NHEL = NMEL - ) TRACO0393

137 IFLAG = | TRACO394
GO TO 297 TRACO039S

140 CONT I NUE TRAC0396
.......‘........‘.....O...0.....O.......0‘.0...l.‘...........‘...O....YHACO]O?
TRACO39A

$0800 IMPORTANCE SAMPLING OF COMPONENT FAILURE TIMES esese TRAC0399
TRAC0400

.........‘..‘..........‘.......‘.....“......‘....“...‘.....‘.."‘.‘.7.‘(0.0l

annNnNn

aAAAAN

NCFL = NMFL
DO 160 I = 1,y NC TRACO403
CALL RANDU(IX.1IY,.U) TRACOAOA

Ix = v TRACO40S

TRACO40?

IF ( U +GT, PSTAR(I) ) GO TO 160 TRACO406
NCFL = NCFL + | TRACO&O7
NEXTINCFL) = | TRACSASS
TNEXTINCFL) 2=ALOG( 10 = wTil) ® U ) 7 LAMDA([)®1Nn,0804 :::2::?:
160 CONT INUE
1F ( NCFL oF04 N™FL ) G0 TN 120 TRACOa1!

..o..oo.o.o--ooo.ooo.-..-oo.c.oooo.-ooo-oooooo..oooto.oooooaoooooooooovﬂhcnbl ?

TRACO413
€ TIMFS ssees TRACHS &
sssss  FAIL COMPONENTS [N OHDER OF FAILURE T1 TRACOA1S
o..loooooo.oooocoooooooooooooc.‘-o.oooo-oo.oo.ooooooooooo.cooooooo.oooot.ACO.l0
- gy TRACO417
DO 180 NCUT = NMFL1, NCFL :::g::::
DO 170 | = NCUT NCFL TRACO0&20
IF ( TNEXT(NCUT) oLE, TNEXT(I) ) GO TP 170 TRACO821
TEMP) = TNEXT(]) TRACO422
TNEXT(1) = TNEXT(NCUT) TRACOA23
TNFXT(NCUT) = TEMP) TRACNA24
ITEM® = NEXT(I) TRACO42%
NEXT(]) = NEXT(NCUT) TRACO426
NEXT(NCUT) = [TEwP
- p s TRACO427
COMPST(NEXTINCUT)) = (TRUF, ::::::;:
NY = NERTI(NCUT) TRACOA 30
COMPSTI(NT) = TRUE, TRACOA3)
CALL TREF( TOP, NEXT(NCUT)s INW ) TRACOA 32
IF ( +NOT. T32 V' GO TO 180 TRACO433
IF § INM oF0, 0 ) GO TN 200 TRACO4 34
COMPSTI(NT) = FPALSE, TRACOHAZS
NCUT = NCUT - ) TRACOA3A
GO T0 t:o TRACOAS?
180 eoa":':':ﬂ TRACOADZA
ssee80sTRACNASZY
‘.....0.‘0.‘..‘..‘.‘.O‘...‘...“l.."'...‘..O‘..“....‘....‘..O i
& - UTSET TRACOAS)
esess THEE 1S FAILFD = LOCATE miINIwAL C TRACOSS2
0000000000000 080080003000800800000888¢8TRACOSAD
..‘.:‘..;‘...0............OO‘O‘ TRACDAAS
-
200 TRACHAAS
:p |'~cuv oMF, | ) GO TO 202 TRACOMSS
=
TRACOAST
-:::,.;“; NERTYINCUT) TRACOASA
L] as9
202 NCUTZ = NCUT ¢ | ;a:::uo
:cu-n: s NCUT - | TRACOAS)
TRACOAS2
MJ':.ulu;l.: "‘"' TRACOASS
7Y
CONMPST( NEXRT(J) ) o JFALSE, :::::::0
NT = NPNTLY) TRACOASH
COMPRTINT) ® FALRF, TRACOLS?

