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ABSTRACT

A computer code package is described by which a fault tree, already
constructed, can be evaluated. The fault tree may be of general complex-
_ity, may consist of up to 2000 components .and 2000 gates, and may include
any number of inhibit conditions. The gate structure of the fault tree
is limited to "AND" gates and "OR" gates, and the unique components on the
tree are assumed to be independent.

The code package consists of two distinct sets of computer codes:
the PREP codes which obtain the minimal cut sets (failure modes) or the
minimal path sets (success modes) of the fault tree and the KITT codes
which obtain the numerical probabilities associated with the tree. The
PREP :codes obtain the minimal cut sets or path sets either by Monte Carlo
simulation or by deterministic testing. The KITT codes obtain the numer-
ical probabilities by means of Kinetic free Theory,.a methodology by
which exact, time-dependent probabilistic information is obtained. In the
KITT codes, constant repair times, exponential repair distributions, and
nonrepairability -can be handled. Also, phasing can be included, where each
component may have its own'unique phases and the failure and repair data
for the component may arbitrarily vary from phase to phase.

Input descript;ons-for the PREP and KITT codes are given, along with
detailedvdiscussions on the efficient use of the codes and the meanings
and significances of the results obtained. A sample problem is also

included.
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PREFACE

This report'describés a computer code package written in Fortran IV
for the IBM 360/75 compﬁter. The code package is to be used'for the
evaluation of a fault trée which has been already constructed. The fault
tree; used in reliability engineering and system safety analysis, is a
formal logical diagram‘of all the causes to a particular "top" event. The
causesAare the basic events Which'give rise to the top event and which
determine the‘limit of resolutién of the fault tree. The fop event is any
" final e&ent of predetermiﬁed interest; whose causes are desired. Since
the report is concerned with the evaluation of the fault'tree, and not its
actual construction, the reader is assumed to have knowledge of the par-
ticular concepts involved in fault tree construction.

In this report, the basic events (causes) 6f the fault £ree will be .
termed "component fajilures", and the top event of the fault tree will Be
termed the "system failure'". The failing of the component then corresponds
to the basic event occurring, and thé failing of the4system~correspdnd to
the tép event occurring. In a complemenfary manner, the "fuhétioning"
staté of the component corresponds to fhe nonexistehce of the compbnent
failure (basic evenﬁ), and the "functioning'" state of the system corresponds
to the noneiistence of the éystem failure (top event). In general, the
"failed state" corresponds to the exisfence of the failure (event), and
the "functioning state" corresponds to its nonexistence. The occurrence
of a failure then corresponds to the passage from a functioning state to
a failed state, with regard to both the system and its components.

Once constructed, tﬁe fault tree is first evaluated to obtain the
uniquc modes by which the system failure can occur and, sécondly, is

evaluated to obtain the associated probability characteristics. The unique

"modes of occurrence are sometimes termed minimal cut sets, sometimes crit-
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ical paths, and sometimes mode failures. In this report, the terminology
"minimal cut sets" will be used. A minimal cut set is a smallest group
(set) of component failures which must all simultaneously exist in order
for the system failure to exist. Any other component failures may co-
exist with this smallest set, but these other component failures are en-
tirely redundant and do not directly cause the system failure. The finite
collection of all the unique minimal cut sets of a fault tree represents
all the unique, nonredundant ways by which the system failure can occur.
The system failure can only occur by one of these unique ways or by various
combinations of these unique ways.

0f a complementary nature to the minimal cut.sets are the minimal
path: sets of the fault tree. A minimal path set is a smallest groﬁp.of
component failures which must npt exist in order for the system failure
to not exist. Any other component failures existing with the minimal path
set will not cause system failure. The finite collection of all the unigue
minimal -path séts represent all the unique ways by which the system faile
ure will not occur. The system failure will not occur if the component
failures in one or more of these minimal path sets ‘do not oécur. The
fault tree céan theréfore-also be evaluated to obtain its minimal path sets.

After having obtained either the minimal cut sets or the minimal path
sets, the fault tree is then secondly evaluated to obtain the probability
charactéristics. The minimal'cut sets or the minimal path sets must be
first obtained in order to obtain these characteristics. Since they are
of a complementary nature, either the minimal cut sets or the minimal path
sets are sufficient to obtain the probability characteristics; the same
system characteristics, having the same numerical valﬁes, will be obtained
from the minimal cut sets as from the minimal bath sets. For most fault

tree evaluations, the minimal cut sets are obtained and used to determine
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the probability characteristics since the minimal cut sets directly exhib-
it the ways by which the system failure can occur.

With the use of this code package, fhe probability characteristics,
which are obtained from the minimal cut or path sets, completely quantify
the fault tree. These probability characteristics include:

1. The probability of the failure existing at time t
(the "unavailability").

2. The probability of the failure not occurring to time t
(the "reliability").

3, The expected number of failures occurring to time t.
L. The failure rate at time t.

5. The failure intensity at time t ("lambda"). -

These probability characteristics are obtained not énly for thé system
failure, but are obtained for each component on the fault tree and for
each minimal cut set or path set. From this detailed information, the
importances of various components and minimal cut sets or path sets can
be simply ascertained. Moreover, the characteristics are obtéined at
arbitrary time poiﬁts t specified by the usér, and hence complete time
behavior with respect to safety or reliabiiity is obtained.

The inpﬁt data necessary to obtain these characteristics, besides the
fault tree itself, are the component failﬁre intensities (lambdas) and
repair times."The failure intensities may be‘constant or may vary with
respect to phasing. The component failures ma& have consfant reﬁair times,
exponential repair distribﬁtions, or may be nonrepairable. The repair data
may bg constant or may vary with fespect to phaées. Any mixture of various
types of cdmponent failureg can be handled, and further, any inﬁiﬁit con-

ditions may also be incorporated. The component failures on the fault tree

are assumed independent; any component failure may occur at rumerous places
on the fault tree but those component failures which are distinet are assumed

independent.



With this code package, fault trees ol any structure may be handled,

-and the fault trees may be of any complexity, up to a maximm of 2006 com-
ponents and 2000 gates. Even for_largér fault trees the computer time needed
for a complete evaluation is relatively small, with approximately one min-
ute needed for a 500 componeﬁt tree.

Because the fault tree is evaluated in two stages, first to obtain the
‘minimal cut sets or path sets and secondly to obtain the probability char-
acteristics, this report naturally divides into two main sections. The
firsl section entitled "l'he Use of the PREP Codes'" describes the use of the
PREP computer codes to obtain the minimal cut sets or path sets of the fault
tree. The second section entitled "The Use of the KITT Codes'" describes the
use of the KITT computer codes to obtain the probability characteristics
once the minimal cut sets or path sets have been obtained. The significance
and meaninés of the probability characteristics obtained are also explained
in this section.

In a complete evaluation of a fault tfee, the fault tree is first in-
put in a simple coded form to the PREP computer codes to obtain the minimal
cut sets or path sets. The punched output from the PREP codes, with addi-
tional component failure and repair data, is then input to the KITT codes
to obtain the time-dependent, numerical probabilities. In this two-stage
use, the PREP and KITT codes form one code. The codes are designed such
that they may also be usea independently;‘if the minimal cut sets or path
sets are only desired then PREP may bc singularly used, and 1f the minimal
cut sets or path sets are already known or if additional sensitivity nuns
are to be analyzed with the same sets, then the KITT codes can be singularly

used. In this same sense, the two sections of this report are complementary,

but are also independent and self-contained.
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I. INTRODUCTION

The PREP computer program package is designed for use as a prepro-
cessor for the KITT computer programs (Section 2). The PREP programs find
tﬁe minimal cut sets and/or the minimal path sets from the system's fault
tree, and output them in a format compatible for use with KITT.

The programs are written in Fortran IV for the IBM 360/75 computer,
and are capable of finding the minimal cut and path sets for fault trees
with up to 2000 components and up to 2000 logical gates. The system's
minimal cut sets may be obtained by either deterministic testing or Monte
Carlo simulation. The system's minimal path sets are found by Monte Carlo
simulation.

The input formats have been designed to make the description of the
sysﬁem fault tree to the programs natural for the engineer familiar with
standard fault tree terminology. Extensive error checking is done on the
input to.reduce the chance of obtaining erroneous information from the

progfams.
1. Fault Tre‘es

In order to obtain reliability informatipn about a system from the
PREP gnd KITT programs the defined failed state of the system must first
be deséribed in terms of possible combinations of defined component failed )
states. This is done by means of a schematic device called a fault tree.
A fault tree represents a system failed state byvmeans of the logical re-

lationships between the individual component failed states of the system.

Figure 1 is an example of a fault tree[a]. The gate labelled "TOP" in
[a] '

A detailed description of the process of drawing a system fault tree
can be found in Reference 1.



Figure 1 represents the failed state of the system. That is, the TOP event
occurs when the system passes from the unfailed to the failed statc. The

symbology used to draw fault trees is explained in Figure 2.

2. Cut Sets

The fault tree allows the determination of sets of components which
when failed will cause the system to be failed. Tor example, in the fault
tree of Figure 1, if the components 1 and 2 are simultaneously in the fail-
ed state the system will be in the failed state. Such a set of components
is called a cut set for the system. A cut set is formally defined as any
set of system components which when simultancouoly failed cuuse Lhe system
to be in the failed state.

FProm the definition of a cut set it can be seen that the set of compo-
nents {4, 5, 7} represents a cut set of the sample fault tree. Examina-
tion of the logical re1atioﬁships defined by the tree shows that the set
of components {k4,5} also comprises a cut set. The failure of component
“f is not necessafy to caﬁse the TOP event if components b and 5 also fail.
On the other hand, neither component 4 nor 5 can cause system failure by

-~

itself. Such a cut sct is called a minimal cut set of the system. A

minimal cut set is a smallest set of system components which when failed
will cause the system to be failed. A minimal ecnt set is defined to be

in the failed or nonfuncﬁioning state if and only if all of its components
are in the failed state, and is defined to. be in the non-failed or func-
tioning state 1f and only if at least one of its componente is in the
functioning state. It can be seen that the system is in thé failed state
if and only if at least one of its minimal cut sets is in the failed state.
Thus, the minimal cut sets represent those sets of components which are

critical with régard to system failure.
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FIGURE 1. Sample Fault Tree



FAULT TREE

SYMBOLNGY

o

Inputs

Inputs -

Event

System comdonent or pasiz fault
event.

OR Gate.

This gate is in the Fail=d state
if at leas®t one of its inputs is
in the failed state,

AND Gate.

This gate is in the failed state
only if all of its inputs are
simaultaneously in their faileé

. states.

Ivent Descriptor. _
The rectanglé is used to describe
“he event represented by a gate.

—°“tﬁ— |

N

Inhibit
Condition

The diamond is used to represent a
fault event which is not developed
further due to lack of information.

Transfer Symbols.

These symbols are used to transfer
an entire part of the tree to other
locations on the tree.

Inhibit Gate.

This represents an event
which occurs with some fixed
probability of occurrence.
The inhibit gate is in the
failed state only if its
inputs are in the failed
state and the inhibit con-
dition has occurred.

The house represents an event which
is normally expected to occur. It
is treated as a switch on the tree,
and is set on or off by the PREP
user. '

FIGURE 2.




3. Path Sets

It is alsd possible to use the fault tree to determine sets of com-
‘Ponents of a system which must function in order that the system function.
For example, in the fault tree of Figure 1, if components 1, 2, 4, and 5
are all functioning simultaneously, then the system will function (cannot
be failed). Such a set of components is called a path set for the system.
A path set is formally defined as any set of system components which when
simultaneously functioning cause the systemlto function.

From this definition it can be seen that the set of components {1,
2, 4, 5, 6} is also a path set, but that the inclusion of cbmponent 6 was
unnecessary. On the other hand, no set of three of these components of
the system is sufficient to keep the system functioning. Analogeous‘to
the definition of minimal cut set we define a minimal path set of the
system as a smallest set of system components which must function in-order
for the system to function. A minimal path set is defined to be in the
failed state if and only if at least one of its components is in the failed
state, and is defined to be in the functioning state if and only if all of
its components are in the functioning state. As in the case of minimal
cut sets, the state of the system can be defermined from the‘states of the
minimal path sets. The system is in the failed state if:and only if all
of its minimal path sets are in the failed state, and the>systeh islin the
functioning state if and only if at 1east-6ne of its minimal path sets is
in the functioning state. Thus, the minimal path sets represent those
sets of components which are critical with regard to the system functioning
state.

The minimal cut seﬁs and minimal path sets represent two equivalent

sources of information about a physical system's state, and knowledge of



either the minimal cut sets or the minimal path sets is sufficient to ob-

tain the desired system reliability information.

1. PROGRAM DESCRIPTIONS

The PREP comﬁuter program package is designed to accept an input
description of the system fault tree, generate the appropriate logical
equiﬁalent, and obtain thé system's minimal cut or path sets. These min-
imal cut or .path sets can then be used by the KITT programs to obtain
reliability information about the system.

The PREP package is composed of two sections: TREBIL reads
the input and generates the logical equivalent of the fault tree and

MINSET - obtains the minimal cut or path sefis of the firee.

1. TREBIL

‘The TREBIL program 1s designed to accept a description éf the system
fault tree in a format which is natural for the engineer, and to generate

 a logical equivalent of that fault tree.

I'he fault tree logic building algorithm requires that each logical
gate and each component of the tree be given an alphanumeric name. This
name can be any arbitrary combination of from one to eight characters.
Figure 3 is an example of the input of a fault tree to the TREBIL program.
One card is read in f'or each logical gate in the fault tree. The card
contains the name of the gate, the type of.the gate ("AND" or "OR"), the
number and names of the other gates which are attached t§ it, and the number
and names of components which aré attached to it. |

Since TREBIL is designed to accept only "AND" gates and "OR" gates
as input, other types of gate 1ogiévmust be described in terms of these

simple gate types. If such a description is not possible in TREBIL, it



TREBIL PROGRAM INPUT

SPERT TREE
Al OR
A2 OR
A3 OR
A4 AND
AS AND
A6 AND
AT AND
A8 AND
A9 AND
A10 AND
AT AND
A15 OR
A16 OR
AT AND
A18 OR
BI OR
A12 AND
A23 OR
A24 AND
A25 OR
B3 OR
A19 OR

OR

] e WO O, NO - O WNNNNNNN O W

WO NOWWO NN WWOOOODODOOODROOO

A2 A3

Al A12

A5 A6

Al A12

Al A12

Al A3

Al Al4

A12 AV3

A12 A4

A13 Al4

A1S A19

Al7 Al8

A44 K349 GH1
WMS01116 RBCKTSP
B W52371P
W32121P T22861P
At14 A26

A45 K3511
WM50211G RECKTSP
B3 122961P
W52391P W52081P
A20 A21

A44 K349 K1

FIGURE 3.

A4
A13

A3

K3491
MAGIHOLD
¥%52011P
C951A1P

K351GH1
MAG2HOLD
C352A1°P
W51591P
A22
K3491

A4
A8
A4

K343SEC

W91501P
C828F1P

K351SEC

C829F1P
W30231P

K349SEC

AS

W50141P

C128F1P

C729F1P
W52931°P

A10

W52841P
C528F1P

C629F1P
W40251P



may be possiblevto mock up the true system behavior in the KITT programs.
The one exception is the "inhibit".gate. The "inhibit" gate is -input as
an "AND" gate with the inhibit condition attached as a component.

The logical equivalent 6f the fault tree is in the form of a FORTRAN
subroutine. The subroutine is compiled as an intermediateAjob step under
0S/360, and link-edited together with the routines iﬁ MINSET. Figure L4
is an example of the logical subroutine TREE generated by TREBIL. Each
component is internally indexed by TREBIL, aﬁd is treated as an element
in a FORTRAN logical array (called. "X'"). Similarly, each gate ie indexed
and.treateﬁ aé an element in another FORTRAN logical array (called "A").

In addition to building TREE, TREBIL serves asg the input procéssﬁr '

for the MINSET program. All the data required by MINSET are read in, and

checked for errors, by TREBIL.

2. MINSET

The MINSET program determines the minimal cut or path sets of the
fault tree. The MINSET program allows minimal cut sets to be found by
either deterministic testing or by Monte Carlo simulation.. Minimal path

sets. must be found by Monte Carlo simulation.

Deterministic Testing (COMBO)

COMBO is the deterministic testing algorithm for obtaining minimal
cut. sets. In COMBO each component is first failed individually to ob£ain
the one component minimal cut sets. Next, every possible combination of
two~component§ is failed to obtain the two component. minimal cut. sets.
(The two component cut sets whiéh contain a one component minimal cut set
are rejected in this procedure.) The algorithm proceeds in this manner
until minimal cut sets are obtained having n components where n is specified

by the user. The algorithm may also be started at minimal cut sets having



TREBIL PROGRAM OUTPUT

SPERT TREE

THIS IS THE SUBROUTINE GENERATED BY TREBIL

SUBROUTINE TREE

LOGICAL TOP,A(2000),X(2000)

COMMON/TREES/A, X, TOP

AC 1) = XC 1).0R.X(C  2).0R.X( 3)

AC2) - XC 4).0R.X(C 5).0RX( 6).0R.X( 7)

AC 3) - X(C 8).0R.X( 9)

AC4) « X(C 10).0R.X(C 11).0R.X( 12)

AC5) = XC 13).0R.X( 14).0R.X( 19).0R.X( 16)
* LOR.XC 17)

AC B) - X(C 11).0R.X(C 12)

ACT) = X( 18).0R.X( 19).0R.X( 20).0R.X( 21)
* LOR.X( 22) a

AC 8) = X( 23).0R.X( 24)

AC9) = X( 25).0R.X( 26)

AC 10) = X( 27).0R.X( 28).0R.X( 29).0R.X( 30)
* - LORUXC 31).0R.X( 32).0R.X( 33) .

AC 11) = X( 34).0R.X( 10).0R.X( 11).0R.X{ 12)

AC 12) = X( 35).0R.X( 36).0R.X( 37).0R.X( 38)
* LOR.XC 39)

AC 13) = X( 40).0R.X( 41)

FIGURE 4.



other than‘one component (for example, searching first for two component
minimal cut sets and ending al 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, deterministic testing
should only be used to obtain minimal cut sets of one, two, and poésibly
three components. This apparent restrictioh is not really detrimental

since the COMBO algorithm has been programmed so that the minimal cut scts

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 Qf a failure of cach one compo-
nent minimal cut set is proportional to A whereas the probability of a
fallure of each n component minimal cut set is proportional to AP. Since
most components have failure intensities below 10‘3, it would take well
over 103 two'coﬁpdnent minimal cut sets to equal the contribution of a
single one component minimal cut set‘to the prébability of failure of the
system. . )

In order to use COMBO, the starting (MIN) and ending (MAX) values for
the number of components in the minimal cut seté found must be spééified.
TIf the'minimum number specified is 0 (or left blank), then Monte Carlo sim-
ulation is used. The maximum number of components allowecd by the program

is 10 (MAX < 10).
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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 minimal 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 aséumption, 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 (IDEX1) 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, fhen |

P(T) = 1 - exp(-AT) . (1)

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

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

P(T=0) = 0, andvtﬁat 1imP(T) = 1. That is, all components are assumed
>0

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

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

for T.

11



This input time T is usually called a "mission length". In FATE,
however, T has no connection with any "mission" of the system; In fact,
it will be called a '"mixing parameter' in this report since, as will be
shown, it allows the user to exercise some measure of control over the
way in which FATE finds the minimal cut sets. A time of failure t is
computed for each component such that t is always less than T. This time

of failure t is from the distribution:

(2)
l-e

where a(t) is the probability distribution for t.

Once times of failure t have been computed for each component, the
component which has the smallest time of failure is first failed, and
TREE is called. If the system is not in the failed 'state, then the com-
ponent witﬁ the next smallest time of failure is failed, and TREE is
tested .again. This process is repeated until the system fails. When
system failure occurs, this set of falled components is reduced to the
minimal cut set.

If PATE is used Lu obtain the system's minimal paﬁh sets, then at
each trial, ?Pe entire set of components is first failed so thatvthe
system will be in the‘failed state. Components are then selected one at
a time from the uniform distribution and put in the nonfailed state.
After each such selection of a component TREE is called, and the system
is checked to determine if it has changed from the failed to the non-
failed state. When the system is in the nonfailed state the set of .
selected components comprise a path set of the system. This path set is
then reduced to a minimal path set.

If inhibit conditions are present in the fault tree, then they will

be printed as members of the minimal cut sets or path sets, when their

12



existence or nonexistence is necessary along with the components in that
set. The KITT codes automatically handle these inhibit conditions in the
proper manner.

Switches are controlled by the user. A switch is either always failed
or nonfailed and is never printed out as a member of a minimal cut or path
set.

In order to make effective use of the PREP program pakage, some care
must be taken in the choice of the mixing parameter T. The correct choice
may depend ﬁpon the particular fault tree, but there are some general guide
lines which can be followed.

Since FATE finds the minimal cut sets of the system by failing compo-
nents according to times of failure chosen from a(t), the value of the
mixing parameter used by FATE determines the order in which the components
fail. Thus, varying T will vary the manner and order in which the minimal
cut sets are found. To see this, consider q(t);

e'xtk

-AT
1l-e

a(t) = (3)

AT

If T is chosen very large so that e™** approaches zero, then q(t)

approéches the true exponential distribﬁtion:
a(t) = e=Atr . (k)

In this case, the computed times of component failure will approximate
the true times of failure (assuming nonrepairability).

If on the other hand, T is so small such that AT<<1 for eaqh component
A, then a(t) approximates a uniform distribution. That is, the computed

times of failure will be uniformly distributed in the interval [0,T].

13



To verify this, consider:

n!

e =AT = E (-1)n (m)? (5)
n=0

Thus, for AT<<1l orders of n greater than one may be neglected and
e MTx1 - AT . : (6)

Thus a(t) approaches % .

It can he spén that, if T is large [Equation (4)] the times of fall-
hres will be well structured. That is, those cgmponehts which have large
failure intensities (A) will have small times of failure while those with
small failure intensities (A) will have large times of failure. This means
that FATE will first find those minimal cut sets which are most important
to system failure and then will find the lesser important minimal cut sets.

If on the other hand, T is chosen so that AT<<1l, then the failure
tiﬁes genékated will tend to be uniformly mixed. This means that FATE
would find fﬂé ﬁiniﬁal‘cut sets in a raﬂdom manner,

If minimal path séts are found by PFATE, then they are always found

in a random manner as described previously.
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IIT. [INPUT DESCRIPTION AND RECOMMENDATIONS

1. .Input Deck Description

The input to TREBIL consists of the three input groups:

1. Control information
2. The Fault Tree description

3. The failure and repair data for the components.
The beginning of each group of data is indicated by a special control

card of the form:
: Col. 1 Col. 2 Col. 3
* blank KEYWORD

with KEYWORD replaced by DATA for input group 1, TREE for input group 2,
and RATES for input group 3.

The end of each input group is indicated by a card with the word END
beginning in card column 1.

Each of these input groups may be preceded by any number of comﬁents
cards. The first such card appearing in'the input deck is used as a |
"title card aﬁd is printed on each page of output.

The total input deck has the following format:

TITLE CARD

jcoMMENTS CARDS}

¥*bDATA (b = blank column)
{CONTROL PARAMETERS}

END

{comENnTs caRrDs}

*HTREE

{FAULT TREE DESCRIPTION}
END

{coMMENTS CARDS}

¥LRATES

{FATLURE AND REPAIR DATA}
END

O ® 9 0w = W N

o
W v o
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2. Input Group I

Input Group 1 consisfs of the control parameters and switches that

determine the flow through MINSET, and determine the type of output ob-

tained.

Group 1.

Table 1 contains a brief description of the contents of Input

Information required in Input Group 1

TABLE 1.

FORTRAN T
VARIABLE DESCRIPTION
1. NG Number of gates in the fault tree
2. MIN Minimum size of the minimal cut sets to be found
: by deterministic testing (COMBO)
3. MAX Maximum size of the minimal cut sets Lo be found
: by deterministic testing (COMBO)
- b, MCs Minimum ocizc of the minimal cut séts to be stored
by Monte Carlo (FATE) -
5. NREJEC Random number starter
. 6. IR Number of Monte Carlo trials to run
T. IREN Monte Carlo mixing parameter switch:
8. TAA Monte Carlo mixing parameter
9. IDEX1 Switch which determines if minimal cut sets or
minimal path sets are to be obtained from FATE
10. IDEX2 Switch which determines whether minimal sets are

to be printed or punched, or both
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3. Recommendations. for Input Group 1

Input Parameters ‘Which Control Deterministic Testing

This set of input parameters is used by the deterministic testing
routine (COMBO) only. They should be left blank if Monte Carlo eimulation
(FATE) is used.

MIN

The value of MIN is used by the deterministic testing routine COMBO
and is the minimum size of fhe minimal cut sets that are to be obtained.
If MIN = 0, then the Monte Carlo process is to be used. The value of MIN

can be no greater than 10.

MAX

The variable MAX stops the deterministic testing process. The max-
imum value which MAX may be given is 10. The value of MAX is the maximum
size of the minimal cut sets to be found by COMBOﬂ If MIN > MAX, an error
message is written aﬁd proﬁleﬁ execution terminated.

The size of the system being tested must be considered when choosing
values for MIN and MAX. A reasonably accurate rule is to allow about 10‘5
minutes of IBM 360/75 time per combination. If the system fault tree has
m distinct components, and all combinations of n components are to be
" tested, then this will require (2)10'5 minutes on the IBM 360/75[al. For
example, if m = 500, and we wish to find ;11 2-component minimal cut sets
(n = MIN = MAX = 2), then this will require about 1 minute of time in
COMBO. If we let n = 3, then the time required is about 103lminutes.

It is recommended that every system be run using COMBO to find the

minimal cut sets consisting of one component, and that most systems be

» . !
[a] (™) is the binomial coefficient, (m) = a
n ! n!(m-n)!
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run to find the minimal cut sets consisting of two components. If larger '
minimal cut -sets are desired from the system, then the number of components
and number of combinations must be considered before deciding to use de-

terministic testing rather than the Monte Carlé algorithm.

Input Parameters Which Control Monte Carlo Simulation

This set‘of input parameters 1is used ﬁy the Monte Carlo testing
routine (FATE) only. They should be left blank if detérminiétié testing
(COMBO) is used. o
MCs

The value of MCS is the size of the smallest minimal cut sets that
the analyst wishes to obtain using FATR (Monte Carlo). If, fur eaample, a
run has been made using COMBO to'find the minimal cut sets with one and

two components, then MCS = 3 should be used if a subseqﬁent run is made

* using FATE. If MCS = O or is left blank, then MCS = 1 is assumed.

NREJEC

The random number starter NREJEC is an integer which ic used to re-
Ject the first‘NBEJEC random numbers found by the random numbers genera-
tor-in FATE. Its value is arbitrary, but it must be the same to reproduce
the results of a previous run. If COMBO is being used, then NREJEC need

not be supplied.

TAA

The Monte Carlo mixing parameter T (FORTRAN mnemonic is TAA) deter-
mines whether FATE mixes component failures unifdrmly or keeps them
structured with ;égafd to their importance. If T is such that AT<<l for

all values of the component failure intensifies, A, appearing in the
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system, then the component failures will be mixed uniformly. If AT is
large, say on the ordef of 10 or 100, then the failures will occur in a
manner which preserves the relative importance of the components and,
hence, the importance of the minimal cut sets.

Let Apijn be the smallest failure intensity for all components in the
system, and let Ap,x be the largest failure intensity for all components
in the system. If uniform mixing is desired, then it is recommended that
T be chosen so that ApgyxT < .01. Then AT < .01 for all vaiues of A for
components in the fault tree, and the cut sets will be randomly obtained.
If the relative importance of the minimal cut sets is of concern, then it
is recommended that T be chosen so that ApipnT > 10. Then AT > 10 for all
A

If there is a maximum time of interest Ty, then choosing T = Ty will
cause FATE to find those minimal cut sets first which are most likely to
fail up to time T,.

If minimal path sets are to be obtained then, since uniform mixing

is always used, T need not be input to FATE.

IREN

The integer switch IREN is used to cause FATE to choose a value for

the mixing parameter T (TAA). If IREN =1 then T = .01/A so that

max
AT<<1 for all values of A. If IREN = 2 then T = 10.0/Apip so that
AT > 10 for all values of A. In both of these cases any input value for

T will be ignored. If IREN = 3 then a value for T will be read from the

input and used by KA.
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It is recommended that IREN = 1 or IREN = 2 be used whenever possible
to reduce input errors (see discussion of TAA).

If minimal path sets are to be obtained then IREN may be left blank.

NTR

If COMBO has been used to obtain all one and two component minimal
cut sets, and if one component minimal cuts aré found, FATE need not be
run. In this case, NTR is not applicable (ie,'is left blank).

If FATE is to be used to find minimalicut sets (for example, if no
one component cut sets were found by COMBO) then one of two procedures
may bé followed.

One procedure is to make a single FATE run with NTR = 5000. In this
case, it is recommended that IREN = 2 (that is the cut sets are structured
when found).

A better procedure is to make one run of 1000 trials (that is NTR =
1000) with IREN = 2. If minimal cut sets contéining MCS and MCS + 1 com-
ponents have been found, then these are the most important minimal cut
sets, and no further runs need to be made.

If minimal cut sets of MCS and MCS + 1 components are not found, ﬁhen
anbther run should be made with NTR = 5000 and IREN = 1 (uniform mixing).
This will find‘other minimal cut sets to bé added to those found in thé
first‘run. |

The resulting cut sets from these two runs are to be combined and
duplicate minimal cut sets.eliminated.

If FATE is being used to obtain minimal path sets for the system,
then NTR = 5000 is recommended. The program will store no more than 500

minimal bath sets, and no more than 25 components in any path set.
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IDEX1

The switch IDEX1l determines whether minimal cut sets or minimal path
sets are found by FATE. If IDEX1 = O, then minimal cut sets are obtained.

If IDEX = 1, then minimal path sets are obtained. .

Input Parameters Which Are Required for Both Deterministic Testing and
Monte Carlo Simulation . ‘

IDEX2

The switch IDEX2 determines whether the minimal cut and path sets
obtained by COMBO and/or FATE are printed, punched, or both printed and
punched. If IDEX2 =. 0, then the minimal cut or path sets are printed
only. If IDEX2 = 1, then the minimal cut or path sets are both printed
and punched.

The recommended input values for Input Group 1 are sSummarized in’

Tables 2, 3, and L.



TABLE 2.

Recommended Input Values for Input Group 1
for a COMBO Ruyn to Obtain A1l Minimal Cut Sets

of One and Two Components . .

. Fortran e e
Variable Value Description
1. NG Variable Number of logical gates in the
fault tree '
2. "MIN 1 Smallest combinations to be
considered '
3. MAX 2 Largest combinations tb be
considered
L. MCs Not_Applicable
5. NREJEC Not Applicable
6. NTS Not Applicable
7. IREN Not _Applicable
8. TAA Not Applicable
9.. IDEX1 Not Applicable
10. IDEX2 0 If cut sets are to be printed
only
1 If cut sets are to be both

printed and punched
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TABLE 3.

Recommended Input Va]ues for Input Group 1
for a FATE Run to Obtain Minimal Path Sets of

The System

Fortran

Variable Value Description
1. NG Variable Number of logical gates in the
’ fault tree
2 MIN 0 or left blank Indicgtes FATE is to be run
3. MAX Not Applicable
4., MCS Oor 1l Indicates all sets are to be
stored
5. NREJEC 500 The first 500 random numbers
will be rejected
6. NTR 5000 5000 Monte Carlo trials will
: ' be run
T. IREN Not Applicable
8. TAA Not Applicable
9. IDEX1 1 Causes FATE to find minimal
path sets :
10. IDEX2 0 If minimal path sets are to be
printed only
1 If minimal path sets are to be

both printed and punched
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TABLE 4.

Recommended Input Values for Input Group 1
for a FATE Run to Obtain Important Minimal Cut Sets
of Three or More Components

Fortran

Variable Value Description
l. NG Variable Number of gates in the fault tree
2. MIN 0 or left blank
3. MAX Not Applicable
4. MCS 3 Indicates that only minimal cut
: sets with 3 or more components
are to be stored in FATE
5. NREJEC 500 The first 500 random numbers
will be rejected
6. NTR 1000 1000 Monte Carlo trials will be
3 run
7. IREN ) Cauzes TATE to choose the mixing
parameter T such that Ap; T >10.
8. TAA blank
9. IDEX1 -0 Causes FATE to find minimal cut
sets
10 IDEX2 0 If minimal cub sets are to be

printed only

If cut sets are to be both
priunted and punched
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TABLE 5.

Input Group 1 Formats

CARD 1 FORMAT (5I10)

Variable Card Columns
NG , 1 - 10
MIN 11 - 20
MAX 21 - 30
IDEX1 31 - Lo
IDEX2 " 41 - 50

CARD 2 FORMAT (4I10,1F20.3)

Variable Card Columns

MCS . 1 - 10
NREJEC 11 - 20
NTR - 21 - 30
IREN 31 - Lo
TAA b1 - 60
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Input Group 1 Formats

The variables for Input Group 1 are input on two cards. The card

formats are described in Table 5.

3

4. Input Group 2

Information required for Input Group 2 is the. name of each gate in
the fault tree, its type, the number of inputs to it, and the names of
its inputs. The information is supplied one gate per.card. The input

v

format tor lnput Group 2 is given in Table 6.

TABLE 6.

Input Group 2 Format for Each Input Card

Inputs : Card Columns

1. Gate name : ] 1 = 8
(any 8 alphanumeric
characters)

'21 Blank - 9
e o - 3
L. Blank | 13‘
5. Number of gate inputs 14 - 15
6. Number of component inputs 16 - 17
7. First input name 19 - 26
8. Blank ‘ . 27.

ete. ete.
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All of the inputs described in Table 6 must begin in the left most

of the columns indicated for each of them except for Inputs 5 and 6 which

must be right justified in the field.

- A1l gates which input a described gate must be listed before any

components which input that gate.

All inhibit conditions and switches are input in Group 2 in exactly
the same manner as components are input.

In order to facilitate describing the fault tree to TREBIL, a special
input form has been designed with the appropriate_columns ruled off and

labelled. Figure 5 is an example of the use of the input form.

5. Recommendations for Input Group 2

The cards in.Input Group 2 may be supplied in any order. The TREBIL
algorithm will determine the necessary logiéal sequence. '

A naming convention should be establishéd for the fault. tree so that
each gate and component can be identified with its location on the tree.
A convention will aid in debugging the input, and aid in the interpreta-
tion of program output. An example of a conventién which works quite well
in this regard is to incorporate a numbering scheme into the gate and com-

ponént names. The examples in Figure 3 illustrate this convention.

6. Input Group 3

Information required for Input Group 3 are a failure intensity for
each component, repair data for each component, inhibit failure probabi-

lities, and switch settings (on or off).
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7. Description and Recommendations for Input Group‘3

The component name NAM(I) must be the same alphanumeric name used in
Input Group 2.

fhe cénstént failﬁré igéénsity IMDA(I) is used in FATE to détérﬁine
time of failure. The failure intensity must be given per 108 hours. For
example, a failure intensity of 3.6 x 10~%/hr would be entered on the data
card as 3.6.  If the system does not have a constant failure intensity for
each component (eg, when a multiphase system is to be run) then an average
value for the component‘failure intensity must be used.

The constant repair time TAU(I) is not ﬁsed by the PREP preprocessor
unless the component is an inhibit condition or a switch. The values in-
put are, however, punched in the appropriate format for possible use in
KITT. 1If a component is nonrepairable, or does not have constant repair
time, then TAU(I) is to be punched as 0.0 or left bhlank.

If the ith component is actually an inhibit condition.or a switch,
then‘this is indicated by punching IMDA(I) as a zero or a negative number.
If LMDA(I) has been punched 0.0 or a negative number, then TAU(I) indi-
_cates whether the component is a true inhibit condition or a switch. If
TAU(I) is greater than 0.0, but less than 1.0, then component I is a true
inhibit condition and TAU(I) is its failure probability. If TAU(I) is
equal to 0.0, then component I is a switch, and is never in the failed
state ("OFF"). 1If TAU(I) is equal to 1.0, then component I is a switch
which is always failed ("ON"). These options are outlined in Table 9.

It is noted from Table 8 that the input quantities in Group 3 are

supplied two per card.
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TABLE 7.

Information Required in Input Grohp 3

Fortran Variable Description
NAM(I) . IR component name
LAMDA(I) Ith comgonent failure intensity
(per 10° hour) or inhibit, switch
indicator
TAU(T) ' ) Ith component repair time or inhibit

failure probability

TABLE 8.

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

Input Quantity ‘ Card Columns
WAM(T) 1 - 8
‘blank 9 -.10
IMDA(I) . 1 = 20
TAU(TI) 21 - 30
blank ) 31
NAM(J) 32. - 39
blank R T R % |
LMDA(J) _ b2 - 5
TAU(J) - 52 - 61
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TABLE 9.

LMDA(I) and TAU(I) Interpretations

LDMA(I) TAU(I) Interpretation
positive component constant
repair time
* Positive

equal to 0.0 or blank

component is nonrepair-
able or does not have a

~ constant repair time

Negative or 0.0

equal to 0.0

component is a switch
and never fails (is off)

equal to 1.0

component is a switch
that is always failed
(is on)

greater than 0.0 but
less than 1.0

component is a true in-

- hibit condition, and

TAU(I) is its probabi-

1lity of occurrence
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IV. OUTPUT TROM PREP

The output from PREP is in two distinct sections. The first section
is the output from TREBIL; the second section is the output .from MINSET.
These two sections are physically separated by computer system messages

and a job step in which the subroutine TREE is compiled for use by MINSET.

1. Output From TREBIL

Output frqm the TREBIL program consists of a printout of the input,
the subroutine TREE, and cross-reference Tables for the correlation of
the fault tree input with the subroutine. |

Figure 3 is an example of a portion of a subroutine generated by
TREBIL from the input'illustrated on Figure 2. The logical array X is
used to represent the coﬁponents, and the logical array A is used to re-
present the logical gates of the fault tree. |

In order to correlate the input namés for logiral gates and compo-
nents, with the logical arrays A and X réspectively, dross-feference
tables are printed by TREBIL. For example, if TREBIL indexes a component
with alphanumeric name COMPl as 5, then the location X(5) corresponds to
that éomponent, and if COMPL is in the failed state, X(5) is given the
value .TRUE.. This cofrespondence is indicated in a cross-reference table

having the following format.

Tree Tndex Comiponcnt Neme LAMBDA _ TAU
1 COMP1 1.00000 D-06 0.0

2 COMPL5 1.5600 D-05 1.0
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A similar cross-reference is printed for the gate names versus gate
indexes.

In addition a table of components versus gates input by that compo-
nent is printed to aid in correlation of the computer output with the

original tree. This table is printed with the following format.

Number of Gates Gates Input
Tree Index Component Name Input By this Component
1 COMPL 2 GATEl GATE2
2 COMP16 1 GATE1l

2. Output From MINSET

The output from MINSET consists of the obtained minimal cut sets or
minimal path sets. This output may be printed only, or both printed and
punched.

If. COMBO has been used to obtain minimal cut sets, then each miﬁimal
cut set‘is printed and punched as it is found. An example of the output
print format is as follows:

MINIMAL CUT SET NO. 5
COMP1 : COMP2

for each minimal cut set.

When FATE is used to obtain the minimal cut sets from the system the
cut sets are printed twice. Each set is printed once as it is found by
FATE. Also the coﬁplete collection of minimal cut sets is printed a sec-
ond time ordered by the number of components in each set.

The output from FATE also includes the number of the Monte Carlo
trial on Wﬁich each cut set failed, a probability of failure for each

cut set, and the index for each gate that is in the failed state as a

result of the minimal cut set failure.
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The probability of failure which is printed for each cut set is
useful in the determination of the relativé importance of the cut sets.
If TREN was input as 1 or 2, then the printed probability represents the
probability of failure up to time t é l.O/Amax. If IREN was input as 3,
then the printed probability represeﬁts the probab¥lity of failure up to
time t = TAA. Caution must be used in attaching significance to this
probability when TAA has been supplied by the user. |

When minimal path sets are requested (IDEX1 = 1) from MINSET, the
output is analogous to that obtained for minimal cut sets except that
probabilities are not comﬁutéd.

If IDEX2 = 1, then the obfained minimal cut or path sets will be

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

cludes the complete set of fallure intensities and repair times for the

tree's components as well as the cut or path sets. A card must be supplied

with the number of cut orlpath sets punched in an I10 format before the

deck can be used in KITT (see KITT-1 input description).
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KITT-]

I. INTRODUCTION

KITT-1 is a computer code written as an application of Kinetic Tree
Theory[a]. The code is written in FORTRAN IV, in double precision, for
the IBM 360/75 computer. KITT-1 can handle compoﬁents which are nonre-
‘pairahle or which have a constant repair time t. Any assortment of non-
repairable compohents and components having constant repair times can be
considgred. Any inhibit conditions having constant probabilities of
occurrence can be handled. The failure intensity (A) of each component
is assumed to be constant with respect to time (ie, exponéntial failure
distributions are only considered)[b]. As in Kinetic Tree Theory, the
components are ‘assumed independent. Further, all the components are
assumed to be in their operating state at t = 0. KITT-1 is a Single phase
component code; each component may have only one failure intensity A and
. one repair time t fdr all operation time (or be nonrepairable for all time).

Besides the X and 1t for each component, KITT-1 requires as input
either the unigque minimal cut sets of the fault tree or the unique mini-

mal path sets of the fault tree. (A minimal cut set is a smallest set of

components such that if all the components are simultaneously failed, the

system is failed. A minimal path set is a smallest set of components such

that if all the components are simultaneously functioning, the system is

[a]

For the theoretical basis of Kinetic Tree Theory, the reader is re-[ ]
ferred to the report Analysis of Fault Trees by Kinetic Tree Theory .

(b]

The quantity A is sometimes called the "failure rate'". However, we
will reserve the term "failure rate" for another component quantity
and will call A the "failure intensity".



functioning.) Tﬁe same reliébility informatinn is nbtained from thc min-
imal cut sets or from the minimal path sets. Exact, time-dépendent reli-
ability information is determined for each component of the fault tree
and for each minimal cut set or path set.. For the system, reliability
results are obtained by upper bound approximations or by "bracketing". The
upper bounds can be obtained when.minimalbcut sets are used to determine
system reliébility information. The upper bounds are not only upper
bounds, but are also excellent approximations to the exact values. In the
bracketing procedure, varioué upper and lower bounds are determined for

the system fesults. The uppef and lower bounds may be obtained as close

to one another as desired; hence the true results may be enveloped as.

tightly as desired. If the bracketing procedure is carried to its (finite)

completion, then the exact values for the system results are obtained.

IT. RELIABILITY INFORMATION OBTAINED BY KITT-1

1. Component Information

For eadh component of the fault tree,'KITT—l obtains the following

reliability churucteristics:

a(t) ; the probability that the
component is in its failed
state at time %

w(t) ; the expected number of fail-
ures the component will suffer
per unit time at time t

t

Jw(t')at! ; the expected number of fail-

o] ures the component will suffer
during the time interval from
0 tot

-

1 - exp(-At) ; the probability that the com-
ponent will suffer one or more
failures during the time inter-
val from O to t.



The quantity q(t) is termed the component failed probability; q(t)

is the probability that when the component is examined at time t, it is
in its failed state at this point in time. The quantity w(t) is termed

the component failure rate. The integral of w(t) over any time interval

from t; to t, gives the expected number of times the component will fail
during this interval. The integral of w(t) from O to t, which is the
third quantity in the above list, is thus the expected number of times the
component will fail up to time t. The la;t quantity in the above list
which is_seif—explanatory is a trivial computation, but saves the user

the task of looking up a value for an exponential.

The quantities, or characteristics, q(t) and w(t) are-termed differ-
ential characteristics since they are pointwise quantities, being obtaiﬁed
at a point in time. The quantities }w(t')dt' and 1 - exp(-At) are termed
integral characteristics. °

The above four characteristics are obtained for each component at

time points t = tn, specified by the user.

2. Minimal Cut Set Information

If minimal cut sets are used to obtain system reliability information,
then for each minimal cut set of the fault tree, the following reliability

characteristics are obtained:

Q(t) ; the probability that the minimal
cut set is in its failed state at
time tla

wit) ; the expected number of failures
the minimal cut set will suffer
per unit time at time t

[a]

" is used to denote minimal cut set

The superscript symbol " ~
reliability quantities.



A(t) ; the probability that the min-
imal cut set will suffer a
failure per unit time at time
t given it is in its function-
ing state at time t

t

Jw(t')at' ; the expected number of failures

o the minimal cut set will suffer
during the time interval from
Otot

t
1 - expl-fA(t')at'] ; the probability that the min-
o) imal cut set will suffer one
or more failures during the
time interval from O to t.

A minimal cut set is said to be in its failed state if and only if
all of its components are simultaneously in their failed state. A mini-
mal cut set is thus in its functioning state if and only if one or more
of its components is in its functioning state. A failure of a minimal
cut set is the passage of the minimal cut set from its functioning state
to its failed state. (Consequently, a minimal cut set behaves like an

"and gate" on a fault trece.)

The quantity Q(+) is called the minimal cut set failed probability.

v

Q(t) is the probability that all the minimai cut set components are sim-
Ultaneously in their failed states at time t. Now the system is in its
failed state if a minimal cut set is in its failed state. Therefore,
Q(t) for a particular minimal cut set is the probability tﬁat the system
is in its failed state at time t by means of the particular minimal cut
set being in its failed state at time t. Examination of the Q(t) for
each of the minimal cut sets of the fault tree will determine the criti-
cal minimal cut sets, ﬁhose with the largest é(t), by which the system is

most likely to be in a failed state.

The quantity W(t) is called the minimal cut set failure rate. The

integral of W(t) over any time interval from t; to tp yields the expected



number of times the minimal cut set will suffer a failure in this interval.
The integral from O to t is the expected number of times the minimal cut
.set will suffer a failure up to time t. The system will suffer a failure
if a‘minimal'cut set suffers a failure. The minimal cut sets with the

largest W(t) are therefore those which contribute most to system failure.

The quantity A(t) is termed the minimal cut set failure intensity.

R(t) is analogous to the component failure intensity X and is used in

exactly the same way as A is used for a component. The quantity

t.

exp[-fA(t')dt'] is the probability that the minimal cut set suffers no
o) ’ t,

failure to time t. The quantity 1 - exp[-fA(t')dt'] is therefore the

o]
probability that the minimal cut set suffers one or more failures up to

time t.
The differential characteristics Q(t), W(t), and A(t) and the inte-
t. t.
gral characteristics [W(t')dt' and 1 - exp[-fA(t')dt'] are obtained for

o o
each minimal cut set at time points t = tp specified by the user.

3. Minimal Path Set Information
If minimal path sets are used to obtain system reliability information,
then for each minimal path set the following reliability characteristics

are obtained:

~

P(t) ; the probability that the minimal -
path set 1is in its functioning
state at time tlal

W(t) ; the expected number of failures
the minimal path set will suffer
per unit time at time t

[a]

"naAn

The superscript symbol is used to denote minimal path set

reliability quantities.



A(t) ; the probability that the minimal
path set will suffer a failure
per unit time at time t given it
is in its functioning state at

time t
t.
{w(t')at' ; the expected number of failures
o) the minimal path set will suffer
' during the time interval from 0
to t
-tA .
exp[-fA(t')dt'] ; the probability that the minimal
o path set will suffer no failure
from O to t.

A minimal path set is said tb be in its functimming state if and only
if all of its components are simultaneously in their functioning states.
A minimal path set is thus in its failed state if and only if one or more
of its components is in its failed state. A failure of a minimdl path
set 1s the passage of the minimal path set from its functioning stéte to
its failed state. (A minimal path set therefore behaves like an "or gate"

on a fault tree.)

The quantity é(t) is termei the minimal path set functioning proba=
bility. The system is in its functioning state if one of the minimal path
sets is in its functioning state. Therefqre, E(t) for a particular mini-
mal path set is the probability that the system is in its functioning.
state by means of the particular minimal path set being in its functioning
state. Those minimal path sets with the largest %(t) are the 'critical
minimal path sets by which the system is most likely to be in a function-
ing state.

-~

The quantity W(t) is termed the minimal path set failure rate. W(t)

is analogous to the minimal cut set failure rate and component failure
rale and 1g used in the same way as the other failure rates.

The quantity A(t) is termed the minimal path set failure intensity.

A

A(t) tor a minimal path set is used in exactly the same way as A(t) is



used for a minimal cut set and A(t) is used for a component. The quantity
t

exp[-fA(t')at'] is the probability that the minimal path set suffers no
o

failure to time t. Those minimal path sets with the largest value of
t. .

exp[-fA(t')at'] are those critical minimal path sets by which the system
o

will most likely function fo time t without a failure.

The differential characteristics, ﬁ(t), ﬁ(t), and R(t) and the inte-
gral characteristics }&(t')dt' and exp[—}x(t')dt'] are obtained at time
points t = tn specifieg by the user. °

4. System Reliability Information

The fauit tree can be described in an equivalent manner by either its
minimal cut sets or by its minimal path sets; the same system reliability
information, having exactly the same values, is obtained from either-the
minimal cut sets or the minimal path sets. The system reliability infor-
mation, or system reliability characteristics,.obtained from the minimal

cut sets or path sets are:

Qo(t) 3 the probability that the
system is in its failed
state at time t

Wo(t) 3 the expected number of
failures the system will
suffer per unit time at
time t

Ao(t) 5 the probability that the
system will suffer a failure
per unit time at time t .
given it is in its function-
ing state at time t

JWo(t')at' ; the expected number of fall-

: ures the system will suffer
during the time interval from
0 tot '



t
1 - exp[-fAo(t')at'] ; the probability that the
o system will suffer one or
more failures in the time
interval from O to t.

The quantity Qo(t) is called the system failed probability. If the
system is examined at time t, then Qy(t) is the probability that the system
is down, or in its failed state, at this particular time.

The quéntity Wo (t) is termed the system failure rate. The integral

of Wo(t) over any tlme interval from t; to t; gives the expected number

of times the~system will fail during this interval. The integral fW Yat!
is consequently the expected number of times the system will fail up to
time t.

The quantity Ao(t) is termed the system failure intensity and is anal-

ogous to the other failure intensities discussed. The gquantity
exp[—}Ao(t')dt'] is the probability of no system failure to time t; and one
minusothis quantity, the last characteristic in the above list, is the
probability that the system will suffer one or more failures to time t.

The differential system characteristics Qy(t), Wy(t), and Ao(t) and
the integral system characteristics }Wo(t')dt' and 1 - exp[~- IA (tr)at']
are obtained at the same time points Zs the component and set charauter—
istics, t = tp, which are specified by the user. The system charagteriotico
are obtalned either by upper bound approximations or by bracketing. If

the bracketing is carried to its completion then the exact values for these

system characteristics are obtained,

ITI. INPUT DESCRIPTION

This section describes the data which must be input to KITT-1. A

detailed description of this input, along with recommendations, is given.



All the integer input data (fixed point data) are read under an 110 format
and therefore must be right justified. All ?he decimal input data (floét—
ing point aata) are read under an F10.0 format. This format will take any
decimal nﬁmber, such as 15.0, which can be situated anywhere within the

10 columns, but decimal points must bé punched. It will also take the E
or D representation, such as 1.5D + 01, but the decimal point must be

punched and the number must be right justified.

Input Group 1

Number of Cards: 1
Format: 10A8
Input Data: Title Card

This card is used for description of the problem to be run. Any

alphanumeric characters may be used in the 80 columns of the card.

Input Group 2

Number of Cards: 1
Format: 1I10
Input Data: NPROB (NPROB > 1)

The parameter NPROB is the number of "parameter runs"-t5-£e performed
for the same fault tree (ie, for the same minimal cut sets or miniﬁal path
sets). A parameter run is the fault tree analyzed with the -components
having a particular set of values of A and 1. For NPROB = 1, the fault
tree is analyzed with one set of A's and T's used for the compoenents. For

NPROB = n, with n> 1, the same fault tree is analyzed with n different sets



of values of A's and t's for the components. For NPROB greater than 1,
one can therefore analyze the differences in system reliability due to

changes of various component A's and 71's.

Input Group 3

Number of Cards: 1
Format: 1I10
Input Data: NCOMP (1 < NCOMP < L400)

NCOMP is the totél number of unique components plus unique inhibit
conditions. ''nis total number of components plus inhibit conditions must
include the number of unique components plus inhibit cpnditions whicﬁ are
in one or more of the minimal cut sets or minimal path sets. If NCOMP is
greater than the number in the minimal cut sets or path sets, (component)
reliability information is obtained for those components not in any mini-
mal cut set or path set. These components not in any minimal cut set or

path set are ignored in the system reliability computations.

Input Group 4

Number of Cards: Varies
Format: 8F10.0
Input Data: XIMDA(I); I = 1, NCOMP

XIMDA(I) is the failure intensity A (per hour) for the component of
index I. The failure intersities A are read in, 8 to a card, in order of
increasing component index.. The A's read in here are for the first para-
meter run (see Input Group 2). For identification, each unique component

or unique inhibit condition is assigned a unique index I, where I ranges

10



from 1 to NCOMP. [NCOMP is the total number of components and inhibit
conditions (see Input Group 3).] The assignment of indices is arbitrary;
if the PREP code is used to determine the minimal cut sets or minimal path
sets, the‘component indices are automatically assigned by it. A nonposi-

tive A3 (Aj < 0) denotes the "component'" of index j is an inhibit condition.

Input Group 5

Numhear af Cards: Varies
Format: 8F10.0
Input Data: TAU(I): I = 1, NCOMP

TAU(I) is the constant repair time t (hours) for the component of
index I. The T's read in here are for the first parameter run, The‘}epair
times T afe read in, 8 to a card, in order of increasing component index.

A nonpositive t(t < 0) denotes the component is nonrepairable. In the

preceding input group (Input Group 4), a nonpositive A, A

3 < O,'denoted

that component j is an inhibit condition. If this is the case, then T3
is interpreted as the probability of occurrence for this respective in-
hibit condition and must be read in as such. A quick reference is given
below in the use of A and T to denote nonrepairable components, inhibit

conditions, etc.

Variables Input Meaning
A>0, 1T>0 A repairable component. The

value A is then the value of
the failure intensity (per
hour) and T is the value of
the repair time (hours) for
this component.

- A>0,1t<0 A nonrepairable component. The
value A is then the value of
the failure intensity (per hour)

* for this component.

11



Variables Input Meaning

A< 0, T20 An inhibit condition. The
value 1 is then the value of
the occurrence probability
for this inhibit condition.

Input Group 6

Number of Cards: 1
Format: I1l0
Input Data: ISTOP

ISTOP is the bracket flag and is read in as either 1 or 2. If ISTOP
= 2, system reliability characteristics Qy(t), Wo(t), etc, are obtained by
means of the bracketing procedure. If ISTOP = 1, the bracketing procedure
is not used. (The bracketing procedure is explained in Input Group 9.)

Regardless of the value of ISTOP, reliability characteristics are
always determined for the components and minimal cut sets or path sets.

If reliability characteristics are desired only for the component.s and
minimal cut sets or path sets, but not for the system, set ISTOP = 1[&].

IT system characteristics are desired and minimal path sets are used to
obtain these characteristics theh ISTOP must b; set equal to 2. If system
characteristics are wanted and minimal cut sets are input, then ISTOP can
be set equal to 1 or 2. For ISTOP = 2, upper and lower bounds are obtained
for the system characteristics and if this bounding is carried to its com-
pletion the exact values for these qharaéteristics are obtained. This is
explained in more detail in Input Groups. 9 and 10. For ISTOP = 1, only

upper bounds are obtained for the system characteristics. These upper

“bounds are éxplained in more detail below.

o

ISTOP should also be set equal to 1 if input data are merely to be
checked for any errors.

12



As stated above, if minimal cut sets are used to obtain system reli;
ability characteristics, then ISTOP can be_set equal to 1 to obtain upper
bounds for the system characteristics. These upper bounds are obtained
in a very small amount of computer time (on the order of fractions of a
minute). Furthermore, the upper bounds ‘are also excellent approximations
to the exact values of the system characteristics. For a system whose
components are repairable, the fractional errors made are on the order of
0.1% for differential results [Wo(t), Qo(t), Ag(t)]. For a system whose

components are all nonrepairable, the fractional errors made for the dif-

ferential characteristics are on the order of 10%. For ISTOP = 1, the

system failure rate Wo(t), failure intensity Ag(t), and failed probability

Qo(t) are bounded (and approximated) as:[a]
Ne
Q(t) < 1 =TT 11 - @i(¢)]
i=1
Ne .
Wolt) < wi(t)
i=1
N, 5
W; (t)
i=1
<
Ao(t) < o -
[1 - Q;(¢)]
i=1 . )
where
Ne = total number of minimal cut sets
W; (t) = the i®0 minimal cut set failure rate
Qi(t) = the i'P minimal cut set failed prbbability.

[a]

For a derivation of these bounds, and a proof that they are always
upper bounds, see the report Analysis of Fault Trees by Kinetic Tree

Theorz[2

13

(1)

(2)

(L)
(5)
(6)



Using these upper bounds for Ao(t) and Wo(t), upper bounds for the integral‘

system characteristics are also output;

t £ (Ne |
]wo(t')dt* < f :E: wi(t') | at? : (7)
o of{i=1
and Ne .
1 - exp[-fA(t')at'] £ 1 - expl-f ;;l at']
° °ITT (2 - @(t")
i=1

If results from bracketing are ;btained, by settiﬁg'iSTOP =2, and
-minimal ‘cut sets are used, the upper bounds given by Eqﬁations (1) through
(3) and by Equations (7) and (8) are still output as additional information
since the additional computer time needed to obtain these upper bounds is
~-negligible.
(A more detailed treatment of the accurécy of these ﬁpper‘bounds is

-given in Subsection 2, on page 31, a subsection of the recommendations

given there.)

Input Group 7

Number of Cards: 1
Format: 2110, F10.0
Input Data: NTPT, NOUT, DELTA. 2 < NTPT < 50
WouT :

iv
(]

This input consists of three numbers punched on a card. NTPT is the
total number of time points at which reliability characteristics are ob-
tained, NOUT is the printout multiple, and DELTA is the spacing between

the time points. If DELTA is given a positive value At (in hours) then

14



characteristics are obtained at times 0, At, 2At, ..., (NTPT - 1)At. If
DELTA is given a negative or zero value, then the time points are expli-
citly input (Input Group 8), and reliability characteristics will be ob-
tained for these time points read in.

The reliability characteristics for components, minimal cut or path
sets, and for the system are all obtained at the same time points. NTPT
is the totél number of time points at which these characteristics are
obtained. This number of time points is arbitrary, but it must not exceed
50. In most cases, the number of time points used does not significantly
affect the computer time. However, for assurance, it is a good practice
to always use the minimum number of time points for the accuracy desired.

NOUT is the printout multiple. If NOUT is set equal to 1, component
and minimal cut or path set characteristics are printéd out for every time
point; if NOUT is set equal to 2, they are printed out for every second
time point, and so forth. System reliability characteristics are always
printed out for every time point. NOUT need not be evenly divisible into
NTPT. |

If DELTA is read in as a positive value 4t, it is taken to be fhe
spacing, in hours, between the time points at which characteristics are
obtained. The time points are therefore evenly spaced. If DELTA is
positive, the first time point is always 0.0 and‘therefore the NTPT time
point, the last time point, is (NTPT - 1)At.

If DELTA is read in as 0.0, or any negative number, then the NTPT
time points, arbitrarily spaced, are explicitly iﬁput in the next input
group. The flexibility of explicitly reading in the time points at which
cﬁaraéteristics are obtained allows the user to place the time points so

that maximum detail and accuracy are obtained for a problem.

15



The time points used do not in any way affect the acecuracy of the

differential reliebility characteristics (failed probability, failure rate,

and failure intensity), which are obtained for the components, sets, and

the system. The integral characteristics, however, are obtained using a
trapezoidal integration over the pertinent differeﬁtial characteristics,
using only those differenﬁial characteristics at the time points chosen.

If accurate integral characteristics are desired, then preferabiy DELTA
should be set equal to a negative number (or zero) and the time points shoul@
explicitly beiread in. The plécing of thesc time puints 1s discussed in

the next input group. If DELTA is set equal to a positive number, then to
obtain accurate integral characteristics, NTPT should be set equal to 50

and DELTA should be determined from the formuls

*nax
= (9)

where tmax is the maximum time of interest for which characteristics are

desired.

Input Group 8

Number of Cards: Varies.
Format: 8F10.0
Input Data: TOT(J); J = 1, NTPT

This Input Group is skipped if

DELTA is positive (Tnput Group 7).

TOL(J) are the time points at which the -component, set, and system
c¢haracteristics are obtained, if DELTA is negative or zero. Eight time
points are read in on a card, and are continued on succeeding cards until

the NTPT time points are read in. The time points may be arbitrarily

16



spaced and may begin at any nonnegative time [ToT(1) > 0.0]. However, the
time points must be in increasing order [TOT(1) < TOT(2) < TOT(3) < ... <
TOT(NTPT)]. Also, the integral characteristics are always evaluated using
TOT(1) as the beginning time.

The integral characteristics are always obtained from integrations,
beginning with the first time point which is input, TCT(l). [For all the
integral characteristics for components, sets, and the system on pages 2,
3, 5, and T, respectively, replace the bottom time on the integrals from
"t =0 tot = ty, where to = TOT(1). The definitions would then read "in
the time period from ty to t".]. Therefore, unless the user has a definite
reason for not doing so, TOT(1) should be read in as 0.0.

As stated in the previous input group, the accuracy of the differential
qharacteristiés is not affected by the placing of the time points, but the
accuracy of the integral characteristics is. Therefore, for accurate in-
tegral characteristics the time points should be chosen so that the points
are closely spaced in areas where the differential characteristics are
rapidly changing in value. This generally involves spacing the points
closely near TOT(1l), the origin, and further apart for greater times.

If a component has a constant repair time t, then its differential
characteristics will go asymptotic, §r assume constant values, after sev-
eral multiples of T (from t = 0.0). Therefore, for a system with repair-
able components, it is best to have the first several time points spaced
Tg apart, where T, is a characteristic component repair time. After this
transient period, the time points can then be spaced>as far apart as de-
sired, which will not affect the accuracy of the integral characteristics
sinceé the differential characteristics ﬁill have assumed their constant,

"steady state" values. If the components are nonrepairable, then the

17



differential characteristics change smoothly in value and an even spacing

‘of the time points is generally best.

Input Group 9

Number of Cards: 1
Format: 2I10
Input Data: NBMAX, IFAG2 (1 ¢ NBMAX ¢ L400)

This Input Group is skipped if
ISTOP = 1 (Input Group 6).

NBMAX is the number of outer brackets to obtain. TFAG? is the oyotem
failure rate correction flag and must have a value of 1 or 2. If IFAG2 =

2, the system failure rate correction term [Wéz)(t) for minimal cut sets

or %éZ)(t) for minimal path sets] is bracketed. If IFAG2 = 1, this cor-
rection term is not computed. If minimal path sets are input and system
reliability information is desired (TSTOP = 2), then NBMAX and IFAG2 must
have only oné set of values as given below. If minimal cul sels are input
and ISTOP = 2, the choice of values for NBMAX and IfAG2 is somewhat arbi-
trary, and their use in the code is descriﬁed below. The user who merely

wishes efficient, predetermined values for these two variables is referred

to the recommendations given on page30 or to thc recommendation summary

on page 41.

A. Minimal Cut Sets Input

If minimal cut sets are used to dectermine syslem characteéristics
~ then the system failed probability Qo(t) is equal to the probability of
one or more of the minimal cut sets being failed at time t[e]. Qo(t) can

thus be expressed as
18



(10)
No-1
- (-1)7¢ QNc(t)
where
N, = the total number of minimal (11)
cut sets for the fault tree
and
Qu(t) = the contribution to Qo(t) from (12)
n minimal cut sets being simul- '
taneously failed at t (n = 1,
.y No).
Q,(t) is thus given by the expression
Qn(t) = z : Qiy...ipst) ' . (13)

11' e ln

where Q(ij...in3t) is the probability of the n minimal cut sets iy,...,ij

being simultaneously failed at t and the summation is over all combinations
of the N. minimal cut sets taken n at a time.

The system failure rate Wo(t) is given by the expression

Wo(e) = ) - WP (14)

o

(1) (2)

W '(t) is the major contribution to W,(t) while Wy"’(t) is a correction

v(2 v (1
term. [Wi )(t) is generally less ‘than 1% of Wél)(t).] Wé )(t) is equal

to the probability of one or more minimal cut sets failing at time t, and

can be expressed as

W) = wi ) - Wi )+ Wi e

t)

— et (m)Ned W&i)(

where

Wél)(t) = the failure rate for exactly : (16)

n minimal cut sets simulta-
meously failing at t (n = 1,
.y Nc).

19



(

Analogous to Qu(t), Wnl)(t) is given by the expression

w{De) = Z W(iysee igst) - (a7)

iy vip
where W(il,...in;t) is the probability of the n minimal cut sets ij,...,ip
simultaneously failing at t. 'The summation again 1s over all combinations
of n minimal cut sets.

NBMAX of Input Group 9 involves the computation, or "bracketing'", of
Qo(t) and ﬁgl)(t). For NBMAX = K, where K is less than or equal to the
total number of minimal cut sets No, the first K terms on the right-hand
sides of Equations (10) and (15) are only considered to obtain K "brackets'",
or bdunds, for Qo(t) and &él)(t). For Qo(t), considering the first term
on the right hand side of Equation (10) gives a first upper bound for
Qolt),

Q,(t) < @) . (18)

Considering the first two terms gives a first lower hound for Q,(t),
Qo(t) 2 Qj(t) —.Qz(t) . (19)
Considering the first three terms gives a second upper bound for Qo(t),
Qo(t) 2 @y (8) - (%) + Q3(t) . | " (20)

Considering the first four terms gives a second lower bound for Qo(t), and
18] férth.> This 5racketing can continue until all N, terms are considered-
which then.not only is an upper or iower bbund'for.QO(t) but also.is its
exact.value[a]. For NBMAX = K the bracketing is continued only until'K

terms are considered for Qo(t),-yielding K upper and lower bounds for

[a]

For a general discussion and verification of this bracketing procedure,
see- the report Analysis of Fault Trees by Kinetic Tree Theory.
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Qo(t); for K < N, the bracketing is thus truncated and is not carried to
its completion (until N, terms are considered yielding the exact answer).
When NBMAX = K, in addition to the K bounds obtained for Qo(t), from

Equation (15) K bounds are obtained for ng)(t);

W) ¢ wit (g (21)
i 2w ) Wl e (22)
W) e W) Wi ) s i) (23)

As with Q_(t), the bounding, or bracketing, continues until K terms are
o)

considered on the right-hand side of Equation (15).

v (1

From the K terms considered for Q,(t) and W )(t), a number of upper

and lower bounds are obtained for Qo(t) and Wél)(t). More precisely, for

K even,-% upper bounds and-g lower bounds are obtained for Qo(t) and

Wél)(t). For K odd, E%; upper bounds and E%; lower bounds are obtained.

From these upper and lower bounds, the code then chooses the best (small-

est) upper bound and the best (largest) lower bound for Q,(t) and ﬁél)(t);

Qo) ;< (8) € ag(t) (24)
vW(l)(t)rﬂln < V\:T(()l)(t) < vél)(t max (25)

- (1) (1)
where Qo(t)min, Qo(t)max’ Wo (t) » W (t)max are the best bounds chosen

min
by the program from the K bounds which were obtained by setting NBMAX = K.