CAMLL TRACE(TOP, NENT(J), L) o .
1" ¢ Y ) GO TO P10 o e
COmPST( NEXRTIJ) ) = TRUR,

v
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ML) = GOUTINJLII=2)e)) TRACO9S9 .
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[4 TRACO®4S
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NIT = GINLIele2) TRAC1047
IF( COMPST(NJT) ) GO YO 400 TRACI04R
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GATEST(J) = FALSE, TRAC1050
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TRACI05A
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TOP =,FALSS. TRAC1063
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TRAC10AS
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GIN (Jelel) = O
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T-aci1120
TRACLI2)
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TRAC1123
TRAC1126
TRACL12S
TRACI1126
~=e==TRACI1127
TRAC1128
TRAC1129
TRAC1130
TRaci113

650 READIS, 900, END=A9S) TYPE, GATE.IPNGNCPIN(DATA(I)sI=1.R)
900 FORMAT( AL, Ti.A6, 311e F7.6, 801X AS))

IFL GATE .NE. PRINT ) GD TO %55

IPRINY =

GO YO &S50
655 IF{ GATE LENe LAST ) GO 7O 750

IFL NG ¢ AC GTe A.) READIS: 901« END= A9S) (DATA(I).129,16)
901 FORMATV(16X B8(IX AS))

IF{ X <E0e 0 ) GO TO 665

TRAC1132
TRAC1133
TRAC113¢
TRAC1135
TRAC11386
TRAC1137
TRACI13A8
TRAC1139
TRAC1 140
TRAC1 14}

CHECK [F GATE NAME MAS WFEN REGISTERED IN GATF
NAME ARRAY, [IF NOo STORE NAMF AND T1YPE.

AANAAN

TRACI162
TRAC11a3
TRACL 180
TRAC11aS
TRAC1146

MO 660 I=].X
IF( GATE EO. GATENM(I)) GO TO 670
660 CONT InvE
oH% K = X ¢ |
IFl K LE. N ) GO TO &6A
<

TRACI167
TRACI14R
TRAC1149
TRACAI SO
TRACI1S)
TRAC1182
TRAC1183

Cevcccccccee

606 WRITE(6, ©08) DATA(JI)e GATF

CERRDR -~ MAXIMUM GATE INPUT FEXCEXDEDseecccssccsccscscsccncceTRACIISA

TRAC115S

904 FORWATI/ * MARINUN GATE INPUT MXCEEDEDe: GATE *AGe ' CANNOT BF ADDETRACIISS

10 TO TARLY 2000+GATE CARD NAVE 1S * AS) TRAC118?

" s X TRACI11SS

Ry = x3 TRAC1189

687 READI( S,900, END=89S ) TYPE, GATF TRACL1AO

IF( GATE LE0. LAST ) GO TO &% TRACI1S)

GO TO oe7 TRACI 162

(4 TRAC1143

[4 TRACI 164

668 GATENP(K) = GATE TRAC116S
i=x

o790 GTVYPE(L) = Tyeg TRACItIAY

[ 2 TRACL1IOR

< TRACI1069

[ 4 CHECK AND STORE ®,.l. GATE [INFORMATINN, TRACE1I70

[4 TRACI1ITY

[< TRACI 7P

TRACIIT7Y
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GINEELN el = ) TRAC1224

GD TO 6RO TRAC122%
GRS GIN(T2.0) = J ::::::::

6D TD &A% b
TRACTI22A
CB7 GIN(TeI2+0) = J e
: TRACI230
CesccsccscscsssSTORE SUASCRIPT OF Gl'luo-ooooooooooooo.ooooovooooooo.o'-;::z:::;
: TRAC1233
SN% DO 690 J3=1.M1 :::::::;
IF(GOUT(2:,03) NE. 0) GN TN a90 hatanss
GOUT(JIeJ3) = 1 oyt