For K = Ne, where Np is the total number of minimal cut sets, then one of

the best bounds obtained is the exact value for Q,(t) and Wél)(t). Depending

upon whether N, is even or odd,

21



Qo(t) = Qlt)

5 y N. even, NBMAX = N (26)
wél)(t) = wél)(t)mln ¢ :
or '
Qlt) = Q (t) .
Ne odd, NBMAX = N, (27)
W-(()l)(t) = W(()l)(t)max : i

As NBMAX is increased in vaiue from 1 to N, the best upper and lower
bounds chosen by the program will approach one another, giving tighter

brackets for Qo(t) and ﬁ( 1)

(t). However, as NBMAX increases, computer
times increase——sométimes,dramatically. For N, (the number of minimai
cut sets) less than 10, the exact values for W(l)(t) and Qo(t), obtained
by setting NBMAX = N,,can be determined in about one minute computer time.
For general N., setting NBMAX = 1 will give only an upper bound for Qg(t)
o '(t) (the lower bounds being zero). These upper bounds will be
larger (and hence poorer) than those obtained by setting ISTOP = 1 (Input
Group 6). Hence, if ISTOP is set equal to 2, NBMAX should be set at least
equal to 2. A value of 2 is the smallest value NBMAX can have to obtain
bulh an upper aﬁd (nonzero) lower bound for Qo(t) and ﬁéi)(t). Even for
NBMAX set equal only to 2, this upper and lower bound will generally differ
by et most 1%, giving tight brackets for Qo(t) and ﬁél)(t),

For minimal cut sets input, NBMAX is thus a "convergence parameter"
for Q_(t) and w(l)(t) The other variable of Input Group 9, IFAG2 is
related to the convergence, or bracketing, of the correction term W( )(t)
in.Equation (14). If IFAG2 is read in as 1, the correction term W( )( )
is not computedl Therefore, setting IFAG2 = 1 will only give an npper
bound for W,(t), no matter how tightly ﬁgl)(t) is bracketed. If IFAG2 is

'“(2)

read in as 2, the correction term W (t) is bracketed, allowing both

22



upper and lower bounds to be obtained for the system failure rate Wy(t)
[or allowing the exact value of Wo(t) to be obtained]. For IFAG2 = 2, the
variables of the next input group, Input Group 10, determine how tightly

wéZ)(t) is bracketed.

B. Minimal Path Sets Input

If minimal path sets are used to obtain system reliability character-

istics, then NBMAX should be set equal to the total number of minimal path

sets Np and IFAG2 should be set equal to 2. For minimal path sets the

bounds determinedby the program for NBMAX < N_ are useless (greater than

b
1 and less than 0), and NBMAX must be set equal to Nb to obtain not only
the exact results but any reasonable results. For minimal path sets and
NBMAX = Np, the system failed probability Qo(t) and failure rate W,(t) are

given exactly by one of the bounds determined by the code, depending upon

whether Np is odd or even;

Qo(t) = Qo(t) ;5 N even, NBMAX = Np (28)
= Qolt)pgys N, 0dd, NBMAX = N - (29)

and |

~(1) = (2 - ~
Wo(e) = w5 ) - WP e) (30)
with

%(1)(t) = %(1)(t) N MAX = : (31)
o =W, min’ Np €ven, NB =N 31

b

= w(l)(t) ; N odd, NBMAX = I (32)

o max’ P D

~(1), ~(1)
where Qo(p)max, Qo(t)min,vwo (t)mjn, N (t)max are the best bounds qeter-
mined by the program. Wéz)(t) for NBMAX = Ny and IFAG2 = 2 will also be

determined exactly as discussed in the next input group. Because NBMAX

must be set equal to Np, minimal path sets should be used to obtain system
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reliability information only when there are a small number of such sets

for a given fault tree (Np < 10).

Input Group 10

Number of Cards: -Varies
Format: 8I10
Input Data: NB2(N); N = 1, NBMAX (1 < NB2(N) < 100)

This Input Group is skipped if IFAG2
=1 (Input Group 9), or if IZTOP = 1

(Input Group 6).

NB2(N) is the number of inner brackets to obtain for each outer bracket
N. If minimal path sets are input and system relisbility information is
wanted, then ﬁBé(N) must have only one set of values and these are given
below. For minimal cut sets input, the way NB2(N) is used in the code is
~ described below, which is a continuation of the discussions of Input Group
9. ‘Again, the user who merely wishes efficient, feoommcndcd values'TOr
NB2(N) is referred to the recommendations on page‘30 or to the recommend-

ation summary of page 4l.

A. Minimal Cut Sets Imput

If minimal cut seté are used to obtain system reliability information,
then by setting IFAG2 = 2 the "correction term" %gz)(t) is computed
[Equation (14) in Input Group 9]. The correction term ﬁéz)(t) may he

expressed as

Ne-1

{;(()2)(1-,) = Wi(t) - Wa(t) + Wslt) - ..o + (-1) wyy,, (t) (33)
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where N, is the number of minimal cut sets and

Wn(t) = the failure rate for exactly n (3h)
minimal cut sets simultaneously
failing at time t with one or
morc of the other minimal cut
sets being in their failed states
at time t (n = 1,...,Ng).

Wn(t) is analogous to the failure rate Wél)(t) of Equation (16); however
Wn(t) involves not only the n minimal cut sets simultaneously failing, but
also includes the probability of one or more of the other Ne-n minimal cut
sets being in their failed states at time t. Analogous to Eqﬁation (17),
Wn(t) can be expressed as

Wp(t) = Z Wiy, . ipst) P(in,...ipst) (35)

i R §
1> n

where W(il,...in;t) is the same as defined for Equation (17) and

Pu(il,...in;t) is the probability of one of more of the other minimal cut
sets being failed at t given the failure_of the il,...in minimal cut sets.
The summation is again over all combinations of N, minimal cut sets taken

n at a time.

Since Pu(il,...in;t) involves a union, Wn(t) can be written as

Wo(t) = wlit) - wﬁ(t} + wi(t) (36)

= oo+ (c1)Ne! Wﬂc(t)
where

W2(t) = the failure rate for exactly (37)
n A T
n minimal cut sets simulta-
neously failing at time t with
exactly m other minimal cut
sets being in their failed
states at time t (m = 1,...N,).

From Equation (35),
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Wi(t) = Wlip, . i58) Po(dgseeeip;t) (38)

ll""ln

where Pm(il,...i t) is the probability of exactly m minimal cut sets

n?
being failed at time t given the failure of the i;,...i, minimal cut sets.
In order to fail at time t, a minimal cut set must be in its functioning

state at time t, and hence

Wﬁ(t‘) = 0; m > Ne-n . (39)

Equations.(33), (34), (36), and (37) will be the equations of interest in
the proceeding discussions.

_For IFAG2 = 2 and NB2(N) =J, J tefms are only considered én the
right-hand side of Equation (36) where the index N is the same as the
index n in the above equations (N = n). Fromlthese J terms, J brackets,

or bounds, are obtained for Wn(t);

Wy(t) < wi(t) , (40)
> Wh(t) - W2(t) o (h1)
$ Wi(t) - wRe) + wi(s) ° (b2)
etc.

This proceeds until J terms are dbtained on the right-hand side of the

above eguations. For J even, there are thus~%-upper bounds and % lower

, * +
bounds obtained for W,(t). For J odd, there are igl upper bounds and

Q%l lower bounds obtained. From these J upper and lower bounds, which

were obtained by setting NB2(N) = J, the code then chooses the best

(smallest) upper bound Wn(t)max and the best (largest) lower bound

Wn(t)min'

Wa(t)yin € Wnlt) < Walt) o (43)
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From Equations (36).and (39), if J = N, - n+ 1, then

wi(t) . =W(t) 3 JI=N,-n+1 (L)

n min n‘"’max ¢

and the exact value of Wn(t) is obtained, given by either wn(t)miﬁ or
The best upper and lower bounds for Wn(t), n=1,...,NBMAX, are then

used in Equation (33) to obtain upper and lower bounds (brackets) for

ﬁgz)(t).

(2) A |

o (&) e wy(e) o o (45)
;Jc()Z)(t)_ 2 Wl'kt)min - Walt) | e
;\TgZ)(t) < wl(t)ma,x - W2(t)min +'W‘3(t)malx ()
&é2)<t) 2 Wl(t)min - W2(t)max + W3(t)min - WL*(t)max (48)
ete

This is done in the éode until NBMAX terms are considered on the right-
hand side of the above eguations fie, until NBMAX upper and lower bounds

(2)(t)] From these various bounds for W(z)(t), the

are obtained for W
best upper bound for W(z)(t) and best lower bound for W(z)(t) are chosen

by the code

W) e WP e wlBw (49)
where W(z)(t) min 204 %02)(t) are the best lower and upper bound
respectively.

If one assigns the values
NB2(N) = No - N+ 1; N = 1,...,NBMAX (50)
and |
NBMAX = N, (51)
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where Np is the total number of minimal cut sets, then both of the bounds

(5 .
for Wé )(t) are identical in value and are equal to the exact value of

&g?)(t). 5

_W(z)

o

ey =) (52)
= w2 () (53)
o max

From these best bounds for Wéz)(t) and from the best bounds for

Wél)(t) (Input Group 9), the best bounds for the system failure rate Wo(t)

are determipned;

Wo(1-'4)mi

where
‘ wo(t)min =

and
Wo(t)max =

Finally, from these best
for Qo(t) (Input Group 9) the

Ao(t) are obtained;

n € W(t) 2 W (t) (54)
i) -wlP e (55)
ST ITS W (56)

bounds for W,(t) and from the best bounds

best bounds for the system failure intensity

SIOMEY NOEY NONS (57)
where
Wo(t)min 8
Ao(t)min 1 - Qo(t)min (58)
and
Wo(t)max
Mo(®dnge = T RO (59)
These bounds for Ao(f)»are obtained from the exact equation
W (t)
S . (60)

A (%) = 3—:_§—T€7

(@)
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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 Ao(t) is

the exact value

Q(t) = Q (t) 4, : ‘ (61)
: N, even '
Wolt) = Wo(t)psn | nevax = w,
A () = A (t) 5p NB2(N) = N, - N+ 1

_or
W(L) = Qo(t?max v ot (62)
Wo(t) - woFt)max ) NBMAX = N,
Ao(t) = A (t) | MB2(N) =N, -N+1 -

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 sets), and the following values must be assigned to

_ NB2(N),

NB2(N) =N, - N+ 1, N =1,...,NBMAX . ‘ } (63)

P

This is necessary, not only to give the exact values for Qo(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 Ao(t) are then one of the best bounds

determined by the program:

Qo(t) % Qo(t)min Np even (6k)
Wot) =W (t) ;) NBMAX = N, ,

A(6) = A (v) | PR =N, - N+

0 o min :

or
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[¢] max

a,(t) = o () (65)

Np odd
(t) = w_(t)
Wo o) max NBMAX = NP
A () = A (8) ] MB2(N) = Np - N +1

where Q (t) __, etc, are the bounds determined by the code.

max

-

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 Input Group 10. A procedure of
selection of values for these variables is given which results in accurate
vdalues being obtained for the éystem characteristics in a minimum of com-
puter time. The user who merely wishes the sﬁmmary of this discussion is

referred to page 41 where ‘the procedure is simply stated.

1. When to Compute the Exact Values fér“the System Characteristics

(Istop = 2) B

Ir miﬁimal.pa%h sets are used; the values to be useé in Input
Groups 6, 9, and 10 are given in the aﬁove discusaions [Equation (6l4)
or (65)] and are no problen. If minimal cut sets are used, then the
values to be used for Input Group 9 and Input Group 10 must bé chosen
with some diécretioh. If the total number of minimal cut sets for the
fault tree is less than approximétely 10, then the exact.values of
Qo(t), wo(t), and.Ao(f) can be obtained in relatively small computer

time (¢ 1 minute). These exact values ‘are ohtained by asszigning the-

values
ISTOP = 2 (66)
NBMAX = N, (67)
IFAG2 = 2 (68)
NB2(N) = Ny - N +1, N = 1;...,N; ‘ (69)
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where Ne is the total number of minimal cut sets. The exact values of
Q(t), Wo(t), and Ao(t) are then either the upper or lower bound, de- -

termined by the code, depending upon whéther No is even or odd;

Qo(t) = Qo(t)min ‘ (61)
Wo(t) = wo(t)min N, even
Ao(t) = A (€) ;0

or
Q (t) = a (t) | (62)
W) =W ()} W, odd .
AO(t) = AO(t max

The Accuracy of‘the Upper Bpund Approximations (ISTOP = 1)

If the total number of minimal cut sets‘is greater than 10, ﬁhen
attempting to obtain exact system énswers becomes timé consuming, and
the bounding brocedures used in the codé are an efficient way of ob-
taiping excellent apprdximations; or tight envelopes, for Qo(£), wolt),
and A (t). As stated in Input Group 6, setting

ISTOP = 1 (10)
and not obtaining results from bracketing (skipping Input Groups 9
and 10) will yield upper bounds for Qo(t), Wo(t), and Ao(t), which
are also excellent approximations to the true values. The upper Bounds
can furthermore be obtained in negligible computer time (fractions of.

[a]

a minute for 500 minimal cuﬁ,sets) . 'Thegupper\boundsmaré again

Ne o
o) <1 -1 [1-08,6)] (1)
i=1

- [a]

As stated in Input Group T, the number of time points used does not
significantly affect the computer time.
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Wolt) < W; (t) (2)
i=1
and
Ne
wi(t)
Ao(t) < =1 | \ (3)

No §
'TT' [1-Q;(8)] .
i=1 -

whereAthe upper bounds the code yields are on the right-hand sides.of
these equationé. Qi(t) is the failed probability for the ith minimal
cut set, Wi(t) is the i® minimal cut set failure rate, and N, is the
total pumber of minimal cut sets.

The upper bound for Qo(t)? Equation (1), becomes an exact value
for Qo(t) if the minimal cut sets have no components in common (ie,

the minimal cut sets are independent);

=
(]

Qolt) =1 - [1 - @;(t)] ; No components o {71)
common . Lo two ‘
or morée mini-

‘mal cut sets.

e
I
o]

Thiis general upper bound is therefore obtained assuming independence

of the minimal cut sets. Restating Equation (10), Qo(t) is exactly

Qolt) = @p(t) - Qp(t) + Qalt) - ... (10)
where again

Qn(t) = the contribution from exactly n (72)
winlmal cut sets simultaneously )
being in a failed state at time
t.

(Al

From Equation (10), Q (t) may be expressed as

Ao(t) = Q (£) - q,,(t) (73)
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where the second term on the right-hand side of Equation (73) is the
contribution from two or more minimal cut sets being simultaneously in

a failed state at t. .Now[2]

Q,,(t) ~ Np qa(t) @, (t) (74)
where .
qa(t) = the average component failed (75)
probability (a simple average
over all the components of
the fault tree)
and

sets (those having m compo-
nents, where m is the smallest
number in a minimal cut set).

W, = the number of smallest cut -(76)

The symbol "~" denotes "is of the order". Therefore, when q,(t)<<1,
which is the generai case, Q>2(t) is negligible compared to Ql(t)fa].
In the upper bound for Q,(t), given by Equation (1), the term
Ql(t) is computed exactly. The term Q>2(t), which is generally negli-
gible anyhow, is not neglected but is approximated by an independence
assumption. The terms Q,(t), Q3(t), etc, of Q>2(t) [Equation (10)]

are approximated hy the products of the individual minimal cut set

failed probabilities involved in the particular combinations; from

Equation (13) Qun(t) is approximated by the expression

EE: éil(t)éiz(t)...éin(t) ; independence & (17)

1y...1, assumption

[1h}

Qu(t)

where Qil(t), etc, are the individual minimal cut set failed
probabilities. This approximation of Q>2(t) can be shown to always

give a better approximation for Qo(t), as compared to neglecting

[a]

The user who wants to gain more insight into the order of magnitude
of the various terms for Qo(t), etc, should see the report Analysis
of Pault Trees by Kinetic Tree Theory .
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Q}z(t) [though the two approximations would be very close in value
because of the négligibility of Q>2(t)]. Therefore, because Q;(t)
is computed exactly, and, in a minor significance, because sz(t) is
not neglected but is appro;imated, the upper bound obtained for Qo(t),
Equation (1), is also an exqellent approximation to its exact value.
The upper bound obtained for the system failure fate, Equation
(2), obtained by setting ISTOP = 1 is merely the sum of the individual
minimal cut set failure rates. [This is the-first term on the right-
hand side of Equation (15).) From Equations (14) and (15) we may

express the exact failure rate as
_.u (1) -(2)
w(t) = wo(.t) - 3w2‘2 (£) + W (t)z (78)

where Wg(t) is the upper bound given by Equation (2)

Ne A
u .
W) = D, W, () (79)
i=1
and
ﬁi;)(t) = the contribution to W_(t) from (R0)

- two or more minimal cut sefis
simultaneously failing per unit
time at time t. ' '
(2 .
Wé )(t) is the "correction term" discussed in Input Group 10. Consid-
ering Wz(t) not only as an upper bound but also as an approximation

for Wo(t) involves neglecting the two terms within the brackets in

Equation (78).

Now [21
Wy (6)~a, (6) Wa(t) BN
ald
- (2) | .u |
Wy (8)~a (8) W) (82)
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Thus, when qa(t)<<l, which a5 stated is the general case, these two
terms are negligible and the upper bound Wg(t) given by Equation (2)
for‘Wo(t) is therefore also an excellent approximation for its true
value.

The upper bound for the system failure intensity Aokt), given by

Equation (3) and obtained when ISTOP = 1, can be simply expressed as

wg(t)
A () ¢ ———— . (83)
° 1 - Q(t)
' (o)
where Wg(t) is the upper bound for Wo(t) given by Equation (2) and
Qg(t)‘is the upper bound for Qo(t) given by Equation (1). The exact-

value for Ao(t) is given by the expression

W (t) :
A (t) = i_:QQ;TET . (60)

''he upper bound for A (t) is therefore obtained by replacing Wo(t)
and Qo(t) by their respective upper bounds. Because Wg(t) and Qg(t)
are excellent approximations to the respective true values, the upper
bound for Ao(t), Equation (3), is therefore also an excellent approx-
imation to its true value.

By setting ISTOP = 1, the upper bounds yielded for Qo(t), Wo(t),
and Ao(t) are thus in general also excellent approximations to their

[a]

true values From the previous discussion, the-upper bounds are
generally within three significant figures of the true values. The
upper bounds yielded for the system integral characteristics [Equations

(7) and (8)], which use the upper bounds for Wo(t) and Ao(t), are

therefore likewise excellent approximations. In a converse manner,

[a]

The proof that these are always upper bounds is %iven in the report,
Analysis of Fault Trees by Kinetic Tree 'I'heory[2 .
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the approximations obtained for Qo(t), Wo(t), A (t), and the integral
characteristics are also upper bounds of their true values. This is
guite important since tﬁe values are thus always conservative and re-
sult in conservative estimates for system failure phenomena. Though
arguments have been given to validate the accuraéy of these upper
bounds, an appreciation of their accuracy and value (being upper bounds)
is perhaps gained only thfough application. As stated in Input Group 6,
because of the little computer time needed to obtain these upper bounds,
if systeﬁ>results are obtained by use of bracketing (setting ISTOP = 2),
these upper bounds, which are only obtained if ISTOP = 1, are output as
additional information. After a few comparisonstare made with the exact
results and after an underétanding is gained of the assumptions involved
in these upper bounds; it is expected that the user will then only ob-

tain these upper bounds in the majority of cases for which he wishes

system reliability characteristics.

Recommendations for the Use of Bracketing (ISTOP = 2)

From Input Group 9 and 10, the exact values of Q (t) and W _(t)
P . o o

are glven by the'équations

(t) = @ (t) - Qx(t) + Q3(t) : (10)

o e+ (s Q (t)

O I T I L e S IETY
Qﬁl)(t) = w§1)(t) - wgl)(t) + wgl)(t) (15)
_ + (-1)Ne-t Wé;)(t)

36



Q(Z)
(o]

Ne-1

(£) = Wy(t) = Wolt) + Walt) - ... + (-1) ch(t) | (33)

and

W (t) = erl(“ - wg(t) + wg(t) (36)
- DTl e (), 0= 1,

Ao(t), the system failure intensity, is then given by the equation

W (t)

=% .
A (t) = 1 -9 (¢t) (60)

NBMAX in Input Group 9 denotes the number of terms to consider

on the right-hand sides of Equations (10) and (15) for Qo(t) and

(1)

o (t), respectively. If IFAG2 = 2, it is also the number of terms

T(2
to consider on the right-hand side of Equation (33) for Wé )(t).t If

lower bounds are desired in addition to upper bounds, IFAGZ2 must be

set equal to 2. Since this is generally desired when bracketing is
done, we will assume IFAG2 = 2.
Setting NBMAX equal to 2 will yield one upper bound and one lower

iz)(t). Since they are the only bounds,

bound for Qo(t), &él)(t), and %
they will be the best bounds used by the code. Setting NBMAX = 3 will
yield two upper bounds and one lower bound. The best upper bound will
be chosen and the one lower bound will be used. Setting NBMAX = k4 will
yield two upper bounds and two lower bounds. The best upper bound and
best lower bound will be used. Setting NBMAX = 5 will yield three
upper bounds anq two -lower bounds, and so forth. Because of this be-
havior NBMAX shopld,be generally set equal to an even number in order
to obtain an equal number of upper and lower bounds.

It is recommended that if bracketihg is desired, NBMAX be set

equal to 2; _
NBMAX = 2 . (8L4)
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Each succeeding term on the right-hand sides of Equations (10), (15),
and (33) is generally of the order of qa(t) times the previous term
where qa(t) i; an average component failed probability [Equation (75)].
Hence, the upper and lower bounds obtained will have a fractional dif-
ference of qa(t), and the true values will be very tightly enveloped,
generally within three significant figures. Moreover, for NBMAX = 2,
these bounds can be obtalned in moderate computer time-—-on the order
of several minutes 360/75 time for 500 minimal cut sets[a].

For those instances when these bounds are not close enough, which
ﬁill be unusual, NBMAX could then be set equal to L4, etc. However,
computer times for a larger number of minimal cut sets (100 or more)
will then increase to orders of an hour or more 360/75 time. For these
instances when setting NBMAX = 2 does not yield close enough upper and
lower bounds, and when the user is not content with the ﬁpper bounds
described in the previous section, it is'recommended that the less
important cut sets (those with a larger number of components) be

. neglected or that the minimal cut sets be regrouped by set theory re-
arrangement. The neglection of fhe larger number component minimal,
cut sets (for example neglecting the minimal cut sets with three or
more coméonents if minimal cut sets of one component are present) will
cause negligible error in the system results and in many cases will
allow the user to run KITT-1 (with only these minimal cut sets of a

(bl

smaller number of components) in very small computer time . The

[a]

“Again, the number of time points used does not significantly affect
the computer time.
[v]

Since KITT-1 (or KITT-2) obtains the exact reliability characteristics
for the minimal cut sets, those of little importance can be -easily
discerned. ’
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use of KITT-1 with these minimal cut sets of a smaller number of com-
ponents should be the same as before, following the same procedures as
recommended herein. Grouping of the minimal cut sets has the same
results, énabling accurate system results to be obtained in little com-
puter time.

Assuming NBMAX has been set equal to 2 and IFAG2 = 2, input values
for NB2(N) in Input Group 10 must then be decided upon.  NB2(n), where
we have replaced the index N by n, is the'number of terms to consider
on the righﬁ-hand>side of Equation (36) to obtain a best upper and best
lower bouﬁd for Wn(t). NBMAX sets the number éf terms on the right-
hand side of Equation (33) to chsider for ﬁéZ)(t). However, each of
these terms, Wy (t), Wy(t), etc, is not exactly computed as with Qo(t)
and %él)(t), but is bracketed. NB2(n) prescribes how tight this "
bracketing, or cnveloping, will be for each term.

From Eguation (14) to obtain an upper and lower bound for Wo(t)

“(2)(t).

an upper and lower bound are needed for WO

V(2 (1
Wé )(t) is of the order of qa(t) times Wé

As stated previously,
)(t) and is therefore gener-
ally much smaller than ﬁél)(t). Therefore an upper bound need only be
t),and a lower bound of zero, preset by the code,

[a]

may be used as the best lower bound . We have assumed NBMAX has

computed for W

(2)
N (

been set equal to 2, and therefore from Equation (33)

where Wl(t)max is the best upper bound for W;(t) chosen by the code

[a]

Before computation of the best bounds for the system differential
characteristics, the code initializes the best lower ‘bounds at 0.0
and the hest npper hounds at 1010, the upper bound value being an
arbitrarily large number.
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from the NB2(1) upper and lower bounds for it. wl(t)max will he the

£2)(t) since NBMAX = 2 [NBMAX

only, and hence best, upper bound for'%
= 3 being the smallest value for more than one upper bound for ﬁéZ)(t)].
Setting NB2(1) = 1 gives one upper bound for W,(t), setting

NB2(1) = 2 gives one upper and one lower bound for W;(t), etc. Now,
each succeeding term on the right-hand side of Equation (36) for Wh(t)
is generally of the order of‘qa(t) times the preceding term. Therefore,
the first term Wi(t) is an excellent approximation for W;(t), and more-
over, this first term will he used as the beot upper bound for W (L)

if we set NB2(1) = 1. Thus, the minimum values to assign NB2(n),

n=1, 2, are

1
,_l
—~

02}
N
~—

-NB2(1)
and
NB2(2)

0 : (87)

where we set NB2(2) = 0 since we do not compute Wz(t).

v

If a nonzero lower bound is desired for Wéz)(t) then from

Equations (33) and (36)

SO TR IR €:1:)
and
W2y ) - w(e) - (89)
o “min 1M min 2 VY inax t

Since NBMAX = 2, one upper and one lower bound can be obtained for

“(2 .
Wé )(t) and they will be the best bounds used by the code..- We there-
fore need at minimum ane npper and”oneylbwér bound-for Wy(L) and one

upper bound for W,(t). These bounds will be obtained by setting
NB2(1) = 7 (90)
ahd

NBR2(2) = 1 . ' (91)
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Setting NB2(1) = 2 and NB2(2) = 1, with NBMAX = 2, will in general
yield an upper and lower bound for Wb(t) which are closer to each other
~than the upper and lower bound obtained by setting NB2(1) = 1 and NB2(2)
= 0. - However, with NB2(1) = 1 and NB2(2) = 0, the upper and lower
bounds obtained for Wo(t) will generally differ in the third or fourth
significant figure. The value of Wo(t) will therefore be accurately
‘ known to within three significant figures, which for most reliability
analyses is of sufficient accuracy. Moreover, the computer time needed

for NB2(1) = 1 and NB2(2) = 0 is on the order of a few minutes for 500

minimal .cut sets, while that needed for NB2(1) = 2 and NB2(2) = 1 is
on the order of an hour. Therefore, with NBMAX = 2 and IFAG2 = 2, it
is recommended that onc inputs the values
NB2(1) = 1 (86)
and
NB2(2) = 0 . - (87)

As recommended for NBMAX, for those unusual cases where NBé(l) =
1 and NB2(2) = 0 do not yield sufficieﬁtly tight bounds,'and where
the upper bounds discussed in Section 2 are not deemed satisfactory,
it is recommended that either the less important minimal cut sets be
neglected and the procedures be feperformed as recommended herein, or

that regrouping of the minimal cut sets be done.

Recommendation Summary

If the total number of minimal cut sets N, is less than approxi-
mately 10, the exact values for the system characteristics can be ob-

tained in several minutes computer time by setting;
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ISTOP = 2 (92)
NBMAX = N, (93)
IFAG2 = 2 (9h)
and
NB2(N) = Ny, - N+ 1; N =1, N, . (95)

. The total number of time points used does not significantly affect
this computer time needed. Depending upon whether N, is even or odd,
the exact values for the system characteristics are given eiﬁher by
Equation (61) or by Equation (62) on page 29.

if the total number of minimal cut sets is greater than gpproxi—
mately 10, system-characteristics are most efficiently obtained either
by using their upper.bound approximations or by bracketing. Setting
ISTOP = 1 and skipping Input Groups 9 and 10 will yield upper bounds
for the system characteristics which are accurate (generally to within
three significant figures) and which can be obtained in négligible
computer time, regardless of the number of time points used.

If both upper and lower bounds are desired for the system char-

acteristics, then set

ISTOP = 2 (96)

NBMAX = 2 (97)

TFAG2 = 2 (98)

NB2(1) = 1 (99)
and

NB2(2) = 0 (100)

This will result in the upper and lower bounds being very close to
one anothér, and the system characteristics will be obtaincd to within
generally‘three significant figures. The computer time will further-

more be moderate for any number of time points used, on the order of
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a few minutes. For those instances when it is deemed that neither of
these procedures yields satisfactory results, then one should neglect
the lesser important minimal cut sets or one should regroup the mini-

mal cut sets.

Inpuf Group 11

Number of Cards: .1
Format: I10
Input Data: IPATH

IPATH is a-flag and has either a value of 1 or 2. If minimal cut
sets are read in, then IPATH is set equal to 1. If minimal path sets are

read in, then IPATH is set equal to 2.

Input Group 12

Number of Cards: 1
Format: I10
Input Data: NCUT (1 < NCUT < 500)

NCUT is the total number of unique minimal cut sets (IPATH = l) or
minimal path sets (IPATH = 2) input to obtain system reliability charact-

eristics.

Read In The Following Input Group (Input Group 13) For Fach Minimal Cut

Or Path Set. Repeat The Input Group For The NCUT Total Number Of Sets.
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Input Group 13

Number of Cards: Varies
Format: 8I10
Input Data: IMAX, ICUT(K,I); I = 1, IMAX (1 < IMAX < 19)

For each minimal cut set (IPATH 1) or minimal path set (IPATH = 2)

a card is read in which has on it, first, the total number of components
plus inhibit conditions in this minimal cut or path set (IMAX) and then
has on it the indices of the components and inhibit conditions in this set
[IQUT(K,I)]. The card is read in on a 8I10 format. If there are more
than T components and inhibit conditions in the minimal cut or path set,
then the indices are continued on succeeding cards with a format of 8110.
The qrder of the indices is arbiﬁrary, though there must be IMAX of them.
Each minimal cut set or path set must begin a new_card (with IMAX, etc,

on it). The order of input of the minimal cut sefs or path sets is

arbitrary.

For NPROB = 1 (Input Group 2) There Are No More Cards To Be Read In. ££

NERUB > L, Read In lnput Groups 1, 15, 16, And 17 For Each of The

(NPROB - 1) Differenf Parameter Runs. The Four Input Groups Are Repeated,

But With Different Values, For The (NPROB - 1) Diffgrent Parameter Runs.

Input GPOQQ,T4 (New Parameter Run)

Number of Cards: 1
V Format: TI10
Input Data: NLAM

NLAM is the number of components and inhibit conditions which have
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different failure intensities A [XLMDA(I)] for the new parameter run.

The values XIMDA(I) are with reference to Input Group 4.

If NLAM Equals O, Skip Input Groups 15A And 15B And Go To Input Group 16.

If NLAM Equals NCOMP, The Total Number of Components And Inhibit Conditions

(Input Group 3), Read In Input Group 15A And Then Go To Input Group 16. If

NLAM Is Less Than NCOMP, Read In Input Group 15B And Then Go To Input Group

1.

Input Group 15A (New Parameter Run)

Number of Cards: Varies
' Format: 8F10.0
Input Data: XLMDA(I); I = 1, NCOMP

This Input Group is skipped if NLAM

igs zero or is less than NCOMP.

XIMDA(I) are the new failure intensities A (per hour) for the para-
meter run. These are different values for Input Group U4 (with the indices
used for the components and inhibit conditions remaining unchanged .for the
new parameter runs). The interpretation for a nonpositive XLMDA(I) is

the same as for Input Group L.

Input Group 15B (New Parameter Run)

Number of Cards: Varies
Format: L4(I10,F10.0)
Input Data: IND(K), XLMDA(IND(K)); K=1, NLAM
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This Input Group is skipped if NLAM

is zero or is equal to NCOMP.

IND(K) is the index of the component or inhibit condition having a
new failure intensity and XILMDA [IND(K)] is the correspondihg new failure
intensity (per hour). Each éard contains the values i, A(ik), lppro
Mige1)s igsps Aigey)s ixegs A(igyz) where iy, iy, etc, are the indices
of the components or inhibit conditions having different failure intensi-
ties (the combonents and inhibit conditions have the same indices for all
parameter runs, ie, the indices are the same as for Input Group 4), and
the A(ig), A(ik+1), etc, are the corresponding new failure intensities.
There are four pairs of values [iy, A(ik)] to a card until the NLAM pairs
of values are read in. The interpretation for a nonpositive A(ik) is the
same as for Input Group 4. Those failure intensities not changed retain ‘
the same values as used for the preceding parameter run (ie, those values
of "A not ¢hanged t'or parameter run 2 rgmain those values used for paraméter

~run 1l; for parameter run 3, the unchanged values remain thooc valuca used

for parameter run 2, ete).

Input Group 16 (New Parameter Run)

Number: of Cards: 1
Format: I10
Input Data: NTAU

.

-NTAU is the number of components and inhibit conditions having dif-
ferent repair times [TAU(I)] for the new parameter run. The values,

TAU(I), are with reference to Input Group 5.
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If NTAU Equals O, There Is No Further Data To Input For This Parameter

Run. Go Back To Input Group 14 For Additional Parameter Runs. If NTAU

Equals NCOMP, Read In Input Group 17A As the Last Input Group For This

Parameter Run and Then Return To Input Group 14 For Additional Parameter

Runs. If NTAU Is Less Than NCOMP, Read In Input Group 17B As the Last

Input Group For This Parameter Run And Then Return To Input Group 14 For

Additional Parameter Runs.

Input Group 17A (New Parameter Run)

Number of Cards:  Varies
Format: 8F10.0

Input Data: TAU(I); I = 1, NCOMP

This Input Group is skipped if NTAU

is zero or is less than NCOMP.

TAU(I) are the new repair times t (hours) for the parameter run.
These afe diffe?ent values for Input Group 5 (with the indiceg for the
componénts and inhibit. conditions remaining unchanged for the new éaraf
meter runs). The interpretation for a nonpositive TAU(I) is‘the same as

for Input Group 5.

Input Group 17B (New Parameter Run)

Number of Cards: Varies
Format: U4(I10,F10.0)
Input Data: IND(K), TAU(IND(K)); K = 1, NTAU
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This Input Group is skipped if NTAU

is zero or equals NCOMP.

IND(K) is the index of the component or inhibif condition having a
nev repair time, and TAU[IND(K)] isthe corresponding new repair time
(hours). Each card of this input group contains the values jy, t(Jy),
Jr+1s TCike1)s Jkeos T(Iken)s Jk+ss T(ige3). The values i, Jx+1, ete,
are the indices of the components or inhibit conditions having different
repair times and T(jk), T(jk+1), etc, are the corresponding different
times. There are four pairs of values [j, T(jk)] to a card until the
NTAU pairs of values are read 'in. The interpretation for a nonpositive
t(Jj) is the same as for Input Group 5. Like Input Group 15B, the repair
times not changed for the new parameter run retain their values as used

in the preceding parameter run.

IV. FORMAT OF OUTPUT FROM KITT-1

Section LI dcacribed the reliability characteristics ohtained by
KITT-1. This section describes the formats by‘which KITT-1 prinls out
these characteristics. The user will best enter this discussion if he
realizes the general structure of the output formats for the reliability
quantitiés:

Any quantity with the symbol "Q" is a failed probability.
2. Any quantity with the symbol "W" is a failure rate.
3. Any quantity with the symbol "L" is a failure intensity

(lambda) .
L. The title "WSUM" denotes the integral of the failure
rate W.
. . t
5. The title "FSUM" denotes the quantity 1- exp[-fA(t')dt']
where A(t') is a failure intensity. o
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This general naming procedure is used for the output of component charact-
eristics, minimal cut or path set characteristics, and for the system
characteristics. With>this general naming procedure in mind, the user
should find the following discussions of the output formats more uniform
in structure.

The first block of output from KITT-1 is a printout of the values
read in for the variables of Input Group 1 through Input Group 13. 1In
this first block of oufput, all the input read into the program is printed
out, with the exception of Inpﬁt Groups 14 through 17, which are the dif-
ferent values for the component A's and t's for the different parameter
runs. The A's and T's_printed out in this first block of output are
therefore only those for the first parame£er run (ie, the values for
Inpﬁt Groups U4 and 5). Using these first parameter run A's‘and T's, re-
liability characteristics are then printgd out in succeeding blocks of
output. If there‘is more than one parameter run (NPROB'> l), the Afs and
1's for the new parameter run (Input Groups l§ through 17) are printed out
on a new page. This is then followed by a printout of the'rgliability
characteristics obtained using this new set of A's and T's. This form of
printout, ?he new éet of X's and 1's followed by the characteristics_ob—
tained, is repeatéd for as man& varameter runs as were studied.

The format of printout for the reliability characteristics for(the_
succeeding parameter runs is the same as the format fqr the first para-
meter run, and we will therefore only.describe the format of output for
the firsf parameter run.

-As stated, the first block of output from KITT-1 is a printout of
the variables of Input Groups 1 through 13. This block of output is self-

explanatory, with the name of the variable (as used in the previous input
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description) and its definition being printed out along with its value.
The last output of this first block is titled "SET INFORMATION" and is
printed out in the form

SET NO. 1, WITH COMPONENTS i; i,
SET NO. 2, WITH COMPONENTS i3 ........

étc.
This is a printout of the index, or number, of thé minimal cut or path
set along with the indices of the components (or inhibit conditions) in
the set (Input Group 13). The minimal cut sets or minimal path sets are
ihdexed by the code in the order in which thoy arc rcad in for Iupul Group
13. These indices will be used in subsequent output to identify the in-
dividual sets,

Immediately followiﬁg this first block of output are succeeding blocks
of output containing the feliability characteristics obtained by the pro-
gram. The block of output entitled "COMPONENT AND INHIBIT INFORMATION",
beginning on a new page, is the first of these outputs and contains the
reliability charactgristics obtained for each component. The index
(number) of the component is first given, followed by its reliability
characteristics. The first column of output is the time and each succeed-
ing column is g pafticular component characteristic for the times given in
the first column. (One should therefore read row-wise to obtain all the
component characteristics for a particular time.) The component charact-
erigtics printed out have been described at tﬂe.beginning of this reporﬁ.
Table 10on page 55 gives the translation from the program output (the

[a]‘

headings of each column) to the symbols used on page 2

(a]

All the translation tables are given immediately after this section.
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Also in the output group, "COMPONENT AND INHIBIT INFORMATION", is
the inhibit condition information. The output for the inhibit condition
is mérely a printout of the aata réad in, with.thé index "and occurrence
probability being output. Descriptive labelling is used, and the output
format is self-explanatory.

On a new page following the cémponent characteristics and inhibit
information is a block of output entitled "MINIMAL SET INFORMATfON". This
block of output contains the reliability characteristics,for each minimal
cut set or path set. The output‘ is of the same format as the previous
component output; the set index is first given, followed by its reliabi-
lity characteristics which are in .columns. The set characteristics pfinted

 out have been described on pages 3 and 5. Table 11, at the end of this
section, gives the translation from the program output (column headings)
to the symbols used on page 3, if minimal cut sets are used. Table 12
gives the same translation if minimal path sets are used. J

Following the minimal set characteristics, on a new page, is a block
of data which is present only if minimal cut sets are used. ''his block
éf data, entitled "SYSTEM INFORMATION - UPPER BOUNDS", contains the upper
bound‘apprpximations for the system characteristics which were discussed
in Input Group 6. The first group of output in.this block of data.is
subtitled "DIFFERENTIAL CHARACTERISTICS - UPPER BOUNDS" and.contains the
upper bounds for the differentiél system characteristics. Immediately
following is a second group of output subtitled "INTEGRAL CHARACTERISTICS -
UPPER BOUNDS" which contains the upper bounds.for the integral-sysfem
characteristics. Tablé 13 gives the translation from the program output
(column headings) to the symbols used in Input Group 6. .

If ISTOP = 1 Group 6), the output for the first parameter

run is completed and the above described output will be repeated for the
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succeeding parameter runs, if there are any. If ISTOP = 2, there will be
one further block of 6utput which contains the best brackets obtained for
the system ch;racteristics, described in Iﬁput Groups 9 and'lo. This block
" of output is titled "SYSTEM INFORMATION - BEST BRACKETS" and has several
groups of output. The first group of output is subtitled "DIFFERENTIAL
CHARACTERISTICS - BEST BRACKETS" and contains the best upper and lower
bounds determined by the code for the differential system characteristics.
The format of output is analogous to the previous output, with a particular
system characteristic being in a particular column (a row correeponds to a
given.time). Table 14 at the enq of this section gives the translation
from program ogtput to those ;ymbols used in Input Groups Q(Qnd 10.

On a new page immediately foliowing the first group of system bracketed
output is the second group, entitled "FAILURE RATE CONTRIBUTIONS". This -
output will generaliy be of minor concern to the user since it gives the
contributions to the system failure rate‘Wo(t) from which the best bounds
are obtained for Wo(t). If minimal cut sets are used then from Input
Group 9, |

W (t) = v?i”(t) - t«vrc(,z)(t) . (14)

)(t).

v (1 .
In this case, the output contains the best bounds for Wo )(t) and Wéz

If minimal path sets are used,

W (8) = ) - 2 (30)

(I)Ct)ténd-ﬁ(%)(t?.

- and -the -output then contains the hest hounds for W o

Tables 15 and 16 give the translation from the program output to the symbols
used in Input Groups 9 and 10.
The next output group entitled, "DIFFERENTIAL CHARCTERISTICS-LAST

BRACKETS", is of use only if exact values for the system characteristics
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are obtained [ie, Equations (61) and (62) or Equations (64) and (65)].

If the system characteristics are merely bracketed, then the user should
not refer to this output. group. As stated for Input Groups 9 and 10, when
exact values are computed, then one of the best bounds of the output gfoup
"DIFFERENTIAL CHARACTERISTICS - BEST BRACKETS" (Tablelld) is the exact value
for the particular system characteristics. Which bound is the exact value
depends upon whether the number of sets is odd or even. To aid the user
in determining whether the upper bound or lower bound is the eXact'value,
this outpuf group, "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS'", printed
out by KITT-1, contains the exact values for the system characteristics,
.when these exact values are computed. The user may édmpare these values
with the best boundS'fo determine whether'the upper bound or lower bound
is the exact Value[a]- When exact values are coﬁputed,.then QLAST is the
exact value Qo(t) and will be exactly equal to one of the best bounds for
Qo(t) in the output group, "DIFFERENTIAL CHARACTERISTICS - BEST BRACKETS".

- If minim;l cut sets are used, then WILAST is the exact value for ﬁil)(t)
and will be equal to ome of the best bounds for &gl)(t). For both Qo(t)

and ﬁ(l)

o (t), the same bounds will be the exact values. If the upper bounds

(1)
ot

of W t) and Q,(t) are their exact valués, then the upper bounds for

En(t) and Ao(t) are also, respectively, their exact values. . If the. lower

(1)

bounds of W5 '(t) and Qo(t) are their exact values, then the. lower bounds

for W (t) and A (t) are also, respectively, their exact values. In addi-
tion, if minimal cut sets are used, WOMIN - LAST or W2MAX - LAST is the
exact value for Wéz)(t) and may be checked against one of its bounds.’

(If the exact values are computed, then W2MAX - LAST = W2MIN - LAST for

minimal cut sets and for minimal path sets.) If minimal path sets are

[a]

One may, of course, also use the criteria given in Input Gréups 9 and
10, ie, Equations (61) and (62) or Equations (64) and (65).
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used, then W1LAST is the exact value for WL(,I (t) and WAMAX - LAST (or W2MIN

- LAST) is the exact value for W(z)

o (t). As for minimal cut sets, when the

~(1
upper bounds of W( )(t) and Qo(t) are their exact values, then the upper

O

bounds for Wc(t) and Ac(t) are also, respectively, their exact values.

Py 1 .
When the lower bounds of Wé )(t) and Qo(t) are their exact values, then

the lower bounds for WC(t) and A (t) are also, respectively, their exact
values. Tables17and 18, at the end of this section, summarize the above
discussions concerniﬁg the output group "DIFFERENTIAL CHARACTERISTICS -
LAST BRACKETS". |

The last output group of system characteristics is entitled "INTEGRAL
CHARACTERISTICS - BEST BRACKETS" and contains the gest bounds for the inte-
gral system characteristics. Table 19 translates the program output to the
symbols used in previous discuséions. It is noted that these best brackets
for the integral characteriétics are derived from the best brackets for the
differential characteristics (ie, from the 6utput group "DIFFERENTIAL

CHARACTERISTICS - BEST BRACKETS"). Therefore, if the upper bounds for the

differential characteristics are their exact values, then the upper bounds

for the integral characteristics are also their respective exact values.

If the lower‘bounds for the differential characteristics are their exact

values, then the lower bounds for the integral characteristics are also

their respective exact values. -

The output of reliability characteristics for the first parameter run -
- is completed. (with ISTOP.= 2). -If there are succeeding .parameter runs.

(NPROB > 1), then all this output will be repeated, in the same format .
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TABLE 10.

KEY TO "COMPONENT AND INHIBIT INFORMATION"

Program Output

Information

T (hours)

Q

W

L

WSUM

FSUM

t, time (in hours)
a(t), the component failed probability
w(t), the component failure rate (per hour)

A, the (input) component failure intensity
: (per hour)

t
fw(t')dt', the expected number of failures
o] : to time t

1 - exp(-\t), the probability of one or more
failures to time t

TABLE 11.

KEY TO "MINIMAL SET INFORMATION" IF MINIMAL CUT SETS ARE USED

Program Output

Information

T (hours)

Q

W

wsSUM

FSUM

t, time (in hours)
Q(t), the minimal cut set failed probability

%(t), the minimal cut sét failure rate
(per hour)

A(t), the minimal cut set failure intensity

(per hour)
t.
fW(t')dt', the expected number of failures
o to time t
t.
1 - expl-fA(t')dt'], the probability of one
o or more failures to time {
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TABLE 12.

KEY TO "MINIMAL SET INFORMATION" IF MINIMAL PATH SETS ARE USED

Program Output

Information

T (hours)

P

WSUM

NO FsuM

t, time (in hours)

P(t), the minimal path set functioning
’ ‘ probability

W(t), the minimal path set failure rate

(per hour)

A(t), the minimal path set failure intensity
(per hour)

t. .
fW(t')dt', the expected number of failures
o to time t

t/\
exp[-fA(t')at'], the probability of no
o] failure to time t
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_ TABLE 13.
KEY TO "SYSTEM INFORMATION - UPPER BOUNDS"

Program Output Information
T (hours) t, time (in hours)
Ne
Q 1 - ll (1 - Qi(t)], the -upper bound for Qo(t)
i=1
Ne , ,
W ’ Wi(t), the upper bound for Wo(t) (per hour)
i=1 ’ :
Ne
PIRAG
=l
L N > the upper bound for Ao(t)
per hour)
J [ (1 - Qi(t))

Ne
t .
WSUM f[:i: Wi(t')]dt', the upper bound for
oli=1 t
fug(tt)at!
5 ¢
Ne
| - t| bt W (tr) I
FSUM | 1-exp{-f| at') s
¢ .
5 .
i=1
N A

the upper bound for 1 - exp[-on(t')dt']
o
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TABLE 14.
KEY TO "DIFFERENTIAL CHARACTERISTICS - BEST BRACKETS"

Program Output Information

QMIN Qo(t)pin> the best lower bound for the
system failed probability Qg(t)
QMAX Qo(t)max, the best upper bound for Q,(t)
WMIN Wo(t)p;,> the best lower bound for the
system failure rate Wo(t) (per hour)
WMAX Wo(t)pax» the best upper bound for Wg(t)
(per hour)
LMIN Ao(t)pins the best lower bound for the

system failure intensity A (t)
(per nour)

IMAX Ag(t)pax, the best upper bound for Ay(t)
: , : (per hour)

TABLE 15,
KEY TO “FAILURE RATE CONTRIBUTIONS" IF MINIMAL CUT SETS ARE USED"
Program Qutput Information

WIMIN v(])(t)mln, the best lower ‘bound for w( )(t)
' (per houx)
WIMAX - (1)(t)max, the best upper bound tor w( )(t)
(per hour)
W2MIN &52)(t)m1ns the best lower bound for W(Z)(t)
(per hour)

WaMAX o C IS W 2(2)
o max»> the best upper bound for W_ "' (t)

(per “hour )

(WMIN and WMAX are the best bounds for W,(t), repeated from Tablell.)

[
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TABLE 16.
KEY TO "FAILURE RATE CONTRIBUTIONS" IF MINIMAL PATH SETS ARE USED

Program Output Information
~(1) ~(1)
WIMIN . W, (t)min, the best lower bound for Wy ’(t)
' (per hour)
~(1) ~(1)
W1MAX W, (t)max’ the best upper bound for W, '(t)
(per hour)
~(2) ~(2)
WoMIN W “'(t) . , the best lower bound for W5 ’(t)
o min
(per hour)
~(2) ~(2)
W2MAX W5 '(t) __, the best upper bound for W “’(t)
max ) o)
(per hour)

(WMIN and WMAX are the best bounds for Wc(t), repeated from Table 1L.)

“TABLE 17.

KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS"
IF MINIMAL CUT SETS ARE USED

Program Output Information

If the exact values for system characteristics are obtained:

QLAST ‘ Qo(t), the exact value for the system failed
: o ‘ probability
. ' (1
W1LAST - Wé )(t), its exact value (per hour)
W2MIN-LASY (2) .
{W2MAX-LAST} : W, '(t), its exact value (per hour)
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TABLE 18.

KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS"

IF MINIMAL PATH SETS ARE USED

Program Output

Information

If the exact values for system characteristics are obtained:

QLAST

W1LAST

{W2MIN—LAST}
WOMAX~LAST

Qo(t), the exact value for the system failed
probability

~ , 1 ! .
Wé )(t), its exact value (per hour)

~(2)

o (t), its exact value (per hour)

TABLE 19.

KEY TO "INTEGRAL CHARACTERISTICS - BEST BRACKETS"

Program Output

Information

WMIN-SUM

- WMAX~-SUM

FMIN-SUM

FMAX-SUM

t
fwo(t')min
o .

dt', the best lower hound for
.o L "C

1 1]

fw (t")at
o

t X .
' 1 y
gwo(t )maxdt , the best uppertbound for
fw(t1)dt"
(9]
. L .
1 —’ekp(—iAo(t')mindt'), thetbest lower
bound for 1 - exp[—fAO(t')dt']
o

ot s . : . .
1~ exp(-on(t') xdt')ﬂ the best upper
o} t

bound for 1 - exp[ano(t')dt']
o

ma
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KITT-2

I. INTRODUCTION

KITT-2 is simply an extension of KITT-1 and is essentially identical
to KITT-1 Vith regard to input and output. Because of this similarity,
KITT-2 will be discussed somewhat briefly; many sections will simply re-
ference the pértinent section earlier described for KITT-1.

The difference betveen KITT-1 and KITT-2 is the type of component
failure and repair distributions which can be handled. KITT-1 can handle
componénts which have constant repair times (1) or which are nonrepairable
and which have constant failure intensities (A). Moreover, KITT-1 is a
single phase code; each component must have only one value of T and one
value of A for all time (or the component must be nonrepairable for all
time).

KITT-2 can a;so handle components which have constant repair times,
or which are nonrepairable, and which have constant failure . intensities.
However, KITT-2 is a multiphase code. The component during different time
intervals? called "phases", may have different reliability properties.

In one time interval, or phase; the component has one value of X and
T. In the next time interval, or phase, the component may have differentl
Yalues for A and T. Alsb, in certain phases, the component may be nonre-
pairab;e, while in others it may have constant repair times. (The phase
description for a component is thus the representation of its time depend-
ence, with regard to its reliability properties, by means of a series of

‘step functions, or histograms.)
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In addition to constant repair times, KTTT-2 can alco handlc compo=
nents having constant repair intensities (n). A constant repair intensity

is equivalent to the component having an exponential repair distribution
b(t) = exp(-ut)u _ (101)

where b(t) is the probability that the component is repaired, per unit
time, at time t from the time of failure. For different phases, the com-
ponent may have different valﬁes for w, or in some phases it méy have
constant repair intensities up, while in other phases it méy have cbnétant
repair times T or be nonrepairable. |

In KITT-2, if each of the components h;d one phase, which they can,
" then KITT-2 would be identical to KITT-1. KITT—2 can therefore handle
all the problems which KITT-1 can. KITT—?, howéver, is a bit more tedious
to inpu£ than KITT-1. Therefore, KITT-1 should be run when all the compo-
nents have only one phase, ie, when "steady state" behavior is to be
analyzed. Also, in one computer run, KITT-1 can analyze ény nuﬁber of
parameter runs, enabling studiesAto be done on the effect of component
data on systeﬁ reliability. In one computer run, KITT-2 can handle oﬁly
one i)e.‘r'a.meter T™an, Where the components have only one set of data (varying
from phase to phase).

The .capability of KITT-2 to handle phases for d component ailows the
- study of the "kinetic behavior" of a system. This allOWS, for example,
the study of the reliability of a system which is under "stress" at certain
times (ie, the components have higﬁer-A's at these times). 1In KITT-2, each
component may have up to 50 uniqﬁe phases, "arbitrarily spaéed, and\hénce
detailed, complex behavior can be investigated. The multiphase capability
of KITT-2 also allows the mock-up, by a seriesgs of histograms, of any type

of time-dependent failure intensity A(t) and any type of repair distribution.
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The next section gives illustrations of this approximating by histograms,
along with an illustration of a general multiphase component.

KITT-2 requires as input the phase durations for each component and
the values of A, t, etc, in each phase. Like KITT-1l, KITT-2 also requires
‘the unique minimal cut sets or unique minimal path sets of the fault tree.
KITT—2.obtainé exactly the same reliability information as KITT-1 does.
Exact, time-dependent reliability characteristics are obtained for each
component- and minimal cut or path set. For the system, upper bound‘approx—
imations -are obtainea for the characteristics, or the charactefistics are
enveloped by- the bracketing procedure. If the bracketing précedure is
carried to completion, then the exact values for the system characteristics

are obtained.

II. MULTIPHASE ILLUSTRATIONS

1. The Component with a Number of Phases

- In this section illustrations are given Qf multiphase descriptions
for a component. The illustrations will help to clarify the describing
of the time-dependent behavior of a component by means of 'phases'. The
illustrations will also be used to introduce the‘terminology which will
be used in lgfer discussions.

Figure 6 on the next page is an illustration of a éomponent having
three phases with regard to its failure intensity (X). 1In Figure 6, the
horizontal axié t dépicts time while the verfical axis A depicts the value
of the component failure intensity. During Phase 1, which lasts from t =
0 tot = t;, the component has a constant failure intensity X;. During
Phase 2, the component has a different failure intensity X;. Phase 2
lasts from t = t; to t = to. Finally, in Phase 3 which-begins at t = t;,

the component failure intensity has still another constant value Aj.
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Figure 6 can represent, for example, the component passing from a
standby status to an operating status and then back to a standby status.
In Phase 1, the component is on standﬁy and therefore has a low value of
A, A1. The component is called upon to operate at t = t; and the duration
of operation lasts until t = t,. During this time period, Phase 2, the
component ié under "stress" and the value of A is much higher, i,. At time
t = ty, the component is again put on a standby basis, thereby advancing
into Phase 3.

The more general multiphase description of a component is illus@rated
in Figure 7. The component has a total of N phases. During the general
nth phase, the component has a value of Ap for its failure intensity and
has a value of 1, for its constant repair time. As will be elaborated

upon later, a negative sign attached to A, or T, will denote the component

n

is nonrepairable during Phase n or that the component has a constant repair

intensity u, in this phase.

The general Phase n will be said to have its left boundary at tn—l’

and its right boundary at t,. Phase n will also be said to have a

beginning time of t, ; and an end time of tn. The left boundary therefore

corresponds to the beginning time and the right boundary to the end time.
This naming procedure will aid later in a more compact description of the

output quantities yielded by KITT-2.

2. The Mock-Up of a General Time-Dependent Failure I'ntens'i'-tx‘

Figure 8 depicts how phases may be used to approximate any continuous
time-dependent failure intensity A(t). In this example, the component has
an actual failure intensity represented by the continuous curve. The com-
ponent is made to have phases in order to appro#imate the true A(t). The

time scale is divided into intervals, or phases (U4 phases for the example),
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so that the curve may be approximated by a series of histograms, where the
histograms represent constant values of A in the particular phases. The
.phases are chgsen to best fit the actual curve. The end time of the last
phase, ty in the figure, corresponds to a maximum time of interest, beyond
which time no reliability information is dgsired. The repair data for the
component can be easily factored into this phaée representatiop. If, for
example, the component had one fepair time 1 which was the same for all
time t, then each phase in Figure 8 would, in addition, be assigned this
value of 1. The use of phases, then, allows one to approximate any type
of failure iﬁtensity A(t). Since KITT-2 allows up to 50 phases for a com-
porient, arbitrarily spaced, the approximation may be made as close as

desired.

3. The Mock-Up of a GAenera1 Repair Distribution

Any repair distribution, whether it be normal or Weibull or any other,
canvbe represented by a corresponding time-dependent repair intensity
u(t)[a]. Therefore, approximating the repair distribution is equivalent
to approximating its corresponding repair intensify p(t). Phases can be
usea to approximate u(t) in the same way as they were used in the previous
section to approximafé a general failure intensity A(t).

Figure § illqstrates this approximating of a general repair intensity
by the method ofubhases._ As previously stated, KITT-2 can handle constant
repair intenéities for one or more of the phases, in addition to constant
repair times'or nonrepaifability. The constant repair intensities are

used in Figure>9 to approximate an actual repaif intensity (the solid curve)

[a]

For more details on the representation of a repair intensity, see for
example, A. M. Polovko, Fundamentals of Reliability Theory; New York;
Academic Press, 1968.
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by a series of histograms. The component whose actual repair intensity
is given by the curve is (arbitrarily) made to have 3 phases. The con-
stant repair intensities uj;, w2, and u3 in Figure 9 are those for Phases
1, 2, and 3, respectively, and these phases and‘repair intensities are
chosen to best fit the actual repair intensity. Using more phases (ie,
more histograms) will give a better fit to the curve. As in the approxi-
mating of A(t) in the previous section, éne can therefore approximate u(t)

as closely as desired since up to 50 phases per component are allowed in

KITT-2. '
| A component may have only one set of phases. Thefefore, if phases

are used to approximate both A(t) (Figure 8) and n(t) (Figure 9), then

one set of phases should he chosen so that both A(t) and p(t) are well

;approximated. This may involve choosing a set of phases for A(t) and a

set of phasés for u(t) and then using the smaller set. A number of smaller

consecutive}phases Vith thé saﬁe value of A or p will give exgctly the same

results as one phase having this value of A or u which incorporates these

smaller phases.

- 4. The Inhibit Condition with a Number of Phases

The last eiample of the use of phases is with regard to an inhibit
condition. An inhibit condition in a fault tree is a necessary event which
must exist before féilures can be propagated up the tree. An "occurrence
probability" is tﬁerefore associated with each inhibit condition, which is
the probability of fhat’event existing. Phases may be used for an inhibit
cbﬁdifion, therefore, when the probability of occurrence for that event
changes from time to time. Figure 10 illustrates this, where the horizontal
bars denote different probabilities of occurrence for a particular inhibit

condition for different periods of time,
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TI1. RELIABILITY INFORMATION OBTAINED BY KITT-2

The reliability characteristics yielded by KITT-2 are exactly the
same as those yielded by KITT-1. The characteristics will of course have
differeht values because of thé different problems being analyzed; however
the same éharacteristics are obtained. The user is therefore referred to
the section "RELIABILITY INFORMATION OBTAINED BY KITT-1" on page 2, whiéh
contains thé detailed description of the reliability quantities also ob-

" tained by KITT-2.

IV. INPUT DESCRIPTION

| This sectioh describes the data which mﬁst be inéut to KITT—Z.’ The
general'input fofmats, eithéf an F10.0 or an I1lO0, are the éame as those
used for KITT—l.. A large portion of the input to KITT-2 is identical to
that for KITT—l,éand for such input the user is merely referred to the

pertinent input group of KITT-1.

Input Group 1

Number of Cards: 1
Format: 1048
Input Data:  Title Card

This card is ﬁsed for description of the problem to be run. Any al-

phanumeric characters may be used in the 80 columns of the card.
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Input Group 2

Nuﬁber“of Cards: 1
Format: 1I10
Input Data: NCOMP (1 < NCOMP < 350)

NCOMP is the total number of unique componehts plus inhibit conditions.
This total number must include the number of unique components and inhibit
conditions ﬁhich are in one or more of the minimal cut sets or minimél path
sets. If additional coméonents are input which are not in a minimal cut
set or path set, then reliability éharacteristics are printed ouf for the
components, and these components are ignored for system computafions.

(NCOMP, therefore, exactly corresponds to the NCOMP of Input Group 3 for

KITT-1.)

Input Group 3

Number of Cards: 1
Format: 2I10, F10.0
Input Data: NTPT,NOUT,DELTA 2 < NTPT 50
NOUT 2 1

In

NTPT is the. total number of time points for which characteristics are
obtained for components,‘éets, and the sysfem; the total number of time
points used does not affect the computer time. NOUT is the printout
multiple for component and set characteristics; if NOUT equals one, these
chargcteristics are printed out.for every time ﬁoint; if it equals two,.
they are printed out for every second time point, and so forth. DELTAis
the spacing between the time points. If DELTA is read in as a positive
value At, then it is taken to be the spacing in hours between the time

points; characteristics are then obtained for times of 0, At, 2At, ceeees
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(NTPT-1)At. If DELTA is read in as 0.0, or any negative number, then the
NTPT time points, arbitrarily spaced, are explicitly read in (Input Group 4).
The. variables NTPT, NOUT; and DELTA are exactly the same as those of

Input Group T for KITT-1l. As stated there, the accuracy of the differential
.characteristics is not in any way influenced by the time points chosen.

Thé accuracy of the integral characteristics,Aobtained from a trapezoidal
integration, is however affectedAby_the time points. Therefore, if ac-
curate integral characteristics are desired it is preferrable to explicitly
read in the‘time points (reading in 0.0 or a negative number for DELTA).

It equal spacing between the time points is used, then NTPT should be set
equal to SQ and DELTA should be determined from Equation (9) in Input Group

7 for KITT-1.

Input Group 4

Number of Cards: Varies
Format: 8F10.0
Input Data: TOT(J);J=1,NTPT

This Input Group is skipped if DELTA

is positive (Input Group 3).

TOT(J) are thé time points at which chéracteristibs are obtained for
components, sets, and the system, if DELTA is read in as 0.0 or a negative
number; The time points may be arbitrarily spaced and may begin at any
nonnegative time [TOT(1) > 0.0]. They must, however, be input in increasing
order [TOT(l) < TOT(2) < ... < TOT(NTPT)].‘ This input group is the same
as Input Group 8 for KITT-1. As stated there, the integral characteristics’

are always obtained with the integrals starting at TOT(1l). Explicitly
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reading in the time points allows one to-obtain maximum detail and accuracy
for a problem. As previously discussed, the accuracy of the differential
characteristics is independent of the time points chosen. The integral
characteristics are obfained using a trapezoidal integration, and, conse-
quently, their accuracy is affected by the time points chosen. For accurate
integral characteristics, theﬂ, the time points should be chosen so that the
time points are more closely spaced in afeas where the differential char-
acteristics are more rapidly changing in value.

For KITT-2, the placing of time points for accurate integrél charac-
teristics involves, as in KITT-1, placing several points near TOT(1), the
origin. [For examble, using several points after TOT(1), which are spaced
Ty apart, where 1, is an average component repair time.] It also involves
placing time points near the boundaries of cbmponent phases.which differ
radically from thejr neighboring phases.

The very use of component phases causes discontinuities in A across
phase boundaries. This in turn causes discontinuities in the component

failure rate w(t) across the phase boundaries. In fact, the"sfep difference

in w(t) from one phase to another is approximately equal to the step differ-

ence in A across the phase. Since w(t) and X\ are the differential charac-

teristics which are integrated to obtain the integral characteristics, both
for the éomponents themselves and for the minimal cut or pafh”sets and the
system, placing time points on either side of phase’boﬁndariés éccoﬁnts

for these discontinuities when the integrals are computed. .Because of the
increased accuracy gained by integrating any quantity, this practically
involves placing a time point near the boundaries (say gne hour after the
beginning time and one hour before the end time) of only those pﬁases
which are radically diffgrent from their neighboring phases, eg, those

phases which have an order of magnitude change in A. After experience is
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gained of the general behavior of these characteristics (gained chiefly
from running the code) the user will have little trouble in the placing

of these time points[a]. Another approach in the placing of time points
is to make one run using equal spaced time points in order to obtain a
general behavior of the differential characteristics which are of interest
and which are integrated for the integral characteristics. From this first
run, the areas can be discerned where the differential characteristics are
rapidly changing (have large derivatives). A more refined set of time
points can then be chosen such that these areas have time points more
closely‘spaced. Using this refined set of time points, a second computer
run can then be made to obtain the accurate reliability characteristics
desired. This approach,-though a bit tedious, is not impractical since
the,qomputer times needed<for each run are generally quite small, on the

order of fractions of a minute.

Input Group 5
Number of Cards: l”

Format: TI10
Input Data: ISTOP

ISTOP is the bracket flag, having a value of 1 or 2. If ISTOP = 2,
syslem reliability characteristics are obtained by bracketing. -If ISTOP

= 1, they are not.

[a]

As will be explained later (Input Group 14), several computer runs can
also be made, where in each computer run characteristics are obtained
only up to a certain time and are then continued in the next run. Two
such runs would, for example, allow 100 points to be used for a problem.
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ISTOP for this input group is exactly the same as that for Input Group
6 for KITT-1 and is used in exactly the same way. The reader is therefore
referred to Input Group 6 for KITT-1; every part of that discussion is

valid here.

Input Group 6

Number of Cards: 1
Tormat: 2I10
Input Data: NBMAX, IFAGZ2 1 < NBMAX < 100

This Input Group is skipped if ISTOP
= 1 (Input Group 5).

NBMAX is the number of outer brackets to obtain. IFAG2 is the system

failure rate correction flag and has a value of either 1 or 2. For IFAG2
(2) (2)
W o (

Q

=.2’ the correction term, (t) or ﬁ t), is bracketed; for IFAG2 = 1,
this term is not computed.

The variables NBMAX and IFAG2 are exactly the same as those of Input
Group 9 for KITT-1 and they afe used in exactly the same way.‘ The reader
- is consequently referred. to this input group of KITT-1 for the discussions .

on NBMAX and IFAG2. All parts of those discussions are valid here.

Input Group 7

Number of Cards: Varies
" Format: 8I10
Input Data: NB2(N);N=1,NBMAX 1 < NB2(N) < 30
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This Input Group is skipped if IFAG2
= 1 (Input Group 6) or if ISTOP = 1

(Input Group 5).

NB2(N) is the number of inner brackets to use for each outer bracket
N, if the correction term for W (t) is computed.

The input variable NB2(N) is identical to that for Input Group 10 of
KITT-1. The reader is referred to that discussion for a description of
the use of NB2(N). Again, every part of that discussion is valid here.

The Recommendations for Input Groups 5, 6, and 7 of KITT-2 are exactiv the

same as the recommendations given for the corresponding input groups of

KITT-1, Input Groups 6, 9, and 10. These recommendations are given beginning

on page 30, with the summary of these recommendations being given on page %l.

For Each Component Read In The Following Seven Input Groups (Ingut Grougs

8 Through 14). These Input Groups Are Input In Order For The Component.

Repeat These Seven Input Groups For As Many Components As There Are. These

. Input Groups Appiy Only To Components; Inhibit Conditions Are Read In

Elsewhere. -

Input Group 8 (First Group of the Component Group Set)

Numher of Cards: l'
Format: 2I10
Input Data: IDEX, NPHASE 1 < NPHASE < 50

IDEX is the componenf index, and NPHASE is the number of phases for

the component.