70 700
(X 0] - 7 i NUE TRACI23A
700 c:'.-. TRACI2D9
= ; TRACI260
: TRACI12e)
TRACI1242
PICK UP ALL °FEEDER® GATES AND COMPONENTS AND
: STORE SUASCRIPTS FOR GATE JUST READ N, ‘FEFOER® TRAC1263
< REFEAS TO GATES/COMPONENTS FED 1 NYO A GATE. TRACI 264
[ 4 STORE SUBSCRIPT OF GATE Fim EACH FEEDER GATE AND ;::t::::
TE BEING *FED TD*
c COMVONENT AS A GA . Siectses
s TRACL1248
% 790 IFINC -£0. 0) GO TO 850 '“::l‘.
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1Pl NCONP .GT. M ) NCO = 'm"”
TRAC12S3
JS = NG ¢ NC TRAC128s
OO 760 J1%J48,.J5 ::“.‘::::
00 718 J=l.NCO '.“'..,,
IFEDATA(JIL) »EQ. cCompun(J)) GO TO 720 pe g
718 CONT IWUF 'l.l.“.'."
%2 = K2 + 1} e dee 4
< as =TRACI 261
:oo..o-.-c.onoo!m - COMPCNENT NANE REQUESTED NOT FOUND. oooo-o::::::::
90%) DATA(JL)e GATE

oS m;:; . é”“.' NAME ~'ABs '~ DESIGNATED POR GATE ' AG, TRACI2AS
L ¢ NOT FOUND IN TAMLEcosoe') :::::::
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c TRACI26A
- TRACI 269
: TRACI1270
R CONPONENT % ecscec s TRACIZT)
Cevococsnccccees STNRE SUBSCRIPT OF FEEDE seeccscceseeson - o]
S TRACI273
% 78

720 J2 = J2 ¢ ) TRACI?
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we | Aeu07) Teac1 310
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. ST FNAVAT (/s/6% VN EeeL T ATES AN[ Wi =aRILT Y ASYS) 120724 TieAr )y 1) 2
QN0 “CR' AT | SUIxalGe2XsAne2XoFael o5 X)) ' TwaCy3y 4
_7,) CONT A T“ACY )4
(o s rnmneccr o e cnneneee e ewn e e TwAC) 315
1F( K2 oFN, O GO T 720 TeaC)1314
WRITF(: 4 9C ) 2 T«ACY 7
QA7 FORVAT /7 ¢ NgmaEQ (F CONPONENT rrawi IN 8 i e 1E TeACI3A
Yo (An. IhOE TieaC) 319
W12 FOWMAT( vy TwaC) 320
WHITEH (ng 06 ) Ny N ToacCh) a2
“Nh FORMAT (/7741 0X3 " T ITAL " IMRF K OF an ISt elmy/ 0 i ab e F WALDOM [TR'T)322
INMIHIT GATES 150 5 ) toar3n
) IF L Im e INT oFa, ¢ ) G T ®Qn ‘AT ) 3%a
(e m e m e m e m e e e s m e ————— . e e - e e cm——— mm——-—— (IR
C V.03

2?7 -

14 PRINT TARLE OF GATFS AND THE GATFS aANn CONSNNENTS TRACI I2Y
(4 THAY FEED Twiw TRACI AR
[ 4 T@AC|32e
[ 4 TRACI 33

PRITE (6.6000) Tiv.e maciin
G000 FONPATY (°1°,290K,948 ) TRaCi 332

wRITE( &,.922 ) TRACI 333

922 PORMAT(//7/7/7 ° MOTE.00ecASTERISKS APTER NAMES [N TANLES SFLOW INDITRACI IS
ICATF GATES THAT ARE WOT FED AY ANY GATES NA CONPANENTS, OR'7 10%  TRACIIIS

] 'GATES AND CONPONENTS THAY NO NOT FRED ANY GATES.') TRACI I3

WRITE(S, 908) TRACI33?