78



The components and inhibit conditions are assigned arbitrary indices
for identification. For the NCOMP total components and inhipit conditions
(Input Group é), however, the indices assigned must run consecutively from
1 to NCOMP. (If the PREP Code is used to obtain the minimal cut sets or
path sets, then these indices are automatically assigned by it.) The order
in which the components are read in is completely arbitrary; the component
group sets, where a group set is Input Groups 8 through 14 needed for each
component, can be input in any order with respect to the indices assigned.
| IDEX, thereforé, is the index assigned to the component and identifies
the group set (Input Groups 8 through 14) as being for the component. NPHASE
i5 the total number of phases for this component; in Figurc T on paée 66,
NPHASE would correspond to N. The component must have at least 1 phase and
not more thaﬁ 50 phases. -

For added clarity, we shall illustrate the indexing of components and
inhibit conditions by a simple example. Consider the situation where there
are two components and one inhibit condition. The user, fof example,
assigns one componént an index of 1, the inhibit condition an index ofs2;
and.the other component an index of 3. Any other assignment of the three
indices 1, 2, and 3 is equally valid. When the data are read in for the
inhibit condition (Input Groups 15 through 17), a minus sign will be attached
to its index to denote it as an inhibit coﬁdition; -2 would be read in for
our example. The component data read in would have the actual component
indices, 1 and 3, as part of their input. ' The Eroup 'set (Input Gi‘dhi)sﬁ
through 1) would be read in for one of the components and then would be
immediately repeated for the other component. The group sets could be
input in any order;-fdr example the group set for the component of index

3 (having IDEX 3) could be read in before that for the component of index

1 (having IDEX = 1). The data for the inhibit condition would be read in
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later (Input Groups 15 through 17), in fact immediately after the two input

group sets are read in for the components.

Input Group 9 (Second Group of the Component Group Set)

Number of Cards: Varies
Format: 8F10.0
Input Data: TP(L);L=1,NPHASE

TP(L) are the phase end times (in hours) for the component phases
(NPHASE of them). The phase end times must be input in order of phase
number; ie, TP(1) is the end time for Phase 1, TP(2) for Phase 2, etc.
Phase 1 is always assumed to have a beginning time of t = 0.0

In Figure T on page 66, TP(1) cofresponds to ty, TP(2) to ty, .....

TP (NPHASE) to ty, where N corresponds to NPHASE. As in Figure 7, the be-
ginning time of Phase 1 is always assumed to be 0.0. The phases are always
assumed to be consecutive; the end time of the nth phase t, is always
assumed to be the beginning time of the (n + 1)th phage.

The eund time of the final phase, 'WP(NPHASE), must always be larger

than the maximum time for which reliability characteristics are obtained.

Therefore, one must always choose values such that
TP(NPHASE) > ¢ (102)
max

where

tmax = (NTPT-1)DELTA : (103)

if DELTA is positive (Input Group 3), or

tmax = TOT(NTPT) : (10L)
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if the time points are read in (Input Group 4). The above inequality,
Equation (102), must be true fér all the components read in.

How much larger TP(NPHASE) is compared to tmax 1s arbitrary, although
it must be large enough to be "seen" by the computer code. Therefore, the

only requirement necessary is that
TP(NPHASE) - t__. > 107° tpax (105)

max

where the factor 107° is somewhat arbitrary, but is a safe number to use.

Inpuf Group 10 (Third Group of the Component Group Set)

Number of Cards: 1
Format: TI10

Input Data: IBPHA

IBPHA is the boundary condition iﬁdex. If IBPHA is set equal to zero,
or is set equal t§ a negative number, théﬁ there ére no'boundary conditions
imposed on the phase b;undaries. If IBPHA is reéd in as a positive igteger,
then IBPHA is the number of phase boundaries whichrhave imposed boundéry
conditions; this number does not include the iﬁitial boundary cgndition at
t = 0.0 (ie, £he initial condition for the beginniné time of the first phase).

A boundary condition is imposed only if certain knowledge is known,

or if some event is given. As an example of a boundary condition, we shall

consider the initial boundary .condition for .t = 0. .This initial condition . |

is not one of the boundary conditions read in here, but it wiil help to
illustrate the meaniné of imposed boundary conditions. At t = Oz which is
the beginning time of operation ténd the beginning time of ali the first

- phases for the components) an iﬁitial condition q(0) must be sd@plied,

where q(0) is the probability that the compdnent is in its failed state

81



at the start of operation, t = 0. Generally, the component is known to
be .operating at t = 0, and hence the initial boundary condition which must

be supplied is

q(0) = 0, component known to be (106)
operating at t = 0. .

If the component is known to be in a failed state atvt = 0, for example
being in a state of repair, then the boﬁndary condition supplied is q(0)
= 1.00 since the component is known to be in a failed state. The initial
state of fhe component at t = 0, whether the component is in its failed
state or functioning state, must be known in order to predict (compute)
" reliability; more generally the probability_of“the component being in ips
faiied state at t ; 0;'q(0), must be known. |
The use of IBPHA to impose boundary conditions at the beginning times
of phases other than the first is similar to the use of the initial boundary
condition. (The first phase is not included sihce the boundary condition
at.the first phase beginning time is the initial boundary condition at t = 0,
input laﬁer.j If IBfHA is positive, boundary conditions are imposed at the
'bééinﬁing times of éertain of thé.phases affer the first phase, and IBPHA
éivéé thelnumber of such boundary conditions. The boundary conditions are
impoééd by giving values for q(t) at the fhase begiﬁning times. Iﬁ Figure
7 on page 66, a Boundary condition woula be imposed on Phase 2 by giving
q(tl)." Ir IBPHA is pésitive, thén tﬁe failed brobabilitieg imposed at the
pha;e‘begihning times.are input in the ﬁexf inpu£ groups gnd IﬁPHA input
here mefely.gives the.total number of such imposéd failed probabilities.
As seated, if IBPHA is set equal to zefo or é negative integer, then
there are no imposéd Boundary éonditions (other than the initiai condition
at £ = 0). This is genefally thé case since no failuré information is

generally known for the component. If the component is repaired when it

~
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fails, then IBPHA would still be set equal to zero or a negatiﬁe integer;
IBPHA‘refers only to knowledge of the component state at the phase boundaries.
The usual case when IBPHA is not set equal to zero, or a negative integer,
is when the component is examined at the end of a phase. For example,

th phase and if it is

assume the component is examinéd at the -end of the n
in a failed state it is immediately brought back to operation. A boundary
"condition would then be imposed for the beginning time of the (n + 1)th

phase .
alty) = 0 (107)

since the component is known to be operafing, or to be in its functioning
state, at the beginning of the (n + 1)th phase. IBPHA for this situation
would then be set equal to 1. If the component is examined at the end of
each of k phases then IBPHA would be"set equal to k and the boundary con-
ditions q = O (input in the next groups) would be imposed for the respective

phases which immediately follow each of these k phases.

Input Group 11 (Fourth Group of the Component Group Set.)

Number of Cards: Varies
Format: 8110
Input Data: IBPOS(K);K=1,IBPHA

This Input Group is-skipped if IBPHA
<0 {Input Group 10).

IBPOS(K) are the phase numbers which have imposed boundary conditions
atvﬁheir beginning times. As discussed earlier, these imposed boundary

conditions do not include the initial condition at t = 0.0. The phase
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numbers may be input in any order. (For 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
< 0 (Input Group 10). '

QBPOS(K) are-the failed probabilities imposed as boundary conditions.
QBPOS(K) -is the failed probability imposed at.tﬂe beginnihg time of phase
IBPOS(K) .- QﬁPos(K) must therefore correspond to the IBPOS(K):of Tnput
Group 11. If QBPOS(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 reﬁaired if failed, then QBPOS(K) is-sef

equal to 0.0 for those phases immediately after the examihationélx

Input Group 13 (Sixth Group of the Component Group Set)

Number of .Cards: Variés
Format: 8F10.0
Input Data: XLMDA(L),TAU(L);L=1,NPHASE

XLMDA(L) and TAU(L) are the component failure intensity A1, (per hour)

and component repair time Tp (hours) for Phase L, .= 1, ... , NPHASE.
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(see Figure 7 on pageA66.) The failure intensity and repair time are input
pairwise, with four pairs to a card. The failure intensities and repair
times must be input in order of phase number; ie, with reference to Figure
Ts A1 T1s A2, T2,....5 Ay, Ty 1S the order of input. A negative )j denotes
the component is nonrepairable during Phase L, the absolute value of Ap is
then used as the component failure intensity. A negative T, denotes the
component has an exponential repair distribution in Phase L [Equation (101)],
the absolute value of l/TL is then used as the constant repair intensity
up, (per hour) for this phase (up = -1/7r).
The phase concepts and the assigning of failure intensities, repair

times, and repair intensities to phases have been previously discussed.
Therefore, no elaboration is necessary here. The 1ist below'summarizes

the way nonrepairability, etc, is donoted for a phase.'

Variables Input Meaning

A

L 0, 13 e 0 The component has a constant
- repair time in Phase L. The-
value of Aj, is then the value
of the failure intensity (per
hour) and 1y, is the value of _
the constant repair time (hours)
for this phase.

AL < 0, 1L, ' : The component is nonrepairable
in Phase L. The absolute value
of A;, (A1) is then the value
of the failure intensity (per
hour) for this phase. The value
11, is ignored and can be input .
as any value (or left blank).

- AL, > O;’TL < 0 " - - The component has 'a constant
repair intensity in Phase L.
The value of A, is the value
of the failure intensity (per
hour) and the absolute value
of 1/t1, is the repair intensity
pr, (per hour) for this phase.
(UL, = '1/TL)
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Input Group 14 (Seventh and Last Group of the Component Group Set)

Number of Cards: 1
Format: F10.0
Input Data: QOO

Q00, the initial boundary condition, is the component failed probabi-
lity at t = 0, q(O); Q00 must be set equal to a value between 0.0 and 1.0.

The initial boundary condition q(0) was discussed in Input Group 10.
As explained in this discussion, usually Q00 is read in as 0.0 since the

component is known to be in the functioning state at the start of operation.

1. Continuation of the Charécteristics by the Method of Translation

Generally, the only situation where Q00 is not read in,as 0.0 is
when a problem is ”continued". A computer run is made, with given in-
put data, and the ch;racteristics are obtained to a maximum time tp,y-
The same characteristics may be continued fbr'greater'times by making
a bEUUud‘UQMPULEP run with ail theé phase input data translated in time.
In thislsecon@ compﬁter run, the time points'tJ [ie, TOT(J) or Jat,
where At = DELTA].ére intérpreted as Being with respect to tyyx; the
time points tJ, inpuf and.printed out in the second computer run, are
interpreted as being tpax +-tj on the time axis of the first computer
run. In this.;ame sénse, the characteristics obtained in this second
coﬁputef funvare interpreted, not as being for the time points ty
printed out, but for the time points tpax + t; when translating to the
time éxis of tﬁe firstAéomputer run.

In 6fder»to achieve this éontinuation, the comionent phase input
must be advanced in time to begin at tp,,. For the second computer
run, the t;mé axis for the phases is simply translated to begin at

tnex- The phases are renumbered and are reassigned end times with
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respect to tma . This translated phase data are then input to continue

b'd

the characteristics in the second computer run.

Figure 11 illustrates the method of tpggslating the phase input
for a general cémponent;-the phase data mustvbe translated in this
manner for all the components.. The first phase of the component begins
at tp,yx»> the last time point from the first compute? run and the origin
for the second computer rﬁn. As illustrated in the figure, the phase
after tméx with an end time of t, in the first run has an end time of
t, - tpax read in for the second run. The fact that the first phases
of the second run do not begin at actual phase boundaries is of no
significance be;ause of the nature of the equations solved b& the
code[gl.
Besides the phase translations, the only otﬁer change reguired
in the input (from the fifst run) is the initial boundary conditions
used,{QOO. In the second_compﬁter run, Q00 for each compbnent must

now be read in as having the value q(t ), the failed probability for

max

the respective component at tp,, obtained from the tirst run.

With these data changes, the reliability characteristics obtained
from the second computef run will merely be contindationsvgf those
obtained fromlthe first run (with the time points tj and corresp;ﬁding

characteristics interpreted as being at tpax + tj as explained

':[a]).

earlier The differential characteristics obtained from the

second run will be true continuations of the corresponding values in

the first run. The integral characteristics obtained will involve

integrals from tp,, to thax * tj. (As stated previously -in Input

Group U4, the integral characteristics are always evaluated from the

[a]

The time points used for the second run, eg, TOT(J), need not of course
Le Lhe Saie as those used for the first run. '

~
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first time point‘input.) However, the continuation of the integral

characteristics can be obtained by simple additions and multiplications:

;)

WSUM(tpax + tj

WSUM(tpay) + WSUM(t ;) (108)

FSUM(tmax + t3) = FSUM(tpay) + FSUM(ty) (109)

FSUM(tgax) o FSUM(t;) -

WSUM is the integral of the failure rate for either a component, a

set, or the system. WSUM(tpay + t;) is the continued value, WSUM(tpax)
the value at tpay obtained from the first run and WSUM(tj) the value
obtained from the second run at tj. FSUM is the probability of one

or more failures for either a componeht, set, or the system.

FSUM(tpay + tj) is the continued value, FSUM(t the-value at tpax

max)
from the first run and FSUM(t;) the value at t5 from the second run.
(The symbols used are the same as those output by KITT-2.)

The above éontinuation procedure can be repeated as many times as
- desired, alyays translating the phase data and reading in the last com-
ponent failed probability obtained as the initial boundafy value QOO
for the nextvfun. In this manner, a-large number of points for thé\

reliability characteristics can be obtained--many more than is -possible

with just one computer run.

Continuation of the Characteristics by a Simple_Time Point Advance

The above method bf continuing the reliability characteristics is
a bit laboridus because the phase data must be translated betore each
successive computer run. Another method of continuing the character-
istics from computer run to computer run is to keep all the phasé in-

put data the same and simply use a new set of time points for each run.



The first computer run is made with time points up to tmax' The

second computer run is made with time points beginning at thax and

(2)[a]

ending at tygy The phase data for this second run are left ex-
actly the same as for the first run, and the initial bounaary conditions
Q00 are also left unchanged. The only input data which are different
are the time points used, TOT(J).

With this éimple change in input data, the results obtained from
the second run are then merely continuations of the characteristic
values from the first run,.for the new £ime points used. $Since the

.integral characteristics are always evaluated with a beginnihg time
of TOT(1), the integral characteristics obtained from the second run
must be incorporated with their respective values at tpgx obtained

from the first run. Equations (110) and (111) give the simple mani-

pulations required for this incorporation.

WSUM(0;t5) = WSUM(tpay) + WSUM(t3) (110)
FSUM(03t3) = FSUM(tyay) + FSUM(t;) (111)
- FSUM(tp,y) o FSUM(t)

WSUM is the integrated failure rate and FSUM is the probability of one
or more failures~--for either a component, a set, or the system.
WSUM(O;tj) is the continued value at a time point tj of the second

run, WSUM(tmax).is the value at t,, obtained from the first run, and
WSUM(tj) the value at t; obtained from the second run. The notation
is the same for FSUM. (The symbols are the same as those printed out

by KITT-2.) These simple manipulations will then give the continuation

[a] (2)

Of course, tpgx =~ > tpgx: It is noted too that the time points must
be explicitly read in ?Input Group 4) since the first time point tpayx
has a value greater than zero.
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of the integral characteristics [WSUM(O;tj) and FSUM(O;tj)]f The
differential characteristics need no adjusting for their continuation.
A third computer run can be made with time points beginning at

tma£2) and ending at a time tmaﬁg) [ToT(1) = tma§2) and TOT{NTPT) =

£l for this run]. Again, all the other input data are left un-

changed. The results obtained are then further continuations of the
characteristics. The differential characteristics are true continua-
tions and the integral charactefistics need only be incorporated with

their respective values at tmaéz) from the second run. [In Equations

(110) and (111) change tpuy to tma§2) and interpret t: as a time point

J
in the third computer run.] This procedure of using an increasing set
of time point§ in each successive computer run can be fepeated as many
times as desired.

This second method of continuing the reliability chéracteristics
is simpler to use than the method of transiation described earlier.
However, the computer time will be longer for each successive computer
run for this method. Generally, however, the increase in computer time
is negligible.

The fact that the first time point, TOT(1), has an increasingly
.larger value for each successive run in this second methbd in no way
affects the accuracy of the results obtained. It is only the spacing
of the time points after TOT(1l) which is important and, as described
'in Input Groups 3 and L4, the spacing only affects the accuracy of the
integral characteristics obtained. This method of continuation, like

the translation method, is therefore a method of obtaining exceedingly

accurate results by using many time points.
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For Fach Inhibit Condition, Read In The Following Three Input Groups
(Input Groups 15 Through 17). These Input Groups Are Input In Order For

Fach Inhibit Condition. Repeat These Three Input Groups For As Many

Inhibit Conditions As There Are. If There Are No- Inhibit Conditions,

Skip These Three Input Groups And Go To Input Group 18.

Input Group 15 (First Group of the Inhibit Condition Group Set)

Number of Cards: 1
Format: 2I10
Input Data: IDEX,NPHASE 1 < NPHASE < 50

e

IDEX is the négative of the inhibit condition index, and NPHASE is
the number of.phases for the inhibit condition.

The assigning of phases to an inhibit condition has been discussed
on page 10. As staﬁed in Input Group 8, the components and inhibit condi-
tions are assigned consecutive indices from 1 to NCOMP for identifica?ion.
This assignment is arfitrary. kTo differentiate the inhibit conditions, a
negative sign is attached to the index of the inhibit conditinn when it ic
read in, the reason IDEX is the negative of the index of the inhibit con-
dition. Like the'components, the inhibit conditions may be input in any

order with respect to their indices.

Input Group 16 (Second Group of the Inhibit Condition Group Set)

Number of Cards: Varies
Format: 8F10.0
Input Data: TP(L);L=1,NPHASE
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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,
TP(1) is the end time of Phase 1, TP(2) 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 (Input 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 + 1)'h phase. The end time of the final phase
for the inhibit condition TP(NPHASE) must agaiﬁ always be larger than the
maximum time for which reliability characteristics are obtained.  In this
respect, the user is referred to Equations (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.

Input Group 17 (Third 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 Figure 10 on page T1l, PBOB(L) corresponds to the occurrence proba-
bility P;. PBOB(1), for example, corresponds to P1. Since the.PBOB(L) are
probabilities, they must have values between 0.0 and 1.0. 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 céndition is always

existing in Phase L.
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Input Group 18

Number of Cards: 1
Format: T10
Input Data: IPATH

IPATH is the set flag and is read in as either 1 or 2. If IPATH = 1,
minimal cut sets are input; and if IPATH = 2, minimal path sets are read

in. (This input group corresponds to Input Group 11 of KITT-1.)

Input Group 19

Number of Cards: 1
Format: I10
Input Data: NCUT (1 < NCUT < 500)

NCUT is the total number of minimal cut sets input (IPATH = 1) or
the total number of minimal path sets'input (IPATH = 2). (This input

group corresponds to Input Group 12 of KITT-1.)

For Fach Minimal Cut Set (IPATH = 1) Or Minimal Path Set (IPATH = 2),

Read In The Following Input Group (Input Group 20). Repeat This Input

Group For The NCUT Total Number Of Minimal Cut Sets Or Path Sets..

Input Group 20

Number of Cards: Varies
Format: 8I10
Input Data: IMAX,ICUT(K,I);I=1,IMAX (1 < IMAX < 19)
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IMAX is the total number of components plus inhibit conditions in the
minimal cut or path set. ICUT(K,I) are the indices of the components and
inhibit conditions in the set. Negative‘signs are not attached to the
inhibit condifion indices here.

This input group corresponds to Input Group 13 of KITT-1. As for that
input group, the first card has as its first entry the numﬁer of components
and inhibit conditions in the set. The remaining entries on the first card,
up to 7 .such entries, are the indices of the components and inhibit cohdi—
tions in the set. If there are more than 7 indices, they are continued, 8
to a card (8110 Format), on as many éards as necessary. The inaices need

not be in any particular order on the cards.

V. FORMAT OF OUTPUT FROM KITT-2

. The format of output from KITT-2 is very‘similar to thafnof KITT-1
with identical symbols used for the feliability characteristics printed
out. The output of KITT-2 differs from that of KITT-1 chiefly‘in the way
the output is grouped.

The first page of output from KITT-2 is simply a printout of the
values used for Input Groups 1 through 7. This first page is self-
explanatory with the names of‘the variables, as used in these input dis-
cussions, being printed out along with their values. A 5rief description
of each variable is also given to aid the user in its identification.

The second page of output is entitled "COMPONENT AND INHIBIT INFOR-
MATION". This output group contains the data read in for each component
and inhibit condition (Input Groups 8 through 14 and Input Groups 15

through 17). In addition, the reliability characteristics obtained for
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the respective components are also printed out. The information for each
component ie separated by a row of asterisks (%), while each particular
inhibit condition is separated by a row of dollar signs ($).

For a particular component, agéin differentiated by a row of asterisks,
the component index and its number of phases are first printed out. This
is followed by a printout of the input data read in for that component
(Input Groups 8 through 1k). The input data are clearly labelled and is
- self-explanatory. Immediately following the input data for the component
is- a printout of the component reliability characteristics. The reliabi-
~ lity characteristics are printed out for the time points specified. In
addition, whenever a right boundary ef a phase 1is reached, the character-
istics are printed out for this right boundary value time. The values
of the characteristics at the right boundary times (ie, at the phase end
times) are boxed in asterisks to distinguish them as being boundary
values. They are also labelled, giving the phase number having this time
as a right boundary.

These right boundary characteristics printed out are for the time
at the right boundary as this time is approached from the‘left; if t, is
the time of the right boundary of the nth phase, then the characteristics
are printed out for the time t,-.

This differentiation is needed since the only differential component.
characterisfic which is continuous across phase boundaries is the compo-
nent failed probability,

a(ty-) = alt,+) ~ (112)

where tp+ is the time t, approached from the right. This continuity of
a(t) is true, except when there are imposed boundary conditions (Input

Group 10). The component failure rate w(t) is discontinuous across the
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phase boundaries if the failure intensity A(t) is discontinuous across
these boundaries. The integral characteristics are of course always con-
tinuous acrogé phase boundarie;.

The compbnent characterigtics, including the values at the right
boundé?ies, are printed out in exactly the same format as used for KITT-1.
For the format translation the user is therefore referred to the discus-
sion on the "COMPONENT AND INHIBIT INFORMATION" output groups frbm KITT-1
(page 50) or he is referred to Table D-1 of Appendix D which summarizes
this translation.

Contained in the output ‘group "COMPONENT AND INHIBIT INFORMATION",
along with the component infqrmation, is the output of the inhibit condi-
tion information. This inhibit condition>output is-merely a printout of
the input data read in (Input Groups 15 through 17). For a particular
inhibit condition, differentiated by a beginning row of dollar signs ($),
its countef, index, and number of phases are first given. These are printéd
out in the format "INHIBIT CONDITION K WITH INDEX = I, AND NO. OF PHASES
= N". K, I, and N will be numbers in the actual ﬁrintout. I is the in-
dex of the inhibit condition as assigned by the user (without any attached .
minus sign), and N is the number of phases for it (NPHASE). K is the in-
hibit condition counter, merely an updéted count of the total number of
inhibit conditions which have been read in. The data read in for the
inhibit condition then follow.

Immediately after the component and inhibit condition information is
va printout of the minimal path or cut set information. The first of these
output ggoups is entitled "MINIMAL SET INPUT DATA" and contains merely a
printout of the set data read in (Input Groups 18 through 20). As in
KITT-1, the sets are indexed in the order in which they are read-in, the

indices used later to reference the individual sets.
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Beyond this point the output from KITT-2 is identical both in order
of printout and iﬁ format with the output from KITT-1l. The output group,
"MINIMAL SET INFORMATION"? contains the reliability characteristics ob-
tained for each minimal cut or path set. After this the system character-
istics are printed out. Because of the-identicalness Vith KITT-1l, the
reader is referred to page 51. The tables at the end of those discussions
summarize the translation of the output formats. These tables may also be

found in Appendix D, placed there agaih for the convenience of the user.
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APPENDIX ‘A

PREP Input

This Appendix is a quick reference input guide to the TREBIL portion of

PREP.

Al



10.

11.

12.

13.

TABLE A-1. INPUT DECK

TITLE CARD
{COMMENTS CARDS}
#*pDATA (b = blank column)

INPUT GROUP 1
CONTROL INFORMATION

END
{COMMTNTS CARDS}
*¥*HTREE

INPUT GROUP 2
FAULT TREE DESCRIPTION

END
{COMMENTS CARDS}

*bRATES

INPUT GROUP. 3
FALLURE AND REPATR DATA(

END

A2



Card 1 Format (5I10)

Input Quantity
NG

MIN

IDEX1

IDEX2

TABLE A-2.

INPUT GROUP 1
(Control Information)

Number of Cards = 2

Card Columns

1-10

11-20

21-30

31-Lo

41-50

Description

Number of logical gates.in the
fault tree.

Smallest combinations to be tested
deterministically. If MIN = O,
Monte Carlo simulation is used.

Largest- combinations to be tested
deterministically

Cut set - path set switch.
If IDEX1 = 0, minimal cut sets are
found. If IDEX1 = 1, minimal path
sets are found. T

Print-punch switch.

If IDEX2 = 0, results are printed
only. If IDEX2 = 1, results are
both printed and punched.

Card 2 Format (4I10,1F20.3) (This card will be blank if MIN>O on card 1)

Input Quantity
MCS

NREJEC

NTR

IREN -

RAA

Card Columns

1-10

11-20

21-30

" 31-ko -

41-60

A3

Description

Smallest minimal cut sets to be
found by Monte Carlo simulation.

Number of.random'numbers to reject.

Number of Monte Carlo trials to be
run. '

"Monte Carlo mixing parameter switch.

Monte Carlo mixing parameter.



TABLE A-3.. INPUT GROUP 2
(Fault Tree Description)

Number of Cards

Format for each card in Input Group 2

Input Quantity

Gate name (any 8 alphanumeric
characters)

Blank-

Gate type ("AND" or "OR")
Blank

‘Number of géte inputs

Number of component inputs

NG

Card Columns

In the following input fields
all of the gates input to the
| gate being described (if any)
must precede the -components

input (if any). A maximum of
T lupuls per gate 1s allowed.

First input name

Blank ‘

ete.

A4

1-8 (left justified)

9
10-12 (left justified)

13

14-15 (right justified)

16-17 (right justified)

19-26 (left justified)

27

ete .



TABLE A-4. INPUT GROUP 3
(Failure and Repair Data)

Number of Cards = Variable

Format (2(A8,2X,F10.6,F10.3,IX) Information in this group is supplied
for 2 components per card.

Input Quantity Card Columns | Description
1. NAM(T) 1-8 _ I1th component name
2. Blank 9-10
3. IMDA(T) " 11-20 " Failure intensity per 10° hr.

(A) for the Ith component if
IMDA(I) > 0. If IMDA(I) < O,
then it is an inhibit or switch

indicator.

4. TAU(I) 21-30 I%h component repair time or
inhibit failure probabi;ity.

5. Blank 31

6.  NAM(J) 32-39 Jth component name where I#J.

7. Blank Lo-k1

8. IMDA(J) ho-51 Failure intensity for Jth
component. '

9. TAU(J) 52-61 Repair time for J'! component.
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APPENDIX B

Input for KITT-1

The table on the following pages lists the input necessary for KITT-1, to

be used as a quick reference by the experienced user.
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TABLE B-1.

(The First of Four Pages)

Input for KITT-1

Input
Group No.

No. of Cards

Format

Input Data

Information

1

Varies

Veries

10A8

I10

I10

8F10.0

8F10.0

I10

Title Card

NPROB

NCOMF

XIMDA{I ;I=1,NCOMP

TAU(I);I=1,NCOMP

ISTOP

Any alphanumeric characters in tke 80
columns of the card.

Number of parameter runms, (NPROB > 1).

Total number of components plus inhi-
bit conditions (NCOMP < L00).

Component failure intensities Aj {per
hour). The ith failure intensity (Ai)
corresponds with the component of in-
dex i. A nonpositive failure inten-
sity (A; < 0) denotes an inhibit con-
dition.

Component repair times 13 (hours).

The ith repair time (1) corresponds
with the component of index i. A non-
positive repair time (ty < 0) denotes
a nonrepairable component. For an
1inhibit condition (A; < 0), ty is then
the occurrence probability.

'Bracket flag. If ISTOP = 2, system

reliability characteristics are ob-
tained from bracketing. If ISTOP =
1l, they are not.
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TABLE B-1. (Contd.)

(The Second of Four Pages) : : ) ‘

Input

Sroup No. i No. of Cards Format Input Data Information

7 1 2I10,F10.0 { NTPT,NOUT,DELTA Total number of time points at which
characteristics are obtained (NTPT < 50),
print out multiple, spacing between time
points (in hours). If DELTA < 0.0, the
time points are read in (Input Group 8).

If DELTA > 0.0, skip the next input group (Input Group 8).

8 Varies 8F10.0 TOT(J ) ;J=1,NTPT Time points (in hours) at which character-
istics ar=s cbtained. The time points must
be in increasing order.

If ISTOP = 1, skip the nexi two input groups (Input Grecups 9 and 10).

9 1 2110 NBMAX,IFAG2 Number of outer brackets to obtain (NBMAX
< L00), system failure rate correction flag.
If IFAG2 = 2, the system failure correction
term is computed by bracketing. If IFAG2 =
1, this term is not computed.

If IFAG2 = 1, skip the next input group (Input Group 10).

10 Varies 8110 NBé(N);N=l,NBMAX Number of inner brackets for each outer
bracket (NB2(N) < 100).
11 1 I10 IPATH Set flag. If IPATH = 1, minimal cut sets
- are used. If IPATH = 2, minimal path sets
are used.




vd

TABLE B-1. (Contd.)
(The Third of Four Pages)

~

Input
Group No.

No. ¢f Cards

Format

Inout Data>

Information

12

For each set read in t

13

Varies

I10

8110

NCUT

he following input group (Input Group

IMAX,ICUT(K,I);I=1,
IMAX

Number of rinimal cut or path sets (NCUT <
500).

13).

- Number of components plus inhibit conditions

in the set (IMAX < 19), 1list of component
and inhibit condition indices in the set.
For more than 7 indices, continue on the

next card with the same format (8I10).

For NPROB = 1 (Input Group 2), there is no nore input to te read in. If IPROB > 1, read in the

following input groups for each remaining parameter run.

1h

If NLAM

154

1

110

= 0 or NLAM < NCOMF, skip

Varies

8F10.0

NLAM

Number of ccmponents and inaibit conditions
which have different failure intensities (X)
for the new parameter run. :

the next imput group (Input Group 15A).

XIMDA(I);I=1,NCOMP

' The new failure intensities (pér hour) for

the parameter run. The components and
inhibit ccnditions retain the same indices
as for the first parameter run (ie, as for
Input Group k).
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TABLE B-1. (Contd

-)

(The Fourth of Four Pages)

T t
. nou No. of Cards Format Input Data Information
Grouo No. R
If NLAM = 0 or NLAM = NCOMP, skip the next input group (Input Group 15B).
15B Varies 4(110,F10.0) [ IND(K),XIMDA(IND(K)); | Index of component or inhibit condition
K=1,NLAM having a new failure intensity, new failure
intensity (per hour). The failure intensi-
ties not changed will retain their same values
as in the preceding parameter run.
16 1 I10 NTAU Number of components and inhibit conditions
which have different repair times (1) for
the new parameter run.
If NTAU = O or NTAU < NCOMP, skip the next input group (Input Group 1TA).
17A Varies 8F10.0 TAU(TI);I=1,NCOMP The new repair times (hours) for the parameter
run. The components and inhibit conditions
retain the same indices as for the first para-
meter run (ie, as for Input Group 5).
If NTAU = O or NTAU = NCOMP, skip he next input group (Input Group 17B).
17B Varies 4(110,F10.0) | IND(K),TAU(IND(K)); Index of component or inhibit condition having

K=1,NTAU

a nevw repair time, new repair time (hours).
The repair times not changed will retain their
same values as in the preceding parameter run.




APPENDIX C

Input for KITT-2

The'table on the following pages summarizes the inﬁut for KITT-2.

Cl
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TABLE C-1.

Input for KITT-2
(The First of Four Pages)

Input No. of Cards. Format Input Data Information
Group No.
1 1 10A8. Title Card Any alphanumeric characters in the 80
columns of the card.
2 1 110 NCOMP Total number of components plus inhibit
conditicns (NCOMP < 350).
3 1- 2I10,F10.0 ( NTPT,NOUT,DELTA Totel number of time points at which char-

If DELTA > C.0, skip the next input group (Input Group 4).

L

Varies

8F10.0

110

ISTOF

TOT(J ) ;J=1,NTPT

acteristics are obtained (NTPT < 50), print
out multinle, spacing between times at which
characteristics are obtained At {in hours).
If DELTA is less than or equal to zero, the
time points are read in. If the print out
multiple, NOUT, equals 1 component and set
characteristics are printed out for every
time point, if NOUT equals 2, component and
set characteristics are rrinted out for every
second time point, and sc forth.

Time points (in hours) at which characteris-
tics are cbtained. The time points may be

arbitrarily spaced and may or may not include -
zero, but must be in increasing order.

Bracket flag. If ISTOP = 2, system relia-
bility cheracteristics are obtained from
bracketing. If ISTOP = 1, they are not.
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TABLE C-1. (Contd.)

(The Second of Four Pages)

Irput

- . N>. of Cards Format Input Data
Zroup ‘No.

Information

If ISTOP = 1, skip the next two input groups (Input Groups 6

6 1 ©2I10 NBMAX , TFAG2

If IFAGZ= 1l,skip the next input group (Input Group 7).

7 Varies 8110 NB2(N) ;N=1,NBMAX

and 7).

Number of outer brackets to obtain
(NBMAX < 100), system failure rate
correction flag. If IFAG2 = 2, the
system failure rate correction term
is computed by bracketing. If IFAG2
= 1, this term is not computed.

Number of inner brackets for each outer
bracket (NB2(N) < 30).

For each componént, read in the following seven input groups

as many components as there are.

8 1 2110 IDEX, NPHASE
9 Varies 8F10.0 TP(L);L=1,NPHASE
10 1 110 IBPHA

(Input Groups 8 through 14). Repeat for

The component index, the number of
phases for the component (NPHASE < 50).

The end-times (hours) for each phase in’
order of increasing phase number. Phase
1 is always assumed to begin at t = O.

Boundary index (IBPHA < 50) If IBPHA =
0, there are no boundary conditions im-
posed on the phase boundaries. If IBPHA
> 0, then IBPHA is the number of such
boundary conditions.



TABLE C-1. (Contd.)
(The Third of Four Pagss)

Input

No. of Cards Format + Input Data Information
Group No. - -

2]

If IBPHA < O, skip the next two inout groups (Input Groups 11 and 1i2).

11 Varies 8110 I3POS(X);K=1,IBPHA Phase numbers for which there are im-
vosed failed probabilities at the phase
g beginning time.

12 Varies €F10.0 QBPO3(X) ;K=1,IBPHA .Corresponding imposed failed probability
| ‘ S for phase IBPOS(K).

1 .
i

o«

13 Varies 8F10. XIMDA (L) ,TAU(L) ;L=1, The component failure intensity Ay, (per
NPHASE hour) and repair time 11, (hours) for
Phese L; L = 1, NPHASE. If Xy < O, the
component is nonrepairable, and -27, is
ite failure intensity. If 17 < O, the
component has a constant repair intensi-
ty wp (per hour) and pp, = - 1/71L.

1k -1 F10.0 Q00 The initial failed probability at t = O,
‘ q(0).

If there are no inhibit conditions, skip the next three irput groups (Input Groups 15 - 17). .

i L i !

! I T |
For each inhibit condition, read in the following three inmput groups (Input Groups 15 - 17). Repeat

for as many inhibit conditions as there are.
15 1 2110 IDEX,NPHASE The negative of the inhibit condition

index, the number of phases for the
inhibit condition (NPHASE < 50).
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TABLE C-1. (Contd.)
(The Fourth of Four Pages)

" For each minimal cut or path set,

20

Varies

8110

"~

IMAX,ICUT(X,I);T
IMAX

read in the following input

=1

0 Input No. of Cards Format Input Deta Information
. Groun No.
16 Varies 8F10.0 TP(L);L=1,NPHASE The end times (in hours) for each phase
in order of increasing phase number.
Phase 1 is always assumed to begin at
t = Q. .
17 Varies 8F10.0 + PROB(L);L=1,NPHASE ° Occurrence probabilities for each phase.
18 1 I10 IPATH Set flag. If IPATH = 1, minimal cut
sets are used. ‘If IPATH = 2, minimal
path sets are used.
19 1 110 NCUT Number of minimal cut or path sets -

(NCUT < 500).

group (Input Group 20).

Number of components plus inhibit condi-
tions in the set (IMAX < 19), list of
component and inhibit condition indices
in the set. For more than T indices,
continue .on the next card with the same
format (8I10).



APPENDIX D

Output From KITT-1 and KITT-2

Tables are given here for quick translation of the KITT-1 and KITT-2 outbut.
Tﬂesg tables are merely a repetition of the tables'given at the end of the
KITT-1 discussion. They are repeated here for the convenience of the user.
Since the output from KITT-1 and KITT-2 is identical in fbrmat, these

tables apply equally to KITT-1 and KITT-2.
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TABLE D-1

KEY TO "COMPONENT AND INHIBIT INFORMATION"

Progfam Output

Information

T (hours)
Q
W

L
WSUM

FSUM

t, time (in hours)

q(t), the component failed probaebility

"w(t), the component failure rate'(per>hour)

A, the (input) component failure intensity
(per hour)

t .
fw(t')at', the expected number of failures
o] ’ to time t

1 - exp(-At), the probability of one or more
failures to time t

TABLE D-2

KEY TO "MINIMAL SET INFORMATION" IF MINIMAL CUT SETS ARE USED

Program Output

Information

T (hours)
Q

W

WSUM

FSUM

t, time (in hours)

Q(t), the minimal cut set failed probability

v

W(t), the minimal cut set failure rate
(per hour)

A(t), the minimal cut set failure intensity
(per hour)

t
fW(t‘)dt‘, the expected number of failures
o . to ‘time t
. - o
1 - exp[-fA(t')at'], the probability of one
o) or more failures to time t

D2



TABLE D-3
KEY TO "MINIMAL SET INFORMATION" IF MINIMAL PATH SETS ARE USED

Program Output . Information
T (hours) t, time (in hours)
P P(t), the minimal path set functioning
probability
W W(t), the minimal path set failure rate
‘ (per hour)
L A(t), the minimal path set failure intensity
' : (per hour)
. t.
WSUM fWw(t')at', the expected number of failures
o to time t
. t,\
NO FSUM exp[-fA(t')dt'], the probability of no
o} failure to time t
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TABLE D-4

KEY TO "SYSTEM INFORMATION - UPPER BOUNDS"

Program Output

Information

T (hours)

WSUM

FSUM

t, time (in hours)

Neo
1 - [1- éi(t)], the upper bound for Qo(t)

i=1 :
Ne
}E: ﬁi(t), the upper bound for W, (t) (per hour)
i=1 ) ‘
Ne
Z Wi(t)
§=l > the upper bound for Ao(t)
o .

b4 er hour

TT [2 - &;(0)) (p )
i=1 .

thv )
j [:E: Wi(t')] dt', the upper bound for
o

1=1 L
Ju (t)at!
)
No |
Wilt!
. Zl 1 (")
1-exp({-9 == at' ,
o | e
[T [1- Q; (t")]
i=1
t P
the upper bound for 1 - exp[—JAo(t')dt']
o
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TABLE D-5

KEY TO "DIFFERENTIAL CHARACTERISTICS - BEST BRACKETS"

Program Output Information
QMIN Qo(t)min’ the best lower bound for the
system failed probability Q,(t)
QUAX Qo(t)pay> the best upper bound for Q(t)
WMIN | W (t)pin, the best lower bound for the

system failure rate Wy(t) (per hour)

WMAX Wo(t)max, the hest upper bound for Wo(t)
oo (per hour)
IMIN . Ao(t)pin» the best lower bound for the
system failure intensity A,(t)
(per hour)
IMAX Ao(t)max’ the best upper bound for Ay(t)

(per hour)

TABLE D-6

KEY TO "FAILURE RATE CONTRIBUTIONS" IF MINIMAL CUT SETS ARE USED

Program Output Information

WIMIN W (£),4 0, the best lower bound for WSM) (+)
(per hour)

) (1), ) (1)
W1MAX Wy (t)pay> the best upper bound for W °(t)
- ’ (per hour)

. : ~(2) v (2)
W2MLN ' W' (t)min’ the best lower bound for W °'(t)
(per hour)
“(2) v(2),,
WeMAX Wy (t)max’ the best upper bound for W, " (t)
(per hour)

[WMIN and WMAX are the best bounds for W_(t), repeated from TableD-5.]
o ! P )

|




TABLE D-7
KEY TO "FAILURE RATE CONTRIBUTIONS" IF MINIMAL PATH SETS ARE USED

Program Output Information
, ~(1) , ~(1)
W1MIN Wy (t) .., the best lower bound for W. ’(t)
min o
(per hour)
‘ - (1) ~(1)
W1MAX N (t)max’ the best upper bound for W, ’'(t)
: , : (per hour)
W2MIN | ch(JZ)(t)min’ the best lower bound for Wo2)(t)
' ' (per hour)
W2MAX W2V ) the best w{2)(g)
. o L Jmax s e best upper bound for Wy
. : (per hour)

| [WMIN and WMAX are the best bounds.for W.o(t), repeated from Table D-5.]

_TABLE D-8

KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS"
IF MINIMAL CUT SETS ARE USED '

Program Output V_ Information

If the exact values for system characteristics éré obtained:

QLAST Qo(t)g the exact value for the systemvfailed
: : ' probability

1
)(t), its exact value (per hour)

(
O -
(()2)(

t), its exact value (per hour)

W1LAST

oy _

W2MIN-LAST }
WAMAX-LAST
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TABLE D-9

KEY TO "DIFFERENTIAL CHARACTERISTICS - LAST BRACKETS"
IF MINIMAL PATH SETS ARE USED '

Program Output Information

If the exact values for.system characteristics are obtained:

QLAST Qo(t), the exact vaiue for the system failed
. probability
W1LAST él)(t), its exact value (per hour)
W2MIN-LAST ~(2) .
{W2MAX—LAST} W, (t), its exact value (per hour)

TABLE D-10
KEY TO "INTEGRAL CHARACTERISTICS - BEST BRACKETS"

Program Output : Information
t
WMIN-SUM | fwo(t')mindt', the best lower bound for
o} t
Ju (t1)at!
(o] -
t
WMAX-SUM Jug(t7),,dt", the best uppertbound for
A :
Ju (t')at
(o]
] t
FMIN-SUM 1 - expl-fA (£ )y att], thetbest lower
. o

bound for 1 - exp[—on(t')dt']
o

t

FMAX-SUM 1 - expl-fA (t"),,,dt"'], the best upper
Tl o

max
t

bound for 1 - exp[—fA
o

olthat' ]

—_
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APPENDIX E

The Use of the PREP and KITT Codes for Non-Time-Dependent Problems

In certain analyses, the top of the fault tree represents a certain
event, and the fault tree itself represents the cause relationship of this
top event to the primary events. The "components" of the fault tree are
the primary events and the top of the tree is the event.caused by the pri-
mary events. For example, the top of the tree may represent an occurrence
of a particular type of accident, or it may represent a system failure
occurring in a given experiment. For this type of fault tree, time de-
pendencé has no meaning. One wishes merely to obtain the probability of
‘ the top event occurring from knowledge of the probabilities of the primary
events occurring. The PREP and KITT codes can be used in a straightforward
manner to obtain the probability of this top event occurring.

For thié type of fault tree, the minimal cut sets obtained by PREP
are the "occurrence modes" by which the top event occurs. In a comple-
mentary manner, the minimal path sets are the "nonoccurrence mpdés" by
which this top event does not occur. An occurrence mode consisting of’a
certain number of primary events means that if these primary events simul-
taneously occur, then the top event occurs. A nonoccurrence mode consist-
ing of primary eyents means that if theselprimary events do not occur;
then the top event does not oécur. An occurrence mode therefore corresponds
precisely to a minimal cut set while a nonoccurrence mode corresponds fre—
cisely to a minimal path set. |

Consequently, in PREP, if occurrence modes are desired, then one

should read in the input variable IDEX1 such that minimal cut sets are

El



found (IDEX1 = 0). If nonoccurrence modes are desired, then the input
variable IDEX1 is read in such that minimal path sets are found (IDEX1=1).
The only other input vafiables for PREP which need redefining are the com-
ponent failure intensities A [LMDA(I)] and the repair times [TAU(I)]. For
every component, where a component now corresponds to a primary event,

read in the repair time TAU(I) as 0.0 (or leave it blank),
TAU(I) = 0.0 , for all components . (B-1)

For each component (primary event) read in the failure intensity [IMDA(I)]

as
IMDA(I) = 10°p; (E-2)

where P; is the probability of occurrence for the particular primary
event[a]- Except for these changes, the rest of the input data remains
exactly the same and retains their meanings as defined.

Having obtained the occurrence or nonoccurrence modes (minimal cut
sets or path sets), KITT-1 is then used to obtain the probability of the
top event occurring. In KITT-1 as in PREP, the occurrence modes correspond
to minimal cut sets and nonoccurrence modes correspond to minimal path sets.
Fér KITT-1, each primary event is treated as an inhibit condition with fhe
probability of occurrence equal to P;, the probability of occurrence for
the particular primary event. Therefore, the failure intensities A read
in for Input Group L are read in with values less than or equal to 0.0
(or left blank),

A; £ 0.0, for all components (primary events) . (E-3)

The repair times tj (Input Group 5) are read in as the respective occur-

rence probabilities P;, for the primary events,

[a]The 106 factor is needed in Equation (E-2) since PREP multiplies the

failure intensities by 107°.
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1. = P, , for each component (primary event) . (B-4)

1 1

If‘PREP is used to qbtain the occurrence or nonoccurrence modes, and
values were read into PREP as given by Equations (E-1) and (E-2), then the
failure intensities and repair times punched out by PREP need me?ely'be
interchanged. The failure intensities used for PREP and pdnched out by
it now become the repair times for KITT-1 (Input Group 5). The repair
times read into PREP as 0.0 (or left blank) now become the failure inten-
sities for KITT-1 (Input Group 4).

Beside the primary events being interpreted as inhibit conditions
for KITT-1, the only other input data which need be modified is Input
Group 7. Input Group 7 contains NTPT, NOUT; and DELTA. = NTPT should be
read in as 2. If a printout is desired of the occurrence or nonoccurrence’
mode information, then set NOUT equal to 1 (or equal to 2). If no print;
out‘is desired of the mode information, set NOUT equal to 3. DELTA can
be read in as any positive (nonzero) number, such as 1.00. These input
values are needed for Input Group 7 because of the mechanics of the code.
(Note that Input G?oup 8 is skipped since DELTA is read in as a positive
number.) Beside Input’Group T, all other Input Groups remain exactly as
previously described.

If occurrence modes are input to KITT-1 to obtain the probability of

the top event occurring, the failed probabilities @ printed out by KITT-1

for each minimal set (occurrence mode) are the probabilities that the
respective modes will occur. (If NOUT = 1, the.failed probabilities will
be printed out for two "time points" and will be equal. Either value is
"the exact probability.) If nonoccurrence modes are input to KiTT—l to

obtain the probability of the top event occurring, the functioning pro-

babilities P printed out for each minimal set (nonoccurrence mode) are




the probabilities that the respective modéslwill not occur,. Again, two
such probabilities (equal in value) will be printed éut if NOUT = 1. From
these failed or functioning probabilities, the most important occurrence
or nonoccurrence modes are obtained. All othér minimal set (mode) infor-
mation will have no meaning.

For the system, the failed probability Q printed out by KITT-1 is the
probability that the top event will occur. Two such values will be printed
out, and either one (both being equal) is that probability. All other
system information printed out will have no meaning.

As stated previously, excepﬁ for Input Groﬁf T, all other input to
KITT-1 remains the same, with a minimal cut set corresponding to an occur-
rence mode and a minimal path set corresﬁonding to a nonoccurrence mode.
If an upper bound is only desired for the probability of occurrence for
the top event, ISTOP (Input Group 6) is set equal to 1. Q of the sjstem
upper bound information will then be this upﬁer bound. If the probability
ol Llhe top eGent is bracketed, QMIN and QMAX will then be the .lower and.
upper dbounds for:it. |

‘If bracketing is done, IFAG2 should be set equal to 1, since IFAG2
does not influence the failed probability, ie, the probability of the top
event occurring. If the exact probability of the top event occurring is
desired, then NBMAX of Input Group 9 should be set equal to NCUT, the
total number of occurrencé (or nonoccurrence) modes. TIf this is doﬁe,
then QLAST is the exact probability. Aé recommended before, NBMAX should

be set equal to 2 if occurrence modes are used (IPATH = 1) and NCUT > 10.
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APPENDIX F

SAMPLE FAULT TREE EVALUATION
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I. PREP Run For The Sample Tree

The fault tree in Figure i was analyzed using the PREP and KITT
computer programs. The PREP codes were first used to obtain the minimal
cut sets of the tree, and the KITT codes were then used to obtain the
associated probability characteristics.

A listing of input cards for PREP are shown on pages F3 and FU.- The
" first of these decks is the input used to obtain the minimal cut sets from
deterministic testing (COMBO). The second deck contains the necessary
modifications to obtain minimal cut sets using Monte Carlo simulation
(FATE). In using the deterministic testing algorithm, MIN was set to 1
and MAX to 10. Since the output was to be punched for use by KITT, IDEX2
= 1. Pages F5 through F12 are the resulting 6utput from the PREé codes.
The Monte Carlo run was made using 1000 trials (NTR =\1600) and the mixing .
parameter switch IREN set to 1 (uniform mixing). Pages F10 through F12
" show those portions of the output f£om PREP, obtai;ed with Monte Carlo

simulation, which differ from those obtained using deterministic testing.

All other output was identical to that obtained using COMBO.
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TEN COUMPONENT SAMPLE PROBLEM

* DATA

END

* TREE
TOP
GATEL
GATE3
GATEL3
GATE2
GATE14
GATELS
GATES
GATELO
GATET
GATE4
GATES
GATES
GATELG
GATELT
GATEL8
GATEL9
GATE20
GATES
GATE11
GATELZ
END

* RATES

© COMPL

. COomnP3

(] 14]

COWPT

CuNP9 .

END

21

OR
OR
OR
OR
OR
OR

AND

OR
AND
AND
AND
AND
AND
AND
AND
OR
OR
OR
AND

AND

N N NN

NONN W W

Q

o © ©

o (-] o Q@ © o
W W NN N N

GATE1
GATE2
GATE?
GATELS

GATE4

GATEL9

GATES

© © 0 o .o © © © ©

GATELL
GATE20
COMP1

comMPl

N N N NN

CcomMP4
COMP4
COnPS
COMNPY
COMP9
COMPT

camPl

w

CUMPA

206
35,0
5.0

840

GATElG

compz

GATEL3
GATE3
GATES
GATELS
GATES
GATEL1?
GATE2
GATELO
GATEL2
COMP1
CoMP2
comp3
CuMP3
comnps
COMPE

_COMPO
COMPS
CONPLO
conpa
COmMP2

CUMPS

100.,0 COMP2

-100, 0 COMP4

100.0 COMP6

100,0 COMPS

GATE6

GATF18

CoMP2

conP9
COMP3

COMPS

246
3540
3540

5.0

100.0 COMPLO © 8.0

100; 0
100.0
100, 0
100.0

100.0



TEN COMPONENT SAMPLE PROBLEM

* DATA

END
* TREE
TOP
GATEL
GATE?
GATEL3
GATE2
GATE1l4
GATELS
GATES
GATELD
GATE7
GATES
GATES
CATE6
GATEl6
“GATELT
GATELS
GATEL9
GATE20
GATE9
GATELL
GATEL2
END

* RATES
COMPL
coMP3
comMes
coMP?
conPY

END

21

uR
OR
arR
OR
OrR
OR
AND
AND
-OR
AND
AND
AND
AND
AND
AND
AND
OR
OR
OR
AND

AND

N W W NN

Lo

9 o © o © ©o o

© o ©

o

100

GATEL

GATE2

© © o

GATE7
0 GATELl4
O GATE4
GATEL6
GATEL9
GATEQ
GATELL
CATE20

comMPl

N N M O O O o

CoMP1
comp2
ConPs

COMP4

N N NN

COMPS
2 COmMPY
2 COMP9
3 COMPT
3 CamMP1

3 Comnre

246
35.0

540

1000 1

GATEL3
GATE3

GATES

GATELS

GATES  GATE6
GATEL1? GATE[G
GATE2

GATELO

GATEL2

compi’  comp2
COMP2

COMP3

comr3

COMPS

COomMPe

COMPS

COMPS

COMPLO

COAPB ComMP9
comp2  come3

COMPS COMPS

10040 COMP2
100, 0 COMP4
100.0 cunﬁs
100.0 CCMPB

100.0 COMP1O

246
35.0
35,0

5«0

8.0

100.0
100,0

100, 0

10040

10040,
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L L T R P Y T T T R PP PP PP PP T SEERS RS

*TREBIL FAULT TREE BUILDING PROGRAM . *
SEERSEEEEE SRS RB DS SRS EB AL ESRRESA X AXBE SIS %R S8565848 FASEEREAEEEEEBRERESAREENSNOBAERS Ll **

R .

TEN CDOMPONENT SAMPLE PROBLEM

NUMBER OF GATES,NG N 21
COMBO STARTING VALUE,MIN 1
COMBO ENDING VALUE ,MAX 10
CUT SET - PATH SET SWITCH,IDEX1l---——=-—— - 0
PRINT - PUNCH SWITCH,IDEX2——————————— 1
MONTE CARLO STARTER,MCS - - o
NO. OF RANDOM NUMBERS 7O REJECT¢NREJEC——— 0
NO. OF MONTE CARLO TRIALSyNTR-———————e———e— 0
MIXING PARAMETER SWITCHy IREN-~=--——oe-——— 0
MONTE CARLO MIXING PARAMETER,TAA-——————~— -0

bbdethadididdidbedihitihibitititthbhahendtddd st d e L Eld T Ly T R T L L Lt L P PPy
*TREBIL FAULT TREE BUILDING PROGRAM *
Rl ad e d i At e g e e L R L L LT L L e PPy

TEN COMPONENT SAMPLE PROBLEM

NAME TYPE INPUTS————

Top OR GATEL GATEL3

GATEL OR GATEZ2 GATE3

GATE3 OR GATE7 GATES

GATE13 OR GATEl4 GATELS

GATEZ2 OR GATE4 GATES GATE®G

GATEL4  OR
GATEL5  AND
GATES AND
GATELO  OR
GATET AND
GATES AND
GATES AND
GATES AND
GATEl6  AND
GATELT , AND
GATELS  AND
GATEL9  OR
GATE20  OR
GATE9 oR
GATELl  AND
GATEL2  AND
END

GATEL6  GATELT  GATE1S
GATEL9  GATE2

GATE9 GATELOQ

GATELL  GATEl12

GATE20  COMP1 COoMP2

coMP1 CaMpP2 ;

cuMPL COMP3

camMp2 cOMP3

COMP4 COMPS

COMPY COMPE

COMPS COMP6

coMPY CoMP8

COMP9 COMP10

COoMP7 COMPB COMP9

coMP1 coMP2 coMP3

COMP4 coMPs .COMP6 . . : o . : T o

COOOCOOOOOOOOMNNNWWRNNNN
CWWWANRNNRNNNNNNOOOODOOOQO



o1

SESEFESEES SRS SR ES SRR EB AR BB ABEAREESE KA A SR KX BX AR SRS RO RS R X SR SR EREEDE X AL XE XX R SR SRR KR LR GRS REFRELSERREE SRR AR KRR S SRS SRS S

STREBIL FAULT TREE BUILCING PROGRAM
FESEERSEERERERIE R EF SRR SXERRERR SR RN SA AR B AR RRSERRRE SRS ALRIARAIREI LR RS AT ERRRBANXSRRRARERRRER SRS SR RRREEAXSEI IS S S EEELERES S S

TEN COMPONENT SAMPLE PROBLEM

THIS IS THE SLBROUTINE GENERATED 8Y TREBIL
SUBROUTINE TREE
LOGICAL TOP,AL200C), X(2000)

2) «AND. X{ 3)
5} . AND. X{( 6)

COMMON/TREES /A, X, TOP
Al 1) = Xt 1) .AND.X(
Al 2) = xi 4) .AND. X{

~ Al 3) = x¢ 7).0R.X( 8).0R.X(
Al 4) = Xt 9).0R.X{ 10}
Al 5) = X({ T).0R.X{ 8}
Al 6) = X{ 2}.AND. X 3)
Al T = X 1) .AND. X 3}
Al 8) = Xt 1).AND. XU 2)
Al 9) = Xt S} AND. X{ 6)
A 100 = x¢ 4) . AND. XI( 6)
Al 11) = Xt 4).AND. X{ S)
At 12) = Al 4)

* «AND. X1 4).AND. X ¢ 5)

Al 13) = Al 2).0R.AL 1)
Al 14) = Al 3).AND.AL 13)
Al 15) = Al 8).OR.A{ 7).0R. AL
Al 16) = A{ 11).0R.A{ 10).0R.A{
Al 17) = Al 12).DR.A( 14)
Al 18) = Al 16).3R.AL 17)
At 19) = Al 5).AND. AL 16)
Al 20) = Al 15).JR.AL 19}
Al 21) = A 18).IR.AL 200
TOP = AL 21}
RE TURN
END

THERE WERE

SERE SR SRR LCER AR AR KE SO BE OISV LB KX CE IR AR SS EERFEH S SR RS XSS S ERO XK EES AR SRS SRRV RS ERX R X AER KA A SE 040 S

9)

61
91

LO COMPONENTS INDEXED IN THIS TREE

*TREBIL FAULT TREE BUILDING PROGRAM

SEEESEOR SRS LRSS LR IR CHXEAIRARSENEEERB K CE RS S SR EE SEBAASEEEXAS S SRRV A SR RESXFE SR SRS R R EE R R RE R E SRS SRR NS00

TEN COMPONENT SAMPLE PROBLEM

COMPONENT INDICES, MAME3, AND FAILURE RATES (PER HOUR) -

TREE INDEX

-

OCOVD~NOVSWN-

COMPONENT NAME
COMPL
coMP3
COMPS
COMPL
comMpP2
COomMP3
coMpP7
comMP3
comMpPy
COMPLO

LAMBDA(FAILURE INTENSITY/HR.)
3.50000D-05
3.50000D-05
3.500000-05
2.60000D-06
2.600000-06
2.60000D0-06
5.000000-06
5.00000D0-06
8.00000D-06
8.00000D-06

TAU
100.00¢
100.00¢
100.000
100.000
100.00C
100.000
100.000
100.000
100.000
100.000

*

*

*ESRES

L 21



o.u-tt.ot..nc.unttttoatouttnaonoa‘tnuunututtt”.nt.o“tttu.u.tutuonuctttaantnutut-tnatttttutnat.o.t..‘tto
®TREBIL FAULY YREE BUILDING PROGRAM *
*e sEe8s t.ztu.t.t-tt-ntt“ttttauttt.ctt”ttnoutntotttotonnuuut.tutnttuttu‘t.octucana.ocnu..ntt

TEM COMPONENT SAMPLE PROBLEM

TREE ENDEX GATE NAME INPUTS—
1

GATEL2 ARD COMP4 CoMPS CCMP6
2 GATEL1 AND ComPl COMP2 CCMP3
3 GATE9 OF COMPT COMP8 CCMPY.
4 GATE20 Ok COMPY COMP10O
5 GATEL19 OF COMPT CompPg
] GATELS AND COMPS COMPs
1 GATELT AND COMP4 COMP6
8 GATELl 6 AMD COMP4 COMPS
9 GATE6 AND CoMpP2 COMP3
12 GATES AND CoMp) COMP3
1 GATES AND COomMPl COMP2
12 GATE? AND GATE2D COMP1 CcoMP2
13 GATE1 0 OFf. -~ GATEl1l GATEL2
14 GATES AND GATEY GATELO
15 GATEl 4 OF. GATEILS GATELT GATELS8
16 GATE2 OF GATES GATES GATES
17 GATE3 OF. GATE? "GATES
18 GATEL OF. GATE2 GATE3
19 GATELS ANMD GATEL9 GATE2
20 GATEL3 Of GATEl4 GATE1S

21 ToP OR GATEL GATE13

- &8 . SEEEEAEEREAEEEARREIAEANELS
PO e PP T T T L LR R P2 R R R L S 2 L L D T DL S i Rl it i d il il il htdd BEDEREEEENEERE N

* EsEEEeEREER
Teoe FA:“;I(I':EE. 21:21:2::52&:2”” SEEEERESESAREBERERSEREEREED SRS R EREASEHECIRE SRS RS KRI NI RNE S AOATRREKES SRR SARE
sees st Eee

TEN COMPONENT SAMPLE PROBLEH

ATES INPUT GATES INPUT 8Y THIS COMPONENT
TREE INDfX ‘ CONPUES:;LNAHE NUNBER OF G 3 cartere caTeLs carete
2 COMPS . 3 GATEl12 GATE1S8 GATEL6
3 COMP6 3 GATEl2 GATE18 GATELT ATET
4 COMP 4 GATEll GATES GATE4 G E7
5 comMp2 4 GATE1ll GATEG GATES GATE
[} COMP3 3 GATELll GATE6 GATES.
7 comMPT 2 GATE9 GATEL9 -
8 comP3 2 GATE9 GATEL9
9 COMP9Y 2 GATES GATE20
) 10 COMPLO 1  GATE20



81

LEVEL

1SN
I'SN
ISN
1SN
1SN
1SN
ISN
ISN
1SN
ISN
ISN
1SN
1SN
15N
15N

ISN
I SN
1SN
I SN
1SN
ISN
SN
1SN
1SN
1SN
1SN
1SN

NAME=
SUBROUTINE TREE
LOGICAL TOP,A(2000),X(2000)
COMMON/TREES/A, X, TOP

18 { SEPT 69 }
COMPILER OPTIONS -
0002
0003
0004
0005 Al 1) =
0006 Al 2) =
0007 Al 3) =
0008 Al 4) =
0009 Al 5) =
0010 Al 6) =
0011 Al 7) =
0012 At 8) =
0013 Af 9) =
0014 AL 10) =
0015 Al 11) =
0016 At 12) =
0017 Al 13) =
0018 Al 14) =
0019 A( 15) =
0020 Al 16) =
0021 AL 1T) =
0022 Al t8) =
0023 AL 19) =
0024 AL 20) =
0025 At 21) =
0026 TO? = Al
0027 RETURN
0028 END
®OPTIONS IN EFFECT# NAME=

$OPTIONS IN EFFECT*

ESTATISTICS*

SUURCE +EBCDICy NOLIST yNODECK s LOAD JNOMAP sNCEDIT4NOID 4ROXREF

05/360 “DRTRAN H

DATE T70.191/17.22.31

MAIN,OPT=02,LINECNT =58, SOURCE,EBCDIC,NOLIST,NODECK,LOAD,NOMAP (NOEDIT,NOYD¢NOXREF

X{  1).AND.X{ 21 .AND.X(
XU 4).AND.X{  S).AND.X(
XU 71.0R.X{  B).OR.X"
x{ 9).0R.X( 10}

Xt 7).0R.X(  8)

XU 2).ANDJX{  3)

XU 1).AND.X[  3)

XC  1).AND.X( 2}

XU  5).AND.X{ 6}

X(  41.AND.X{ 6}

X(  4).AND.X(  5)

At @)

<AND.X{  4) . AND.XL 5}
A 2).0R.AL 1)

Al 3).AND.A( 13y

A(  B8).0R.AL  T).0R.Al
Al 11).0R.Al 10).0R.A¢
Al 12).0R. AL 14)

AL 16).0R.A(L 1T7)

A(  5).AND.AL 16}

AC  15).0R.A( 19)

AL 18V.0R.AL 20}

21)

SOURCE STATEMENTS

MAIN,0PT=02,LINECNT=58

27 +PROGRAM SIZE

*STATISTICS* NO DIAGNOSTICS GENERATED

sssssx END OF COMPILATION sse2x2

9)

6)
9}

3)
6)
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E e L L L e e e T Y
MENIMAL CUT SETS FOUND BY COMBO FOR TEN COMPONENT SAMPLE PROBLFEM
L R R e L R e T e I e T Y

MINI MAL CUT SET NO. 1
T COoMP5 COMPe
CORRESPONDING GATE FATLURES- |
& 15 20 21

MINIMAL CUT SET NO. 2
CONPb comps
CCRRESPONDING GATE FATLURES-
T 15 20 21

MINIMAL CUT SET NO. 3
ComMP6 COmMPS
CORRESPONDING GATE FATLURFS- N
1) 15 20 21

MINIMAL CUT SET NO. 4
COMP2 corP1
CORRESPONDING GATE FATLURES-
11’ 16 18 21

MENI MAL CUT SET NOD. 5 . .
COMP3 CorP1 - ‘
CORRESPONDING GATE FATLURCS-
10 16 18 21

MENIMAL CUT SET NO. 6

NP3 comp2
CORRESPONDING GATE FAILURES-

° 16 18 21

= ssssatxs END OF OUTPUT FRON MINSET *sssssssas
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SEEE SRR SE SRS REECE SR KX R4S 54 FXEE RS AT SR BB SR XN LSRR AT CESABEFE S E IR SR RB L TR EXS R SRR RS S LSRR RS EE R L KRR B E LSS L2 2] L 24

STREBIL FAULT TREE BUILOING PROGRAM . * )
SREESEBEREIEE R AR AR SFEEIR AN KL EXREREAXRTEAEF S RSB GRTS SIRE AR EREE AR AT RS AL SE SR AERE KB SR XX FERS SR VXSS E AR RE R SNSRI RXE R SR EA IS4 4SS 4

TEN COMPONENT SAMPLE PROBLEM

NUMBER OF GATES,NG— - 2
COMBO STARTING VALUE,MIN : o
COMBO ENDING VALUE JMAX 0
CUT SET — PATH SET SWITCH, IDEX1-—wm—e—=mm °
PRINT = PUNCH SWITEH, 1DEX2—~—=—m—o—m e 0
MONTE CARLO STARTER,MCS-: 1

NO. OF RANDOM NJMBERS TO REJECT,NREJEC—-—— 100

NO. OF MONTE CARLO TRIALS,NTR———=—w————=== 1000
MIXING P ARAMETER SWITCHs IREN-—————==—m = 1
MONTE CARLO MIXING PARAMETER,TAA-=—=———=-— .0



T

SEFEXEEER S AL AN AR XA EAEE SO R LR O EAEE LS ER IR BRERASBAIS S I A A6 4D ssesers SEEEREFEAESEN . sses
MINIMAL SETS FOR TEN CIMPONENT SAMPLE PROBLEM :

SEEERSERSE SR SRS AS RS SAXB SR SR XSS XA FE AN EX KA SR XS SIS RIS SN SETRAEI UEE S SR EEBE SRS EREEE AL AR S S SRR CER 2SR SR R4S L2 2]
MINIMAL CUT SET 1 COMP1 COoMP3
THIS SET WAS FOUND ON TRIAL 1

SEY FAILURE PROBABILITY = 5,12564E-03
CORRESPONDING GATE FATLURES= -

10 16 18 21
MIN:MAL CUT SET 2 COMP4 COMP5
THIS5 SET WAS FOUND ON TRIAL 2

SET FAILURE PROBABILITY = "3.99576E-01
CORRESPONDING GATE FAILURES-
8 15 T 20 21

NINiMAL CUT SET 3 CONP4 COMPE
-TH15 SET WAS FOUND ON TRIAL !