S0A FORMAT(// 36X *FED BY THESE GATES': T94.°PRO AY TeESH CONPOMENTS'/TRACI 3IA

] ¢ NO. GATE ) ? ] o L3 [ ] TRACI 33

27 - 1 1 4 3 e ® L3 1 4 TRACH 300

b I LV TRAC) 36

Ling = 13 TRACI 362

00 780 I=1.NG TRAC1 3e3

DO 765 J=i.N2 TRACI 3o

IFIGINIT Jel) oNE. 0) GO TH TAS TRAC ) 34

Ji = Jg=) TRACI 300

GO TH 766 TRAC) 387

765 CONT INUF TRACI 340

J1 = N2 TRACH 3a0

766 IF( LINE LT, 79 ) GO YO 77 TRACL 380

WRITEL &, %02 ) TRACY IS

WRIVE! &0 908 ) TRAC) 382

~ Ling = § TRAC)IIS)

i 767 WRITE(H,910) 1o GATFNM(]) TRACI 3Se

910 FORMAT( /1S, 3X AS) TRAC) 39S
LINE = LINE ¢+ 2 TRACI 3%6 »

IF( GTYPE(L) NE, PG ) G0 YO 748 TRACIISY

IF0 GINGT 1el) oNE. O ) WRITEL %11 ) GATENMIGINIT 1o )) TRACIISA

IFE GINGTo201) oNE, O ) WRITE( 6919 ) GATEMM(ARINII 21 D) TRAC| 389

919 FORNMAT( ‘&' 28K AH) TRACI 340

GO 70 770 TRACI 38

768 IF( J1I .EQ, © ) GO YO 776 TRACI 362

WRITE(H.911) (GATEMR(GIN(ToJsidDodmiedl) TRACI 363

911 PORMAT( *+° 16X ALIX AM)) TRACI 360

7770 J2 = U TRAC 368

00 772 J=i.M2 TRACI 366

IF(GINI(T.Je2) oNEe. © ) GO TH 772 TRACI 387

FIEE ¥ T | TRACI 3&A

G0 YO 77S TRACI 369

772 CONT INuE TRACLI 37O

J1 = N2 TRACI3IT)