SET ZAILURE PROBABILITY = 3.99576E-01
CORRESPONDING GATE FAILJRES-

7 15 29 21 -
MINIMAL CUT SET 4 COMP1 COMP2
THIS SET WAS FOUND ON TRIAL 4

SET FATLURE PROBABILITY = 5.12564E-03
CORRESPONDING GATE FAILURES-
11 i 18 21

NINIMAL CUT SET 5 - COMP2 COMP3
THI3 SET WAS FOUND ON TRIAL 12

SET FAILURE PROBABILITY = 5.12564E-03
CORRESPONDING GATE FAILURES-

9 16 1B - 21 . .
RIN:NAL CUT SET 6 COMPS COMP6
THI> SET WAS FOUND ON TRIAL | 14
SET FAILURE PROBABILITY = 3,99576E-01 N
CORRESPONDING GATE FAILURES-
[} 15 20 21-

PR 2221 S22 S iR R SRR RS EI 222 R T2 228223222222 Rttt taldzddlddd *% EESEEE SN 3 = TSRO ORI S

*583 SUCH IS FATE $ssss

PR R T I R R2 23222 R R RIS IR RIS SRR 22222222222 ER 2R 2R 2t 2222 2l 22 it td ] E 12 2]



AL

SEEE IS IR BR XS EREEE IR S FTOR SR ESER R KA R S

MINIMAL SETS FOR THIS TREE

SEEEEEREEEERBIRESE A SR SR AT RECTEAS XX BSOS &%

MI NI MAL CUT SET 1
NINIMAL CUT SET 2
MINIMAL CUT SET 3
MINIMAL CUT SET 4
MINIMAL CUT SET 5

MINIMAL CUT SET 6
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II. KITT-1 Run For The Sample. Tree

Having obtained the minimal cut sets from PREP, the KITT codes were
then run to obtain the probability characteristiés associated with the
sample fault tree. KITTQl was first run to illustrate the evaluation of
a one phase problem. A listing of the‘input cards for tﬂé sample run is
shown on page Fli, The listing depicts the correct order and format for
the input. All the‘components on the tree were assumed to have constant
repair times of 100 hours. The number of components (Input Group 3), the
component failure intensities and repair times (Input Groups L4 and 5), and
the components in the minimél cut sets (Input Group 13), were punched out
by PREP, in the proper format, and were merely inserted in the.prbper lo-
cations in the KITT-1 input. Because this output was used from PREP, the
component indices for KITT-1 are those assigned by PREP and are given in
the cross-reference output of PREP (showing which index is assigned to
which component).

For'the sample run, the probability characterisﬁics werefobfained at
20 time points equaily spaced at 20 hours, and the exact valués of the
system characteristics were obtained. The output from KITTrllfor the run

.

is givenAon pages F15 to F29.

F13
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1
6
2.6D-06

100.

20

2.6D0-06

100,

SAMPLE PROBLEM FOR CONQERS]ON CHECKING

2.6D-06

100.

20.0
4
3
2
3
5
5
6

3.5D0-05 3.5D-05 3.50-05

100. 100. . 100.



STA

‘."‘."ltt.“““..t“‘ﬂ..‘t..““.‘ﬁt“tﬁ‘tt“‘cttﬁttttﬁt“'#.#‘38.‘...&.."8‘0.'.Btﬁ-G““‘t..‘Otl‘t.t.“‘t“‘tt“‘#'t‘..‘ﬁ.“

% PROBLEM TITLE FOR THIS ANALYSIS BY KITT-1.,

SAMPLF PROBLEM FOR ZONVFRSTON CHECKING

*

EESEEPAERR LRSS “‘t‘”t‘t.‘.#‘t‘ﬂ#“"t‘t‘a““tﬁ‘ﬁ‘t."t““‘l‘.#‘t‘“t““t‘.‘t‘Cttkt’ttﬁ“‘._".““"ttt‘.““t‘ttt"“‘.“.‘.

NO. OF PARAMETEF RUNS {NPROB) = 1

NO. OF COHPBNENIS AND INHIBTT CONDITIONS (NCOMP) = 10

COMPONENT DATA (LAYBDA AND TAU}
(NON-POSITIVE TAU DFNOTES NON-REPAIR}
{NDN-POSITIVE LAMBDA DENNTES INHIBIT CONDITIIJN)

COMPONENT INDEX

QU@NECVPUNT

—

LAMBDA TAU
3.50000000D-05 1.000000000 02
2.500000000-05 1.00000000D 02
3,500000000-05 1.00000000D 02
2.600000000-06 1.000000000 02
2.600000000-06 1. 000000000 02
2.600000000-06 1.000000020 D2
5.000000000-06 1.00000003D 02
5.00000000N-06 1.0000000I0 02
8.00000000D0-06 1.00000003D 02
8.00000000D-06 1.00000000D 02

BRACKET FLAG (ISTOP), "IF ISTOP=2 SYSTEM INFORMATION IS JBTAINED F20OM RRAZKETING, IF IST=1 IT 15 NOT.

FOR THIS PROBLEM ISTOP = 2

NO. OF TIME POINTS (NTPT) = 20
PRINT QUT MULTIFLE (NOUT) = 1 -
MESH SIZE (DELTA)} = 2.00000000D0 01 HOURS

NUMBER OF DUTER BRACKETS (NBMAX) = 6
FAILURE RATE COFRECTION FLAG (1FAG2) = 2

TNNER BRACKETS FOR IFAG2=2
OUTER BRACKET NO. (M}, NO. OF INNER ERACKETS (NB2{M))

VS wWN -
—NwdsU o

SET FLAG (IPATH). IF I:PATH=1 MINIMAL CUT SETS ARE USFD. IF IPATH=2 MINIMAL PATH SETS ARF USED.

FOR THIS PROBLEM IPATH = 1

NO. OF SETS (NCUT) = ]
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SET
SET
SET
SET
SET

SET

SET

INFCRMATION

NO. 1+ WITH
NO. 2, WITH
NC. 3, WITH
NO. 4, WIFH
NO. Se WIFH
NO. 6y WITH

COMPUNENTS
COMPOAgNTS
COMFONENTS
COMPONENTS
COMPONENTS

COMPONENTS

P



LTd

T (HOURS)

2.0

2.0000000D
4.,00000000
6.0000000D
8.00000000
1.00000000
1.20000000
1.40000000D
1.60000000
1.80000000
2.00000000
2.20000000
2.40000000
2.60000000
2.8000000D
3.00000000
3.20000000
3.4000000D
3.60000000
3.8000000D

o1
01
01
o1
02
02
02
02
02
02
Q2
02
02
02
02
02
02
02
02

T (HOURS)

0.0

2.0000000D
4.00000000
6. 00000000
8.00000000
1.00000000D
1.20000000

- 1.40000000

1.60000000
1.80000000
2.00000000
2.2000000D
2.40000000
2.60000000
2.8000000D
3.00000000
3.2000000D
3.40000000
3. 60000000
3.80000000

01
ol
0}
01
02
02
02
02
02
02
02
02
02
02
Q2
02
02
02
02

T {HOURS)

0.0

2.00000000
4.00000000
6.0000000D
8.00000000
1.0000000D

01
01
01l
01
02
02

COMPONENT AND INHIBIT INFORMATION

CHARACTERISTICS FOR COMPONENT NO. = 1

Q
0.0
6.9938786D~04
1.39877570-03
2.09755210-03
2.7957171D0-03
3.49388210-03
3.49205030-03
3.4902186D-03
3.48899930-03
3.4883925D0-03
3.4877857D-03
3.48778810-03
3.4877906D-03
3.4877920D0-03
3.4877924D-03
3.48779270-03
3,48779270-03
3.4877927D0-03
3.48779270-03
3.48779270-03

W
3.5000000D0-05
3.49755210-05
3.49510430-05
3.49265860-05
3.49021500-05
3.4877714D-05
1.48777780-05
3.48778420-0%
3.4877885D0-05
3.4877906D~05
3.48779280-05
3.48779270-05
3.4877927D-~05
3.4877927D-05
3.48779270-05
3.4877927D-05
3.48779270-05
3.48779270-05
3.48779270-05
3.48779270-05

L
3.50000000-05
3.50900000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.5000000D-05
3.5000000D-05
3.5000000D-05
3.5000000D-05
3.50000000-05
3.5000000D-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.5000000D-D5
3.5000000D-05
3.50000000-05
3.50000000-05

CHARACTYERISTICS FOR COMPONENT NO. = 2

Q
0.0
6.9938786D~04
1.39877570-03
2.0975521D-03
2.79571710-03
3.4938821D-03
3.49205030-03
3.4902186D-03
3.4889993D-03
3.48839250-03
3.48778570-03
3.4877881D0-03
3.4877906D-03
3.48779200-03
3.4877924D-03
3.48779270-03
3.48779270-03
3.48779270-03
3.48779270-03
3.4877927D-03

' 3,50000000-05

3.4975521D-05
3.49510630-05
3.4925586D-0%
3.49021500~05
3.4877714ND-05
3.4877778D-05
3.4877842D-05
3.4877985D-05
3.48773060-05
3.48779280-05
3.4877927D-05
3.4877927D-05
3.48779270-05
3.48779270-05
3.48779270-05
3.4877927D-05
3.4877927D-05
3.4877927D-05
3.4877927D-05

L
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000~05
3.5000000D-05
3.50000000-05
3.5000000D-05
3.50000000-05
3.50000000-05
3.50000000-05
3.5000000D-05
3.5000000n-05
3.50000000-05
3.5000000n-05
3.50000000-05

CHARACTERISTICS FOR CNOMPONENT NO. = 3

Q
0.0
6.9938786D-04
1.3987757D~-03
2.09755210-03
2.7957171D0-03
3.49388210-03
3.49205030-0

L]
3.50000000-05
3.49755210-05
3.4951043D-05
3.4926586D-05
3.4902150D-05
3.4877714D-05
3.4R77778D-05

L
3.50000000-05
3.50000000-05
3.50000000-05
3.50000000~05
3.5000000D-05
3.50000000-05
3.50000000-0

WSUM
0.0
6.99755210-04
1.39902090-03
2.0977971D-03
2.7960845n-03
3,4938A31D-21
©.1916381D-03
4,8A899430-03
5.58655150-03
6.28410950-03
6.98166780-03
7.67922630-03
R.3767869D-03
9.0761434D-03
9.77190200-03
1.06694610-22
1.1167019D0-02 "
1.18645780-02
1.25621360-02
1.32596950-07

WSUM
0.n
6.9975521D-04
1.30902090-013
2.09779710-0%
2.7960R45D-03
3.49388210-01
4.19143810-03
4.8RB9I943N-03
5.5865515D-03
5.286410950-03
£.3816678D0-03
T.6792263D-02

-B.37678490-03

9.0743634D-02
9.77190200-03
1.0669461D-22,
1.1167019D-02
1.1866579D-02
1.2562136D-02
1.32596950-02

WSUM
0.0
6£.9375521D-04
1.39902090-03
2.0977971n-03
?2.79608650-02
3.%493A831D0-02
4.1914381D-0

FSUM
0.0 !
6.9975506D-064
1.3299020%0-03
2.09779650-02
7.79608370-03
3.69388210-03
4.19119230-03
4.RB80146D-01
5.5R43492D-03
6.2801966D-03
6.97555710-03
7.67043090-03
8.364R1860-03
9.05872030-03
9.75213650-03
1.06450670-02
1.1137514D-02
1.1829475D-02
1.25209520-07
1.32119460-07

FSUM
0.0
6.99755060-04
1.3990205D-03
2.09779650-03
2.79608370~03

-1,49388210-02

4.19119230-03
4.8RB0O146D-07
5+5843492D-03
6.2801966D-03
6.3755571D-03
T.6704309N-03
8.36481860-03
9.0587203p-03
9.7521365D0-03
1.04645067D-02
1.11375140-02

 1.1829475D-02

1.25209520-02
1.3211946D-02

FSUM
0.0
6.9975506N-04
1.39902050-03
2.0977965D-03
?.79608370-03
3.49388210-03
4.19119230-03
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1.40000000L
1.60000000
1.8000000D
2.0000000D
2.20000000
2.40000000
2.60000000
2.8000000D
3.0000000n
3.20000000
3.40000000
3.60000000
3.8000000D

ve
n2
02
02
02
n2
02
02
02
02
02
02
02

T (HOURS)

0.0

2.0000000D
4. 00000000
6.00000000
8.0000000D
1. 0000000D
1.2000000D
1.40000000
1.60000000
1.80000000D
2.0000000D
2.20000000D
2.4000000D
2.60000000
2.8000000D
3.00000000
3.20000000
3.40000000
3.60000000
3.8000000D

01
01
01
01
02
02
0.2
02
02
02
02
02
02
02
n2
02
02
02
02

T (HOURS)

+ 0.0

2.0000000D
4.00000000
6.00000000
8.0000000D

1.0000000D0"

1.20000000
1.4000000D
1.60000000
1.80000000
2.0000000D
2,20000000
2.4000000D
2.60000000
2.8000000D
3.0000000D
3.20000000
3.40000000
3.60000000
3.8000000D0

01
18
01
01
02

02

02
a2
02
02
02
02
02
02
02
02
02
02
02

3.49021860-03
3.48899930-03
3.4883925D0-03
3.48778570-03
3.48778810-03
3.4877906D-03
3.,48779200-03
3.4877924D-03
3.64877927n-03
3.48779270-03
3.48779270-03
3,48779270-02

3.48779270-03

CHARACTERISTICS FOR

Q
0.0
5.19965200-05
1.0399324D-04
1.5598648D-04
2.0797634D-04
2.5996620D-04
2.5995607D-04
2.5996593D-04
2.59939170-04
2.5993579D-04
2.5993241D-04
2.59932420- 04
2.59932420-04
2.59932420-04
2.59932420-04
2.59932420~-04
2.59932420-04
2.59932420-04
2.59932420-04
2.5993242D-04

ERLLERA LY gt
1.4877885n-05
3.4877906D-05
3.48779280-05
3.6R7797270-05
3.4877927D-05
3.4877927D-05
3.48779270-05
3.64877927D-05
3.48779270-05
3.4R77927D-05
3.48779270-0S
3.48779270-05

. L]
2.6000200D-26
2. 5998647D-06
2.59977296D-06
2.5995944N-06
2.5994593D-06
2.5993241D~06
2.5993241D-06
2.5993241D~06
2.5993242D-05
2.59932420-06
2.59932420-06
2.59932420-06
2.59932420-06
2.5993242D-06
2.5993242D-06
2.5993242D-06
2.5993242D-0%
2.5923242D-06
2.5963242D-06
2.5963242D-0¢

1.2 300000
3,5000000n-0%
3.5000000D~0¢%
31.50000000~0%
3.50000000-05
3.50000000-05
3.50000000-05
31.50000Q00D0-05
3.5000000N-05
3.50000000-05
3.50000000-05
3.50n0000D-05
3.50000000-05

COMPONFNT NO. = 4

L
2.602330000-05
?2.6000000D-05
2.56000000D0-06
2.600C000D0-06
2.60000000-06
?2.60000000-06
?.50000000-06
2.6000000D-06
2.6000000n-06
2.6000000N-06
2.6000000D-06
2.6000000D-0%
2.6000000D-06
2.6000000DP-05
2.50009000-04
2.60000000-06
?2.6000000D-06
2.60000000-06
2.60000000-06
2.6000000n-0%

CHARACTERISTICS FNP. COMPANENT NO. = 5

Q L L
0.0 2.60C0000DN-06 2.6000000D-0%
€.19966200-05 2.5998543D-06 2.60000000-06

1.0399324D-04
1.5598648D0-04
2.0797634D-0¢
2.59966200-04
2.59956070-04
2.5%994593D-04
2.5993917D-04
2.5993579D-04
2.59932410-04
2.5993242D-04
2.59932420-04
2.59932420-04
2.59932420-04
2.5993242D-04
2.59932420-04
2.599326420-04
2.59932420-04
2459932420-04

2.5997296D-06

*2.59959644D-06

2.5994591D-06
2.5993241D-06
2.5993241N-06
2.59932410-06
2.59922420-06
2.5993247D-06
2.59932420-06
2.5993242D-06
2.59932420-05
2.59932420-06
2.59932420-05
2.59932642D-05
2.5993242D-0%
2.5993242D-05
2.59932420-N6
2.59932420-06

2.6000300N-05
2.60000000-056
2.60000000-06
2.5000000n-06
2.60000000-06
2.50003000-06
2.6000000D-06
2.60000000-06
2.6000000n-06
2.6000000D-06
2.60000000-06
2.50003000-06
2.60000000-06
2.6000000D-06
2.6000000D-06
2.60000000-06
2.60000000-0%
2.6000300D-06

LY CETE LR
8.6RE66515N=01
6.2841095D-07
6.9R166780-03
7.67922630-)3
],1767R49N-01
9,0742636N-03

8.77190200-03

1.0663451N-32
1.11670190-07
1. 1RAGSTRN-0?
L.256213s80-02
1.32596950-02

WSIM
0.0
5.1998643D-35
1.03994530n-04
1.5598783Nn-04
2.0797827D-04
2.5996620D-N6
2.11952690-9%4
3.63939170-04
4,1592565N-04
6.67912130-04
S.198QR620-N4
S.T1RPSION-04
L.2387152N-04
6.75858070-06
7.27R6455D-04
7.79R3106D-04
8.3181752Nn-04
8.RIR0LNON-06
0,357904600-N4
Q,8777697D-04

WSUM
0.0
5.19986420-06
1.0399459n-04
1.559a783p~04
2.0797837D-04
2.5995623N-06
3.1195269D-06
3.63930170-0¢
4.1592565N-04
6.67912130~04
5,1980862N-06
S.71BAKIND-06
6.2387153D-04
6, TSRSANTN-0¢6
7.2786465N0-04
7.7983104D-04
R.3I1RLTS2N-06
R. A3A04NOD-06
9.3579049N-0%
9, 877760TN-D%

GennnuULAbH=-U3
5.5843492D-03
6.2R019660-05
6.97555710-03
T.5704309n-02
R.364A81860-02
0,0587202n-02
9,7521165n-03
1.0645067D-N2
1.E137514D-02
1.18294750-02
1.25209520~-02
1.2211946N-07?

FSUM
Q.0
5.19386480-05
1.0399459D-04
1.5538783D-04
2.0797837D-04
2.59966200-04
2.11951330-04
3.63933760-04
4.15913480-04
4.6T7890510-04
5.1986482N-04
S.7TI183644DN-04
6.23R0S35D=-04
£.TRTTIS60-06
T7.2773507D-0%
7.73695RAD-N&
A.3165198n-04
R.83609309N-04
Q.3556200N-04
Q,8781203N-04

FSUM
0.0
5.19986480-05
1.,03994590-n4
1.55987830n-04
?.0797R370-D4
2.59966200-D4
3.11951330-n4
3.63933760D-04
4.1591348D-04
4,6789051D-04
5.19864320-04
5.71836640-04
6£.22805350-04
6.75T7156D-04
7.27735070-0n4
T7.7969588N-04
A.321653280-04
A.R3A09290-04
2,.355A2090-04
9.8751209D0-04
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T (HOURS)

0.0

2.00000000
4.0000000D
6,0000000D
8,00000000
1.00000000
1.20000000
1.40000000
1.60000000
1.8000000D
2,00000000
2.20000000D
2.4000000D
2.,60000000
2.8000000D
3.00000000
3.20000000
3.40000000
3.60000000
3.8000000D

()}

T (HOURS)

a.0

2.00000000
4. 00000000
6. 00000000
8.00000000
1.00000000
1.20000000
1.4000000D
1.6000000D
1.80000000
2.00000000
2.2000000D
2.40000000
2.6000000D
2.8000000D
3.00000000
3,20000000
3.4000000D
3.6000000D
3.8000000D

01
01
o1
o1
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

CHARACTERISTICS FOR COMPOMENY NO, = 6

Q
0.0
5.19966200-05
1.0399324D-04
1.55986480-04
2.07976340-04
2.59966200-04
2.59956070-04
2.59945930-04
2.59939170-04
2.59935790-04
2.59932410-04
2.59932420-04
2.59932420-04
2.59932420- 04
2.5993242D-04
2.59932420-04
2.59932420-04
2.5993242D-04
2.5993242D-04
2,5993242D0-04

"
2.60000000-C6
2.59985680-06
2.59972960-06
2.5995944D-06
2.59945930-06
2.5993241D-06
2.5993261D-06
2.5993241D-06
2.59932420-06
2.59932420-06
2.5993242D-06
2.5993242D-C6
2.5993242D-C6
2.59932420-06
2.59932420-06
2.59932420-06
2.59932420-06
2.5993262D-06
2.59932420-C6
2.5993242D-06

L
2.6000000D0-06
2.60000000-06
2.60000000-06
2.6000000D-06
2.60000000-06
2.60000000-06
2.6000000D-06
2.560000000-06
2.6000000D-06
2.6000000D0-06
2.60000000-06
2.60000000-06
2.60000000-06
2.60000000-06
2.60000000-06
2.60003000-06
2.60000000-06
2.600020000-06
2.60000000-06
2.60000000-06

CHARACTERISTICS FOR COMPONENT NO. = 7T

Q
0.0
9.99875010-05
1.99975000-04
2.9995001D-06
3.9991251D-04
4.9987502D-04
4.9983754D-04
4.99800050-04
4.9977507D-04
4.9976259D-04
4,99750100-04
4.9975011D-04
4.9975012D-04
4.9975012D-04
4.99750120-04
4.9975012D-04
4.99750120-04
4.9975012D0-04
4.9975012D-04
4.99750120-04

W
5.00000000-06
4.9995001D-06
4.99900010-06
4.99850020-06
4.9980004D-06
4.99750060-06
%.9975008D-06
4.99750100-06
4.9975011D-06
4.99750120-06
4.9975012D-C6
%.9975012D-06
4.99750120-06
4.9975012D-06
4.9975012D-06
4.9975012D-06
4.9975012D-06
4.99750120-06
4.9975012D-06
£.99750120-06

L
5.00000000-06
5.00000000-06
5.00000000-06
5.00000000-06
5.0000000D-06
5.0000000D-06
5.00000000-06
5.0000000D-06
5.0000000D-06
5.0000000D-06
5.00000000-06
5.00000000-056
5.00000000-06
5.00000000-06
5.00000000-06
5.00000000~06
5.00000000-06
5.00000000-06
5.00000000~06

5.00000000-06

WSLUIN
0.0
5.1998648D-05%
1.0399459D-06
1.5598783D-04
2.0797837D-04
2.5996620D-08
3.1195269D-04
3.6393917D-08
4.1592565D-04
6.67912130-04
5.1989862D-04
5.7188510D-04
6.23871580-04
6.7585807D-04
7.27844550-04
7.7983104D-04
8.2181752D-04
8.8380400N-04
9.3579049D-02
9.8777697D-04

WSUM
0.0
9.9995001D-0%
1.9998000D-04
2.9995501D-04
3.9992001D-04
4%.99875020-04
5.9982504D-04
6.9977506D-04
7.9972508D-04
R.99675130-0¢
9.9962512D0-n4
1.09957510-0%
1.1995252D0-0%
1.299471520-03
1.39942520-0%
1.4993752D-02
1.5993253D-02
1.6992753p-02
1.7992253D0-02
1.8991753D-02

FSUM
0.0
5.1998648D-05
1.03994590-04
1.5598783D-04
2.0797837D-04
2.59966200-06

* 3.1195133D-04

3.6393376D-04
4.15913480-04
4.67890510-04
5.1986482D-04
5.71836440-04
6.2380535D-04
6.75771560-04
T.2713507D-04
T.79695880-04
B.31653980-04
8.8360939D-04
9.3556209D-04 .
9.8751209D-04

FSUM
0.0
9.99950000-05
1.9998000D-06
2.9995500D-04
3.99920010-04
4.99875020-04
5.9982004D-04
6.99755060-04
T7.99680090~-04
8.9959512D-04
9.9950017D-04
1.0993952n-03
1.19928030-03
1.29915540-03
1.3990205D0-03
1.49887560-03
1.59872070-03
1.6985558D-03
1.79838100-03
1.8981961D-03



024

T (HOURS}

0.0

2.0000000D
4. 00000000
6. 00000000
8.00000000
1.00000000D
1.2000000D
1.4000000D
1.6000000D0
1.8000000D
2.00000000
2.20000000
2.40000000
2.6000000D

2.80000000
3.00000000
3.20000000
3.4000000D
3.6000000D
3.80000000

01
01
o1
01
02
02
92
02
02
02
02
02
32

22
02
92
02
02
02

T (HOURS)

0.0

2.00000000D
4.0000000D
6.0000000D
8.0000000D
1.0000000D
1.20000000
1. 40000000
1.60000000
1.80000000
2.00000000
2,20000000
2.40000000
2.60000000
2.80000000
3.00000000
3.20000000
3.40000000
3.60000000
3.8000000D0

ol
ol
01
ol
02
02
02
02
02
02
02
02
02
62
02
a2
az2
62
02

CHARACTEREISTICS FOP COMPONENT NO. = 8

Q-

0.0

9.9987501D-05
1.99975000-04
2.99950010-04
3.9991251D-04
4.9987502D-04
©.99837540-04
4.9980005D-0%
4.9977507D-04
4.9976259D- 04
4.9975010D-04
4.99750110-04
4.9975012D-04
4.9975012D-04

4.9975012D-06
4.9975012D-04
4.99750120-0%
4.99750120-0%
4.99750120-04

W
5.0000000D0-06
4.9995001D-06
&%.99900010-06
4.99850020-06
4.99800040D-06
4.99750060-06
4.99750080-06
4$.99750100-06
4.99750110-06
4.99750120-06
4.9975012C-06
4.9975012C-06
4.99750120-06
4.99750120-0%

4, 9975012D-06
4.99750120-06
4.9975012D-06
4.9975012D-06
4.9975012D-06

L
5.00000000-06
5.0000000D-06
5.00000000-06
5.00000000-06
5.00000000-06
5.00000000-06

5.00000000-06 "

5.0000000D-06
5.00000000-06
5.00000000-06
5.0000000D-06
5.00000000-06
5.0000000D0-06
5.00000000-06

5.0000000D-06
5.00000000-06
5.0000000D-06
5.00000000-C6
5.0000000D-C6

4.9975012D-04 4.99750120-06 5.0000000D-C6
CHARACTFRISTICS FOR COMPONENT NO. = 9
Q L L

0.0
1.59968000-04
3.1993601D-04
4.79872030-04
6.3977606D-04
7.9968009D-04
7.99584150-0%
7.99488220-04
7.9942429D-04
7.9939236D-04
7.99360430-04
7.9936046D-04
7.99360490-04
7.99360500- 04
7.9936051D-04
7.99360510-06
7.99360510- 0%
7.99360510-04
7.99360510-04
7.99360510-04

8. 0000000D-06
7.99872030-06
7.99744050-06
7.9961610D0~06
7.9948818D-06
7.99350260-06
7.9936033D-06
1.99350410-06
T.9936046D-06
T7.9936049D-06
7.9936051D-06
7.9936051D-06
7.9936051D-06
7.99360510-06
7.99316051D-06
7.9936051D-06
7.99360510-06
7.9936051D-06
7.9936051D-06
7.9936051D-06

8.00000000~26
8,0000000D-36
8.0000000D-36
8.0000000D-96
8.00000000-96
8.00000000-06
8.0000000D~-06
4.00002000-06
8.0000000D-06
8.00000000-06
8.00000000-06
8.00000000-06
4.0000000D-06
8.00000020-026
8.0000000N-0%
8.0000000N-06
8.0000000N~05
8.0000000D-05
8.0000000N-05
8.0000000D-05

WSUM
0.0
9.9995001D-05
1.9998000D-06
?2.9995501D-04
3.9992001D-04
4.9987502D-04
§.9982504D-04
6.99775n6D-04
7.99725080-04
8.99675130~-04
9.9962512D0-04
1.0995751D-03
1.19952520-03
1.29947520-03

1.39942520~-03
1.4993752D-03
1.5993253n-03
1.6992753D-03
1.79922530-03
1.8991753p-03

WSUM
0.0
1.5998720D-04
3.19948810-04
4.79R84R3D-04
6.39795250-04
7.9968013D0-046
9.5955216N-04
1.119426420-03
1.2792963D-02
1.43291684D-03
1.5990405n-02
1.7589125D0-03
1.9187847D-03
2.07R4568N-02
?2.23852AR9n-03
72.3384010D-02
2.55827310-02
2.7181452D-03
2.8780173n-03
3.037889640-03

FSUM
0.0
9.99950000-05
1.9993000D-04
2.9995500N-06
3.99920010-04
4.99875020-04
5.9982004D-04
6.9975506D-04
7.9968009D-06
8.9959512D0-04%
9.99500170-0¢
1.09939520-03
1.1992803D-03
1.2991554n-n32

1.39902050-03
1.49887560-03
1.5987207N-03
1.69a55580-03
1.79833100-03
1.8981961D-03

FSUM
0.0
1.5998720D-04
3.1994881D-04
4.79884820-06
6.3979524D-06
7.99680090-04
9.59539350-04
1.11937300-03
1.2791R110-03
1.4389637D-03
1.59872070-03
1.75845210-03
1.91815800-03
2.0773283p-03
?2.2374931D-03
2.3071271n-03
2.55672600-03
2.7163042D-03
2.A7585680-03
1.03538390-03



124

T (HOURS)

0.0 . .

2.0000000D
4,0000000D
6.0000000D
8.0000000D
1.0000000D
1.2000000D
1.40000000
1.6000000D
1.8000000D
2.0000000D
2.2000000D
2.40000000
2.60000000
2.8000000D
3.00000000
3.20000000
3.4000000D
3.6000000D
3.60000000

o1
o1
o1
o1
J2
92
22
02

D2

02
02
02
02
02
02
02
02
02
02

CHARACTERISTICS FOR COMPONENT NO. = 10

Q

0.0

1.5996800D-04
3.1993601D-04
4.7987203D-04
6.3977606D-04
7.9968009D-04
T.99584150-04
T.99468822D-04
7.99424290-04
T.9939236D-04
T.9936043D-04
7.9936046D-04
T7.9936049D-04
T7.9936050D-04
7.99360510-04
7.99360510-04
T7.9936051D-04

7.9936051D0-04 °

7.9936051D-04
T.9936051D0-04

W
8.00000000-06
7.9987203D-06
7.9974405D-06
7.99616100~-06
T7.9948818D-06
T+9936026D-26
7.99360330-06
7.99360410-06
7.9936046D-06
1.99356049D-06
7.9936051N-06
7.9936051D-06
T7.9936051D-06
7.9936051N-06
7.9936051D-06
7.9936051D-06
7.99360513-06

- 7.99360510-06

T7.9936051D-06
7.9935051D-n6

L
8.0000000D0-06
8.0000300D-06
&8.0000000D-06
8.00000000-06
8.0000000D-06
8.00000000-06
8.00000000-06
8.00000000-06
R8.0000000N-06

.8.000023000-06

3.00000000-06
8.0000000N-06
8.00000000-06
8.0000000D-06
/.0000000D-06
8.0000000D-06
8.00000000-06
8.00003000D-06
R.00000000-06

8.00000000-06

WSUM

0.0
1.5998720D-04
3.19948R10-04
4.798B4R3D-04
6.3979525N-04
7.996R011D-06
a,8955216N-06
1.1194242N-03
1.27929630-02
1.4391684D-03
1.5990405N-01
1.7589126D-01
1.9187R47N-03
2.07R8553P-03
2.23882890-03
?2.33R640100-03
2.55R27311-03
2.7181452D-01
2.87A01730-03
3.027880940-01

FSUM
0.0
1.599R720D-04
2,199648810-04
4.79884A82D-06
£.39795240-06
1.99680090~-04
9.59539350-04
1.11937300-03
1.27918110-03
1,4389637TN-03
1.59872070-03
1.7586521N-03
1.91815800-03
2.07783830-03
2.2374931D0-03

©2.39712230-03

2.55672600-03
2.7163042N-03
?.RTSRS6AD-03
2.03538390-03



Zed

T (HOURS)
0.0
2.00000000 01
4.00000000 01
6.00000000 01
8.00000000 O1
1.00000000 02
1.2000000D 02
1.40000000 02
1.60000000 02
1.80000000 02
2.0090000D 02
2.2090000D 02
2.4000000D 02
2.6000000D0 02
2.80000000 02
3.00000000 02
3.20000000 02
3.4000000D0 02
3.60000000 02
3.80000000 02

T (HOURS)
0.0

2.00000000 01
4.0000000D 01
6.0000000D 01
8.0000000D 01
1.00000000 02
1.20000000 02
1.40G0000D 02
1.60000000 02
1.8060000D 02
2.0060000D 02
2.20€0000D 02
2.40000000 02
2.60000000 02
2.8000000D 02
3.00000000 02
3.20000000 02
3.40000000 02
3.60000000 02
3.8000000D 02

T (HOURS)
0.0
2.0000000D 01
4.00000000 01
6.00000000 01
8.00000000 01
1.0000000D 02
1.2000000n 02

MINIMAL SEY INFORMATION

CHARACTFRISTICS FOR SET NO. = 1

Q
0.0
4.83143370-07
1.9565735D0-06
4.39972500-06
7.8160343D-06
1.22072120-05
1.21944160-05
1.2181626D-05
1.21731160-05
1.2168882D-05
1.21646490-05
1.2164666D-05
1.21646830-05
1.2164693n~05
1.21646960-05

1.2164698D-05 -

1.21646980-05
1.21646980-05
1.21646980-05
1.21646980-05

]
0.0
4.8922¢1)D-08
9.7777242D-08
1.4652067D0-07
1.9515203D-n7
2.43T1R240-07
2.4358992D-07
2.4346258N-07
2.4337783D-07
2.43335650-07
2.4329347D-07
2.43293540-07
2.432793820-07
2.432933910-07
2.4373334D-07
2.4327336D-07
2.4323336D~07
2.4329336N-07
2.4329336D~07
2.432933€D-07

CHARACTERISTIIS FOR

Q
0.J
4.8914337D-07
1.9565735D~06
4.39972500-06
7.3160343D-06
1.22072120-05
1.2194416D-05
1.2181626D0-05
1.21731160-05
1.2168882D0-05
1.21646490-05
1.2164666D-05
1.21646830-05
1.2164693D-05
1.2164696D-05
1.21646980-05
1.21646980-05
1.21646980-05
1.2164698D-05
1.2154698D-05

W
0.0
4.R9229.0D-08
9.777173~0D-08
1.4652070-07
1.9515398N-07
2.4371724D-07
2.43589%20-07
2.43462%80-07

2.43377830-07 -

2.433258650-07
2.43223270-07
2.43233e4D-07
2.43293e2p-07
2.43293€10-07
2.43293¢c4D-07
2.43293¢61-07
2.43293561-07
2.43293960-07
2.43293%60-07
2.43293860-07