77% IF( GYVYPE(L) NF, PG ) GO TO 778 TRACI 372

IF( GINIT1e2) oNEs O ) WRITE( AOIR ) CONPNNIAL TRAC)I?Y

IPC GINITe2:2) oNEs O ) WRITEL 0:000 ) CANPNNIAINITI 2.2)) TRACI 378

920 PORNAT( *+° A3X A8) TRACI37S

GO YO 7RO fRaci137¢

778 1F( J) «EQ, O ) GO YO 779 TRACIDT?
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WRITE(A912) (COMPNMIGINIT«Je2))e J=leJ)) TRACI37A
QIR FORMATL '+ 78 A(LIX AB)) TRACI1379
GO YO "m0 TRACI380
TP IFL J2 «EQs 0 ) WRITE( 8,971 ) STAR TRAC)38)
Q21 FORMATL ‘o' 13x A2) TRAC1382
7RO CONT INUE TRACiIIAD
L ettt L.l 12 B | 1)
C TRACI38S
C PRINT TAALE OF GATES AND ( OMPONENTS AND ThE GATFS TRACI 3R
C THEY FEFD TRACI3IN?
C TRAC)3AR
[ e e L. (4 B L. T]
LINE = AQ TRAC) 390
TEC LINE oLTe &S ) GO TN 7HS TRAC) 391
WRITF (A,6000) TITLF TRAC) 392
LINE = 0 TRAC1 393
ToS WRITEL 6, 913 ) TRAC) 394
QLI FORMAT(s2/77 ) TRACI 395
LINE = LINF ¢ 5 TRAC] 396
790 WRITE( A,914 ) TRAC1397
V1A FORMAT( T24, *+EEDS THESE GATESY, TH3, 'FEEDS THESE GATES' / TRAC1398
1 . Ny GATF 1 2 3 at, 159, TRAC) 399
2 *Nfle  COMBPONENT \ 2 3 ary) TRAC1400
LINF = LINE + 3 TRAC1401
K = NG TRAC1402 >
TFU NCOMP oGTe NG ) K = NCHMP TRAC1403 ‘
~ DO RA0 | = | 4% TRAC1404 ';'
bt IFC 1 4GTe NG ) GO .0 A1O TRAC1405 =]
D0 795 J= 1.N) TRAC1406 x
1F( GOUT(I4J) oNEw O ) GO TO 795 TRACL407 »
J1 = g - TRAC140%
GO TO AOO TRAC1409
79% CONTINUE TRAC1410
J1 = NI TRACIA1)
A0O0 IF( LINE LT, 7¢ ) GN TN BOS TRAC14)2
WRITEL 6, 902 ) TRAC1413
WRITF( A.914 ) TRACI81&
LINF = 3 TRAC1415
A0S IF( U1 +E0e 0 ) GO TO ROG TRAC1416
WRITE( 64915 ) Ts GATENMIT) o (GATENM(GNUT(TeJ))ed=14d1) TRAC1417
V1S FORMAT(/15, 3x A6, 3X 4(1X A6)) TRAC141A
GO TO ARO? TRAC1419
B06 WRITE (64915) 1. GATENM(]) TRAC1420
WRITE( 6,921 ) STAR TRAC142)
ROT IFF = 0 TRAC1622
IFC 1 «GTe NCOMP ) GN Ti) B83% TRAC1423
GO TN A1S TRAC142s
C TRAC1425
Al10 IFF = ) TaaCl1a26
A1S DO 20 J = NI TRACI427
IFL CNUT(LeJ) oNEe O ) GN TH K20 TRAC1428

J = J=) TRAC1429

s TRACI&30

= ;on::s TRACI18D) . mn
S 5?".|~' TRACI432 g
@825 IF( IFF .NE,. O ) GO YO 830 ::::::::

IF( J1 +€0. 0 ) GO TO 828 b e 24

WRITE( 6.,916 ) 1, COMPNM(I): (GATENMICOUT(TJ))eJdmiedl) 4
916 FORMAT( *+* SSX 1S, aX A6, Sx 4(1X AS)) :::::::'

GO TO 835
828 WRITE( 6,916 ) 1o COMPNM{T) ;:::::::

WRITE( 6,921 ) STAR e iane

GO YO 83S
830 IF ( LINE oLT. 79 ) GO TO 832 :::::::;

WRITE( 6,902 ) et

WRITE( 6,914 ) ’

LINE = 3 o
832 IF( J1 +.E0. 0 ) GO YO .

WRITE( 6917 ) 1o COMPNM(T), (GATENMICOUT (T eJd)deJdmloedl)
Q17 FORMAT (/56X 15, 4X Ab6e SX 4(1X AS))

GO TO 835

834 WRITE( 6,917 ) 1, COMPNM(T) L ]

WRITE( 6.921 ) STAR ::::::::
o 835 LINE = LINE ¢ 2 oo
B840 CONT INUE b 14
890 RETURN b
c -

c--.-..---.--...---...--.----..-.-'.-.‘-. sSsssss SEESS  §

CeocsscscscccsesERROR ~ PREMATURE EOF, NO ‘LAST' CARD OR OTHER DATAceceoeTRACIASS

v XIGN3ddV

AC1487

909 .:::!‘.. g L T CARD OR OTHER DATA INPUTeoees’) ;:A::Q:.

F AT(s * NO LAS b i

o sse TRACL1460

: TRAC146)
3 END TRACI1462

R e o0 - e - R —t—— = = Sidh
R N
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APPENDIX B

PURPOSE OF PROGRAM

This progras performs a Monte Carlo simulation to identify the minimal
tsets and critical paths of a fault tree and to estimate the probabilities
fault-tree failure. A fault tree is a diagram that provides an orderly

scription of those relationships between possible events within a systeam
hat can result in a specific failure of the system. The basic input events
0 a tree are primary and secondary component failures. Such failures are
1ly time-dependent and independent of each other. In this program, the
ime to failure for a component is assumed to be a random variable with an
xponential distribution. The relationships between events and the manner in
hich they may combine to produce other events are described by logic gates.
arious types of gates are allowed and described in the input section.

A cutset is a set of basic inputs (components) whose combined failure

11 result in occurrence of the top undesired event in the tree (the specific
stem failure represented by the fault tree). A minimal cutset is a cutset
or which the top event in the tree will not occur if any one of the components

has not failed. A fault path is a set of gates through which component
failures cause the top of the tree to fail. Critical paths are those fault
paths that contribute significant to the probability of tree failure.

The program applies the technique of importance sampling to reduce com-
puter time requirements. This technique consists of modifying the component
time-to-failure distributions so failures occur prior to the prescribed end-of-

sion time, with a higher probability than for the original distributionm,
and, after that time, with a correspondingly lower probability. Because this
procedure increases the percentage of system failures obtained, minimal cutsets
are detected with fewer trials. The procedure also acts as a variance reducing
technique and, through the use of weighting functions, provides an unbiased
estimate of the probability of fault-tree failure. The power rule is used for

the importance sampling.
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1I. RESTRICTIONS

Any oumber of problems (trees) may be stacked, and any number of cases
per tree (different forcing parameters) may be run. Number of trials, random
number constant, and mission time may be changed. For each problem, the fol-
lowing restrictiors hold:

1. The total number of components must not exceed 1000.

2. The total number of gates must not exceed 2000.

3. Mo more than 100 random inhibit gates may be used.

4. No gate may have more than eight input components and eight
input gates.

5. Priority gates must have two inputs. These inputs may be two
gates, two components, or one of each.

6. Random inhibit gates may have only one input other tham the
associated probability.

7. Any gate or component may provide input to a maximum of

four gates.

8. The number of gates along the path from any component to the
top of the tree must not exceed 100.

The program will susmarize results and terminate prior to completing
the requested numbe: of trials if the tree fails because of houses slone or
if the number of distinct minimal cutsets identified exceeds 500. If a

APPENDIX B

minimal cutset contains over ten components and houses, it will be ignored;
and the trial will be considered successful. The number of such events, how-
ever, will be counted and printed out.

III. OPERATING INSTRUCTIONS

The program is written in FORTRAN IV for the IBM 360/65. No disks or
special tapes are used. Approximstely 310,000 bytes of core are required.

Iv. INPUT

A. COMPONENT TYPES

Two types of basic inputs or components are handled by the program.

1. Standard Component

A standard component fails during a trial (a simulated mission
length) according to a failure time randomly selected from an expomential dis-
tribution. The user furnishes the failure rate (mean number of failures per
million time units, normally hours) for each standard component.

2. House

A house is either always on (i.e., the system state described
by the house exists for the duration of the mission) or always off for the
entire set of trials. Houses are useful in determining subsystem effects om
tree failure by permitting simulation of the remainder of the system with
that subsystem in a prescribed on or off status. The user furnishes the
status for each house. A house input goes only to an AND gate.
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B. GATE TYPES

The logic of a te determines when it fails on the basis of the
failure status of its input. An input to a gate may be either a component
or amother gate. Four types of gates are handled by the program: \

\
Gate Type Logic
OoR An OR gate is failed if any one or more of
its inputs is failed.
AND An AND gate is failed if all its inputs are
failed; otherwise, it is not failed.
PRIORITY A PRIORITY gate is limited to two inputs.

It is failed only if both inputs are failed
and the failures occurred in a prescribed
order.

A RANDOM INHIBIT gate has only one input in
addition to an assigned probability for the
iphibit conditions. At any particular time,
it is failed with that probability omly if
its input is also failed.

RANDOM INHIBIT

C. INPUT CARDS

The following input cards are required for each problem (unless
soted as optional) in the order indicated. Time units are noted as hours, but
any time unit is acceptable if used consistently.

1. Title Card

Any alphanumeric jdentification desired
to identify the problem.

Col. 1-72

2.

3.

‘.

Control Card

APPENDIX B

All values on this card must be right-adjusted.

ul - 1_6
Col. 7
Col. 8-16

Col. 17
Col. 18-30

Component Cards

Col. 1-6

Col. ?
Col. 8

Col. 10-22

LAST Card

Col. 1-4

Number of trials to be run per caae.
Blank

mm:c«:-mt--yo“ integer.
iIf blank, program sssumes 13579. Differeat

constants will produce different sequences
of random numbers.

Blank
Mission length in hours (E format) .

Cov,onent Name - left-adjusted.
Fi.st character must be H if a house.

Blank

House status.
(Blank if not s house)
0 - house off
1 - house on

Blank

Failure rate - number of failures per
aillion hours (B format, right-edjusted)

WI-W‘MMM‘.
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Gate Cards
Col. 1-6 Gate Name - left-adjusted.
First character of name determines gate type.
R - OR gate
A - AND gate
P - PRIORITY gate
I - RANDOM INPIBIT gate
Col. 7 Blank if not priority gate.
1 - first input given must occur first.
2 - second iaput given must occur first.
Col. 8 Number of input gates to this gate.
Col. 9 Number of input components to this gate.
Col. 10-16 Probability of failure if RANDOM INWIBIT
gate; otherwise blank.
Col. 17 Blank
Col. 18-72 Names of input gates and components. Gates

listed first, components second. Names left-
adjusted with one blank column after each
six-column field. If more than eight inputs,
continue on second card in columns 18-72.

PRINT Card (Optional)

Col. 1-5 PRINT - If included program will prinmt out
all gates and their inputs along
with gates to which each component
and gate pfovides input.

LAST Card

Col. 1-4 LAST - Indicates end of gate cards.

PRINT Card (Optional)

Col. 1-5 PRINT - If included program will print all the
) failed gates for the minimal cutsets
for each of the following forcing
parameter cards in 9.

10.

11.

ing smater Cards (As many as desired; one required.
P - The program will save a maximum of

20 forcing parameters for a possible
change of Control Card.)

Col. 1-9 Blank
10-16 Forcing parameter R (0 <R < 1)

CHANGE Card (Optional card; can be used any number of times.)

. CHANGE - Indicate that the mext card is a
o oww control card. (See Input Cards,
Section b.)

Card tional) (Additiomal to imitial Coatrol Card)
Conerol -~ Format for additional --— CHANGE Card.
DD Card .

Col. 1-3 I - Indicates end of problem.

A. BRach Problem or Tree

1.
2.
3.
4.

Title at top of each page.
Nusber of trials, random mumber constant, mission length.

Number of components and number of houses imput.
Component names and corresponding failure probabilities.
House names and probability (1.0 or 0.0) assigned.
Inhibit gates and the sssigned probabilities.

Nusber of gates inmput.

uuu)can.-u-dmummzmm
\(i?th gates to which each component and gate provides imput.
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For Each Case

Case number.
Forcing parameter for this case.
(Optional) Failed gates for each minimal cutset.

Cutset rank, cutset number, calculated probability of
failure, number of occurrences and components contained
in each minimal cutset.

Number of trials completed, number of system failures,
percent of system failures, number of minimal cutsets found,
and number of system failures caused by minimal cutsets

of over ten components.

A calculated probability of system failure based on the
identified minimal cutsets and their original time to failure
distributions.

Based on importance sampling; estimated probability of
system failure, its variance and its standard error.
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