CHARACTERISTICS FOR

Q
0.0
4.89143370-07
1.9565735D-06
4.39972500-06
T.81603430-06
1.2207212D-05
1.2194416D-05

L]
0.0
%.89229120-08
9.77773640D-08
1.4652067D-07
1.95153080-n7
2.4371724D-07
2.43589920-07

L
0.0
4.8322234D-08
9.7777531D0~-08
1.44521310-07
1.95154600-07
2.4372C220-07
2.43592890-07
2443465550-07
2.4338C79D-07
2.43338610-07
2.4329543D0-07
2.4329660N0-07
2.43295780-07
2.43?795870-07
2.43295690n-07
2.43296920-07
2.4329692D-07
2.43294920-07
?2.42296920-07
?.43296920-07

SFT NO. = 2

L
0.0
6.8922934D-08
°.77775310-08
1.46521310-07
1.95154560D-07
Z2.4372022D-07
2.43592390-07
7.%4346555D0-07
2.43380790-07
?2.43338610-07
2.4329643n-07
2.4329660D-07
2.43296730-07
2.4329687T0-07
2.6329690N~-07
2.4329692D-07
2.43296920-07
2.4329692D-07
2+4329692D-07
2.43296920-07

SEY ND. = 3

L
0.0
4.8922934D-0R
9,7777531D-9R
1.4552131n-07
1.9515460n-07
2.43720220-07
2.4359289N-07

WSUM
0.0
4.832291)30-07
1.9562315D0-06
4,3992117D0-06
7.8152492n-06
1.22066520-05
1.7077724D-05
?+1948249D-05
2.6R16653N-05
3.16A37880-05
3.6550073n-05
4.14159500-05
4.62818250-05
%,11477020-026
5.60135910-05
5. 0873460N-95
6, 57653309-08%
7.06112180-05
7.5677097D-0%
B, 0342977N-05

WSUM
0.0
4.89229130-07
1.95623150-06
4.3992117n-06
7.8159492n-06
1.2204652D-05%
1.70777240-05
2.1948249D-35
2.6R16653Nn-08
3.15837R3p-05
2.6550079D-05
4.1415950n-05
4.62R1A725N-0S
S5.1147702D-05
5.6012581n-05
5.,0B79460D-25
6.574645339p-0%
T.06112190-05
7.564770979-05
R.03429771-05

NSUM
0.0
4,8022913Dp~-)7
1.95623160-06
©.3292117D-06
7.8159492D0-06
1.2206652D-05

FSUM
0.0
4.89226220-07
1.95623210-06
4.39921280-06
7.81595110-06
1.2206655D-05
1.70777150-05
2.194A2040-05
2.68165490-05
3.16836010-05
3.6549785n-05
4.16415526D-05
6.62812460-05
5.11669460-05
5.60126220-05
6.0R7R2TAN-05
£.57439070-05
7.06095140-05
7.54750970-05
2.0340656D-05

FSUM
0.0
4.8922922D-07
1.9562321D-06
4.39921280-06
T.A1595110-06
1.22066550-08
1.7077716D-0%
2.19482040-05
7.6816549N-05
3.1683601N0-05
2.6549785D-05
4.14155260-05
6.6281266N-05
f.1146946D-05
£.60126230n-08
£.08782T6D-05
£.57439070-05
}.0600514D-05
7.54750970-n%
A, DA40654D-0S

FSUM
0.0
4,8922922n-07
1.95623210-26
4,3992128n-06
7.81595110-906
1.2204655n-25
1.70777150-05



£ed

1. 40000UVLY
1.6000000D
1.8000000D
2, 0000000D
2.20000000
2.4000000D
2.6000000D
2.80000000
3.00000000
3.2000000D
3.40000000
3,6000000D

. 3.8000000D

vz
02
02

02
02
02

02
02
02
02
02

T (HOURS)

0.0
2.0000000D
4.00000000
6. 00000000
8.00000000
1.00000000
1.2000000D
1.4000000D
1.6000000D
1.80000000
2.0000000D
2.2000000D
2.40000000
2.6000000D
2.8000000D

- 3.0000000D

3.2000000D
3.40000000
3.6000000D
3.8000000D

01
01

‘01

0l
02
n2
02
02
02
02
02
02
02
02
02
02
02
02
02

T (HOURS)

0.0

2., 00000000
4. 00000000
6.00000000
8.00000000
1.00000000
1.20000000D
1.40000000D
1.60000000
1.80000000
2.0000000D
2,2000000D
2.40000000D
2.6000000D
2.80000000
3.00000000
3.2000000D
3.40000000
3.60000000
3.8000000D

01

-01

o1
(133
02
02
02
02
02
02
02
02
02
0z
02
02
02

02"

02

L. 21816260405
1.21731160-05
1.21688820-05
1.2164649D-05
1.2164666D-05
1.21646830-05
1.2164693D-05
1.2164696D-05
1.2164698D-05
1.2164698D-05
1.2164698D-05
1.2164698D-05
1.2164698D-05

Lo 43867580- U1
2.4337783D-07
2.43335650-07
2.43293470-07
2.4329364D-07
2.43293820-07
2.4329391D-07
2.43293940-07
2.4329396D-07
2.4329396D-07
2.43293960-07
2.4329396D-07
2.43293960-07

CHARACTERISTICS FOR

. Q
0.0

2.7036485D~09
1.0814594D-08
2.43317820-08
4.32541590-08
6.75824270-08
6.7577156D-08
6.75718850-08
6.75683720-08
6.7566516D-08
6.75648600-08
6.7564861D-08
6.75648610~08
6.7564B62D~08
6.75648620-08
6.75648620~-08
6.7564862D-08
6.7564862D-08
6.75648620D-08
6.75648620-08

W
0.0
2.7036837D-10
5.4070861D-10
8.1100318D-10
1.08125210-09
1.35147280-09
1.35142010-09
1.3513674D-09
1.3513323D~-09
1.3513148D-09
1.35129720-09
1.3512972D-09
1.3512972D-09
1.35129720-09
1.3512972n-09
1.35129720-09
1.3512972n-0%
1.35129720-0¢9

1.3512972D-04--

1.3512972D-09

CHARACTERTISTICS FOR

Q
0.0
2.7036485D-09

1.08145940-08 -

2.43317820-08
4.32541590-08
6.75824270-08
6.75771560-08
6.75718850-08
6.75683720-08
6.7566616D-08
6.7564860D-08
6.7566861D-08
6.75648610-08
6.75648620-08
6.75648620-08
6.75648620-08
6.7564862D-08
6.7564862D-08
6.75648620-08
6.7564862D-08

LI

0.0

2.70358370-10
5.40708610-10
8.1100318D-10
1.08125210-09
1.3514728D-09
1.35142010-09
1.3513674D-09
1.35133230-09
1.35131480-09
1.35129720-09
1.3512972D-09
1.35129720-09
1.35129720-09
1.35129720-09
1.35129720-09
1.3512972D-09
1.35129720-09
1.35129720-09
1.35129720-09

Ze93%02D0D=UT
2.4338079n-07
2.43338610-07
2.4329643D-07
2.43296600-07
2.4329678D~07
2.4329687D-07
2.43296900-07
2.43296920-07
2.43296920-07
2.43296920-07
2.43296920~-07
2.64329692n-07

SET NO. = 4

L
0.0
2.7036837D-10
5.4070862D-10
8.11003200-10
1.0812521n-09
1.35167290-09
1.35142020-09
1.3513675D-09
1.3513324D-09
1.35131490-09
1.3512973D-09%
1.3512973Dp-09
1.35129730-09
1.35129730-09

1.3512973D0-09

1.35129730-09

1.35129730-09

1.35129730-09
1.3512973n-09
1.35129730-09

SET NO. = 5

. L
0.0

2.72368370-10

5.40708620-10
8.1100320n~10
1.08125210-09
1.35147290-09
1.3514202D-09
1.3513675D-09
1.3513324D-09
1.35131490-09
1.35129730-09
1.3512973n-09
1.3512973D-09
1.35129730-09
1.35129730-09
1.35129730-09
1.3512973n-09
1.35129730-09
1.35129730~09
1.3512973n-09

lelH9HZ490~US
2.6816653n-0%
3.1583789D-05
3,6550079n-05
4.141595)3D-05
4.6281825D-05
S.11477020-05
5.60135810-05
6.02794600-05
6.5745339n-05
7.0611218D-05
T.54770970-05
R8.0342977Nn-05

WSUM
0.0
2.7036837D-09
1.08144520-08
2.4331571D-08
4.32541240-08
5.7581372D-08
9,46103020-048
1.2E6381RD-07
1.48665180-07
1.75691650-07
2,0271771D-07
2.2976371D0-07

2.56769660-07

?.8379560n-07
3.1082154h-07
3.3784749D-07
3.646B73430-07
3.9189938D-07
4,1892632D-07
4,4595127D-07

WSUM
0.0
2.70:36R3A7D-09
1.0R144530D-08
2.43315710-08
4.32541240-08

"6.75813720-08

9.46103020~08R
1.21638180-07
1.4866518D-07
1.75691650-07
2.02717770-07
2.29763710-07
2.56769660-07
2.8379560D~07
2.10821540-07
3.3784749D-07
3.64873630-07
3.91899380-07
4,1892527D-07
4,45951271n-07

Ze LYBBLDGU~UD
2.6R16549D-05
3.16483601D-05
3.65497850-05
4.1415526N0-05
4.6281246D-05
5.1146946D-05
5.60126230-05
6,0878276D-05
6.5743907D-05
7.0609514D-05
7.5475097D-05
R.023406560-05

FSUM
0.0
2.70368370-09
1.0814453D-0R
2.43315710-08
4,3254124D-08
6.75813730-08
9.46103020-08
1.21638180-07
1.4866517D0-07
1.7569164D07
2.02717760-07
2.29743700-07
2.5676964D-07
2.83795580-07
3.1082152D-07
3.37847450-07
3.64873390-07
3.91899310-07
4.1892526N-07
4.4595120D0-07

FSUM
0.0
2.7036837D-09
1.0814453D-08
2.4331571D-08
4.3254124D-08
6.7581373D-08
Q.46103020-0R8
1.21638180-07
1.4866517D-07
1.75691640-07
2.02717760-07
?2.29743700-07
2.5676964D-07
?2.8379558D-07
3.10821520-07
1,37847450-07
3.64873390-07
3.9180933p-07
4,]1892526n-07
4.645951200-07

i



ved

0.0
2.0009000D
4.00000000
6.00000000
8.0000000D
1.0002000D
1.20000000
1.40000000
1. 60000000
1.8000000D
2.0000000D
2.2000000D
2.4000000D
2.6000000D
2.8000000D
3.0000000D
3.20000000
3.4000000D
3.60000000
3.8000000D

T CHOURS)

o1
21
01
01

02 -

92
a2
n?
02
02
02
a2
02
02
02
02
02
02
02

Q
0.0
2.70364850-09
1.08145940-08
2.43317820-08
4.32564159D-0R
67582427008
6.75771560-08
6.75718850-08
6.7568372n~08
6.75666160~08
6£.7564860D0-08
6.75648610-08
6.75648610-08
6.7564862D-03
6.7564862D-08
6.75648620~08
6.7564862D-08
&.T7564R62N-08
6.7564862N-08
6.75648620-08

CHARACTERIST!CS FOR SFT NG. =

W
n.o
2.70358370-10
5.40708510-10
8.11003180-10
1.08125210-09
1.35164728D-09
1.35142010-09
1.3513674D-09
1.35133230-09
1.351314AD-09
1.3512972n-09
1.35129720-09
1.3512972n-09
1.35129720-0%
1.3512972D-0S
1.3512972D-0S
1.35129720-0%
1.35123720-0¢
1.35129720-0%
1.35123720-0%

. L
0.0
?2.7036837D0-10
5.40708620-10
8.1100320D0~-10
1.0812521n-09
1.3514729n-09
1.3514202Nn-09
1.35136750-09
1.3513324D-09
1.35131490-09
1.35129730-09
1.3512973D-09
1.3512973D0-09
1.3512973n-09
1.35129730-09
1.35129730-09
1.3512973D0-09
1.35129730-09
1.35129730-09
1.3512973D-09

0.0

WSUM

2.7036837n-09
1.0814453D-08
2.43315710-08
4.3254124D-08
6.7581372D-08
9.4610332n-08
1.2163818D-07
1.4866518D-07
1.7569155p-07
2.0271777D-07
2.2974371D-07
2.5676966D-07
2.83795500-07
3.1082154p-07
3.3784749D-07
3.6487343D-0T7

"3.9189933n-07

4. 18925320-07
4.45951270-07

FSUM
0.0
2.7036837D-09
1.08144530-08
2.43315710-08
4.32564124D-08
6.7581373D-08
9.4610302D-08
1.21638180-07
1.4866517D0-07
1.75691640-07
2.02717760-07
?2.29743700-07
?2.5676964D-07
2.83795580-07
3.1082152D-07
3.3784745D-07
3.64873390-07
3.9189933n-07
4.18925260-07
4.45951200-07



T CHOURS)

0.0
2.030000200
4.03000090D
6.02000000D
8.060000200D
1.00000000N
1.200000200
- 1.400000000
’ 1.600000300
1.8C000000D
2.000000000
2.20000000D
2.+40000000D
24600000000
.2.80000000D
3.000000000
3.20000000D
3.40000200D
3.6000n0C0N
3.80000000N

YA

01
o1
01
01
02
02
092
02
0?
02
0?
02
02
n2
o2
02
02
n?
02

T (HOURS)

2.C00000000
4.€0000000D
6.C0000000D
8.C0000000N
1.€0000000D

"1.200000000

1.400000000
1.€0000000D
1.£0000000D
2.£00000000
2.20000000D
2.400000000

2.600000000

2.£00000000
3.¢600000000
3.200000000
3.40000n00D
3.600000000
3.&00000000

01
01
01

01

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

SYSTCM INFORMATION-UPPER BOUNDS

DIFFERENTTAL CHARACTFRISTICS~UPPER BOUNDS

Q
0.0
1.47554034D-06
5.902152600-06
1.327211130-0%
2.35776792D-05
3.682393000-05
3.67855248D-05
3.67471397D-05
3.67216006D-05
3.670889400-05
3.669618950-05
3.669624150-05
3.669629353-05
3.669637231D-05

1.669633064D-05"

3.669631377)3-05
3.669633760-05
3.66963376D-05
3.66963376D-05
3.669633762-05

. L]
0.0
1.475798350-07
2.949561450-07
4.41995017D-07
5.88702989D0-07
7.352061530-07
7.348240060-07
T7.344418570-07
7.341874870-07
7.340608957-07
7.339343030-07
7.339348210-07
7.339353380-07
7.339356345-07
T7.33935706D-07
T7.339357790-07
7.339357780-07
7.339357780~-07
7.33935778n-07
7.33935778D-07

INTEGRAL ZHARACTFRISTICS-UPPER BOUNDS

WSUM
1.675798350-06
5.901138150-06
1.32706298D0-05
2.35776098D-05
3.681670130-05
5.151700280-05
6.62096615n-05
8.089595649D~05
9.55786387D-05
1.102583910-04
1.249370820-04
1.39615784D-04
1.564294493D-04%
1.68973207D-04
1.83651921D0-04
1.983306370-06
2.130093530-04
2.276R8068D-04
2.423667840D-04

L
0.0
1.475800530-07
2.949558860-07
4.42000883D-07
5.R88716869N-07
7.352332270-07
7.348510380-07
7.34468847D-07
7.362144480-07
7.340878420-07
7.33961236D-07

© T7«33961754D-07

FSUM
1.67579944D-06
5.90114251D0-06
1.32706396D-05
2.35776272D-0%
3.681672R4D-05
5.15169217D-0S
5.620925570-05
8.08950084D-05
9.55767357Dh-0%
1.10255716D-04
1.249332190-04
1.39610518N-06
1.542876090-04
1.689644A9D-04
1.R36411540-04
1.983176050-04
2.12993840D-04
2.27669B60D-04
2.42345565N-04

7.339622720-07
7.339625670-07
7.339626400-07
7.329627120-07
7.%39627120-07
7.339627120-07
7.339627129-07
7.339627129-07



924

" T (HOURS)

0.0

2..00000000

4. 0000000D.

6. 00000000
8.00000000
1.0000000D
1.2000000D
1. 40000000
1.60000000
l.BOODOOOb
2. 00000000
2.20000000
2.4000000D
2. 60000020
2. 80000000
5.00000000
3.20000000
3. 40000000
3. 60000000

3. 80000000

01
ol
01
01
02
02
02

0z
02

QMIN
0.0

1.4748566D0~-06
S.89668620-06
1.32537040-05
2.3534142D-05
3.67390410-05
3.67007690-05
3.66625170-05
3.6637066D-05
3.65264030-05
3.6512743D-05
3.56117950-05
3.6611847D0-05
3.6411876D-05
3.66118830-05
3.6611891D-05
3.56118910-05
3.66118910-05
3.66118910-05

3.6611891D0-05

SYSTEM INFORMATICN-BEST BRACKETS

DIFFERENTFIAL CHARACTERISTICS-BEST BRACKETS

QAAx
0.0

1.4748566D-CH

5.89668820-06

1.3253704D-05
2.3534142D-05
3.6739041D-05
3.67007690-05

3.6662517D-05

3.66370660-05

3.66244030=05
3.6611743D0-05
3.66117950-05
3.6611847D-05
3.6611876D-06
3.6611883D0-D%
3.6611891)-0%
3.66118910-2%
3.66118910-D%
3.6611891D-25

3.6611891D~-135

WMIN
0.0
1.474TT14D-07
2.94543550-07
4.4107257D-07
5.87065380-07
7.32650250-07
T1.3227077D-07
7.31891800-07
7.316338°0D-07
7.31513000-07
7.31387.9n-07
7.31387800-07
7.31388:2D0-07
7.31388¢10-07
7T.31388¢8D-07
7.313RATSD-07
7.31338750-07
7.31388%50-07
7.3138875D0-07

7.3138875D-07

WMA X

‘0.0

1.47477160-07
2.94543650-07
4.41072570-07
5.87065380-07
7.32650250-07
7.32270770-07
7.31891300-07

7.31638700-07

7.31513000-07

7.31387290-07
7.31387800-07
7.31388320-07
7.31388610-07
7.31388680-07
7.31533750—07
7.31388750-07
7.3138R750-07
7.3138875D-07

7.31388750-07

LHIN
0.0
1.67477360-07
2.96545302-07
4.410784721-07
5.870792001-07
7.32677180-07
7.32297650-07
7.31918130-07
7.31655610-07
7.3153979p-07
7.31416070-07
7.31414580-07
7.3141509D-07
7.3141539n-07
7.316)5460-07
T.3141553p~-07
7.31415530-07
7.3141553D-07
T+43141553D~-07

T.3141553n-0n7

LMAX
0.0
1.47477360-07
2.94545390-07
4.4107R42D-07
5.8707920N-07
7.32677160-07
7.3229765n-07
7.31918130-07
7.31465510-07
7.31%39790-07
7.3161407D-07
7.314145RD-07
7.3141509n-07
7.3141539n-07
7.31415460-07
7.3141553D-07
7.31615510-07
7.31415530-07
7.3141553p-07

T.3141653n-07



Lzd

T (HOURS)I

0.0

2.00000000
14.00000900
6. 06000000
8.00000000
1.0G00000D
1.2000000D0
1. 40000000
1.6C000000
1. 80000000
2.00000000
2.20000000
2.40000900
2. 60000000
2.80000000
3.0000000D
3. 20000000
3.40000000
3.6000000D

3.8000000D

0l

01

01

oL

oz

WIMIN
0.0

1.47528490-07
2.964748910-07
44153383007
5.3788626D-07
7.33928350-07
7.3354754D-07
7.33166720-07
7.3291324D-07
7.32787090-07

7.3266094D-07

T7.3266146D-07

7.3266197D-07
T.3266227D0-07
T7.3266234D~07

7.32662410-07

"7.32662410-07.

T7.32662410-07

7.3266241D-07

" 7.3266241D-07

FAILURE RATE CONTRIBUTIONS

W1HAX

0.0

1.4752849D-07

© 2.94748910-07

4.4153383D-07

5.8788426N-07
7.33928350-07
T.3354754D-07

T7.3316672D-07

- T7.32913240-07

T.32787090-07
7.3266094D-07
T.32661460-07
T.32661970-07
7.3266227T0-07
7.3266234D-07
7.32662410-07

7.32662410-07

.. 7-32662410-07

7.32662410-07

7.32662410-07

W2ZMIN
0.¢

5.1347600D-11
2.05256210-10
4.61255950-10
8.1887817D-10
1.27810180-09
1.27676490-09
1.27542870-09
1.2765396D-09

1.27409730-09

.
1.27365500-09

1.27365690-09
1.2736587D-09
1.2736597D-09

1.27365990-09

" 1.2736602D-09

1.2736602D-09

.1.2736602D-09 -

1.2736602D-09

1.2736602D0-09

W2MAX

0.0

5.13476000~11

2.0525621D-10
%.61255950-10
8.1887617D-10
1.27810180-39
1.2767649)-20
1.27542870-09
1.27453969-29
1.27409730-09
1.2736550D-09
1.2736569D-D9
1.2736587D-09
1.2736597D-09
1.27385990-09
1.27366020-09
1.27366020-09
1.27366020-09
1.27366020-09

1.27366020-09

WMIN
0.0
1.4747714D-07
2.94563650~07
4.41072570-07
5.A7065380-07
7.32650250-07

T.322707TD-07

'7.31891300-07

7.31538700-07
7.31513000-07
7.31387290-07
7.31387800-07
7.3138R320-07
7.3138861D-07
7.11388680-07
7.3138A750-07
7.31388750-07
7.31388750-07
7.31388750-07

T.31388750-07

WMAX
0.0

1.474677140-07
2.94563650-07
§.41072570-07
5.8706538D-07
7.32650250-07
7.32270770-07
7.31891300-07
7.31638700-07
7.31513000-07
7.31387290-07
7.31387800-07
7.31388320-07
7.31388610-07
7.31388680-07
7.31388750-07
7.31388750-07
7.31388750-07
7.3138875D-07

T.3138875D-07



824

T (HOURS)

0.0
2.0000000D
%.0000000D
6.0000000D
8.0000000D
1.00003000
1.2000600D
1.40602000
1.60C0000D

1.8000000D

2.0000000D

2,20000000
2.40000000
2.60000000
2.80000000
3.00000900C
3.20000000

3.40000000

3.60030000

3.80000000

01
0l
01
o1
02
02
02
02

02

02
02
02
02
02
02
02
02

a2

OIFFERENTIAL CHARACTERISTICS~LAST

QLAST.

0.0

1.4748566D~06
5.89668820-06
1.3253704D0-05
2.35341420-05
3.67390419-05
3.6700769D-05
3.66625170-05
3.6637066D-05
3.662;4030-05
3.‘6117630-05
3.6611795D0-05
3.6611847D-05
3.6611876D-05
3.6611883D-05
3.66118910-05
3.6611891D0-05

3.6611891D-05

3.66118910-05

3.66118910-05

WLLAST
0.0
1.47528%90-07
2.94748910-07
4.41533510-07
5.87886260~07
7.33928350-07
7.3356754D-07
7.33166720-07
7.35913é4u—07
7.32787090-07
7.3?660940-67
T.3266146D-07
7.3266197D-07
7.326622713-07
T.3266234D-07

7.32662410-07

7.32662410-07

7.3266241D-07

T.3266241D0-07

- T432662410-07

BRACKETS

W2MIN-LAST

‘0.0

5.13476000-11
2.05256219-10
4.6]1255959-10
8.18878170-10
1.27810180-09
1.27676490-09
1.2754237D-09
1.27453967-03
1.27409730-09
1.27365500-09
1.2736569D—69
1.27365879-09
1.27365972-09
1.27365990-09
1.27366020-09
1.27366020-09
1.27366020-N2
1.27366023-9%

1.2736602)-09

W2MAX-LAST
0.0 ‘

5.13476000-11
2.05256210-10
4.6125595D~10
8.18878170-10
1.2781018D-09
1.27676490-09
1.27542870-09
1.2745396D-09
1.77409730-09
1.27365500-09
1-27365690—09
1.2736587D-09
1.27365970-09
1.2736599D-09
1.2736602D-09
1.27366020-09
1.2736602D-09
1.27366020-09

1.2736602D-09



624

T (HOURS)

2.00000000

‘4,00000000

6.00000000
8.00000000
1.00000000
1.20000000
1.40003000
1.60000000
1.80000000

2.00000000

2.20000000.

2.4000000D

2.60000000.

2.80000000D
3.00000000

3.,20000000

©3.4000000D

3.60000000

3.80000000

0l
01
o1

01

02

02
02
02
02
02
02
02
02

02

02’

0z

02

02

INTEGRAL CHARACTERISYICS-BEST ARACKETS

WMIN-SUM
1.4747T714D-06
5.8949794D-06
1.32511420-05
2.35325210-05
3.6729677D-05
5.1378888D-05
6.60205080-05
8.06558080-05
9.52873250-05
1.0991633D-04
1.2456408D-04
1.3917184D-04
l.537996[ﬁ;06

1.68427380-04

1.83055160-04 .

" .1.9768293D-04

2.1231071D-04
2.2693848D-04

2.4156626D-04

WMAX-SUM

1.47477140-06

' 5.8949794D-06

1.32511420-05
2.35325210-05
3.6729677D-05
5.1378888D-05
6.6020508D-05
8.06558080-05
9.52873250-05
1.09916330-04
1.24564080-04
1.3917184D-04
1.53799610-04
1.68427380-04
1.83055160-06
1.97682930-04
2.12310710-04
2.26938480-06

2.41566260-04

FMIN-SUM

1.47477250-06 .

5.8949837D-06 .

1.325:1510-05
2.35325380-05
3.6729704D-05
5.13788070-05
6.60201059-05
8.0654868D-05
9.5285634D-05
1.0991367D-06
1.2654028D-04
1.39156610-04
1.5379277D-04
1.68418730-04
1.83064465-04
1.976569990-04
2.12295300-06
2.2692040D-06

2.41565280-04

*+#22sCONCLUSTON OF OQUTPUT FROM KITT-1esese

FMAX-SUM
1.47477?50-66
5,89498370~-06
1.3251151D-05
2.3532538D-0%
3.6729704D-05
5. 1373807005
5.6020105D-05
8.06548680-05
9.52856340-05
1.09913670-04
1.2454024D-046
1.391686610-04
1.5379277D-04
1.58618730-04
1.8306666D-04
1.9766999D-04
2.1229530D-04
2.26920400-06

2. 4156528004



III. KITT-2 Run For The Sample Tree

To illustrate the evaluation of a multiphase problem, KITT-2 was then
run to determine the probability charécteristics of the same fault tree.
Pages F31 and F32 show a listing of the input cards to KITT-2 for this
multiphase run. The minimal cut sets output by PREP were again used; the
cards containing the components in the minimal cut sets (Input Group 20)
were those punched out by PREP and wereﬁmerely inserted in the proper
place for the KITT-2 run. The component failuré intensitieé and repair
times punched out by PREP could not be used for a multiphase run. The
component indices are again those assigned by PREP and given in its cross-
reference output.

For the multiphase run, Components 3 and 6 had two phases with the
first phase ending at 200 hoﬁrs. In the first phase the two components
were nonrepairable, while in the seéond phasé fhey haa éonstant repair

times of 100 hours. The remaining components were one-phase and had
constant repair,timés offlOO hours. The same componcnt‘failufe intensities
were used as for the KITT-1 samplé run. Since Components 7, 8, 9, and 10
were not in a minimal cut set, input data were not necessary for them.

As for the KITT-l sample run, the probability characteristics were
obtained at 20 time points équally spaced at. 20 hours. The exact values
for the system characteristics Wefe again obtained. Pages F33 to Fi8

give the output from KITT-2 for this sample multiphase run.

F30
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1
500,
0
2.60-06
0.0
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2460-06
0.0
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-0
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0.0
4
500,
0
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SAMPLE PROBLEM FOR CONVERS ION CHECKING

20,0

2.60-G6

100,
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500,

B

3.50-05
040
6
200,
0
-3450-05
0.0
1
6
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1 3
1 2
2 3
4 6
4 5
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100,
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* PROBLEM TITLE FOR THIS ANALYSIS BY K17V-2, | o SAMPLE PROBLEM FOR CONVERSION GHESKING *
SEBSERIRSERE AR RS 1 *enes RE RS d St S g e R R R R Lt Ll Bl e L L T R PP T ™

NOe UF COUMPONENTS AND INHIBIT CONDITIONS (HCOMP) = 6

NOas OF TIME POINTS (NTPT) =
PRINT QUT MULTIPLE (NOUT) =
MESH SIZt (DELTYA) = 2,000000000 O1 HOURS

20

BRACKET FLAG (ISTOP)e IF ISTOP=2 SYSTEM INFORMATION 1§ OBTAINED FROM BRACKETINGe IF ISTAP=1 IT [S NOT,
FOR THIS PROBLEM [STOP = 2

NUMBER OF OUTER BRACKETS (NBMAX) = 6
FAILURE RATE CORRECTION FLAG (1FAG2) = 2

INNER 3RACKETS FOR l#AGZ=2

OUTER BRACKET NDe (M) NOs OF INNER BRACKETS {(NB2{(M))
1 [}
2 S
3 4
4 3
S 2
6 1



COMPONENT AND INHIBIT INFORMATION

FEREEEREERERAIIRORERSERRERREA A SRR REDRRBEREINBERRFREFEBE LR E NI R RO R RRA KA RO SR XA SR LEERFARFXERL R KR RHE LSS S EEEE S SRR AR LR SR ANR KA S SR EEE

COMPONENT INOEX = 1 N7e CF PHASES = 1

PHASE END T iIMES (HOURS)

END TIME PHASE END TIME’ PHASE IND TIME

ved

PHAS S
1 2.600000000-06

INITIAL FAILED PRO3ABILITY FOR PHASE 1 (QO0Q) = 0.0
T (HOQURS) Q

Oe 0 | 0.0
2, 00000000 01 51996623D-05
4.00000000 01 1.0399324D-04
€4 0000000C° 01 1.5598643D-04
A 84 00000000 D1 240797634004
1,0000C000 D2 245696620004
1. 2000C00D D2 245695607004
- le4000G00D D2 24 59945930-04
1.600000CD 02 245993917004
le 800000CD 02 2459935790-04
2. 000000C0 02 2459932410-04
2.200000CD 02 2459932420~ 04
2.400000CD 02 2459932420-04
24 60000000 02 2459932420-04
2480C0000D0 02 20 59932420-04
3, COCO000D 02 24595$32420-04
3,20C€00000 Q2 205993242004
3,40000000 02 2459932420~ 04
34 60C0000D 02 .. 2459932620-04
3, 80000000 02 205993242004

.“lﬂ't“‘#’*tl%ﬁ#t‘#.ﬁ‘&“t't'.#tt#t“".3t‘*"“l“‘t.“tl"“t"“.t‘.‘“.“’.‘t.‘.‘ttttt‘t‘..k.i.tl.i‘..“.“.“"‘.ﬁ.‘...‘.‘i

PHASE
1

FATLURE INTENSITIES (LAMBDA)
(NEGATI VE LAMBDA DENUTES NO REPAIR,

5 000000000 02

THERE ARE NO IMPOSED BOUNDARY CONDITIONS " (I8PH.=0)

AND REPAIR TI4FS (TAU)
NEGATIVE TAU DENOTES TAU IS INVERSE REPALY INTENSITY)

v
1.000000000 C2

COMPONENT RELIABILITY

L]
2., 6000000D-06
2,59986480-06
2:59972560-06
2459959440-06
245994593D0~-96
2059932410-06
205393241006
2.59932410-06
245993242D0-06
2059932420-06
2,59932420-06
2+59932420-06
2459932420~ 06
2.59932420-06
2,59932420-05
2459932420-06
2,59932420-06
2059932420-06
24.5993242D-06
24 59932420-06

PHASE

CHARACTERISTICS

L
2+ 60000000~-06
2+ £0002000-05%
2, 60000007-06
24£0000000-0¢
2+40002000-06
2,50000000-06
2.6000000)-06
2,€£0000005-06
24 60000000-06
2,60000000-06
2.60000000-06
2. 6000000D-06
2.60000000-06
2+5000000D-06
2.50000000-06
2.6000000D-06
2,6000000D-0%
2.6000000D-06
246000000D0-06
2.£0200000-06

FO! THE

_NDIVIDUAL PHASES

LAMBDA

iSJUM
0.0

5,1998543D-35
1.,03994593-26
1,55987833-36
2,0797337)-04
2.5996523D-34
3, 1195263304
3,63939170-06
4415925650-24
4.67912133-04
5.19898620-24
5.71885139-24
6,23871533-04
64 75858070-04
7427844550-06
7.79831043-4

B431817520-04.

Be 8380400324
0e3579043)-26

" 948777697324

TAV

FSuM
0.0

- 5,1998648D-05

1.03994590-04
1.5598783D-04
2,07978370~04
2+59966200-04
3,1195133D0-04
3,63933760-04
4.15913480-04
4. 6789051D-04
5.1986482D0-04
57183544004
502380535D-06
6475771560-04
To2773507D-04
7.79595880-04
8,3165398D-04
83,8360939D-04
9, 35562 000-04
9.8751209N-04



Sed

PHASE END TIMES (HOURS)

PHASE : “END TIME PHASE END TIME PHASE END TIME
1 54000000000 02

(NEGATIVE LAMBDA DENOTES NO REPAILR.

PHASE
1

INITIAL FAILEO PROBABILITY FODR PHASE 1 (QO0O) =

FAILURE INTENSITIES (LAMBDA) AND REPAIR TIMES (TAU} FOR THE INDIVIDUAL PHASES
NEGATIVE TAU DENQTES TAU IS INVERSE REPAIR INTENSITY!S

T (HOURS)

0.0
2,0000000D
4,00000000
6. CO000000
8, 00000000
1,0000000D
1. 20000000
140000000
1.6000000D
1, 80000000
2,.0000000D
2. 20000000
2240000000
2460000000
2, 80000000
3, 00000000
3,20000000
3,40000000
3460000000
3480000000

’."‘tﬂt‘.".tt“““‘.atlt0"ﬁ.'.‘t.”#‘tt“‘t‘##t“*#lt&ﬁ"#‘ttt’t'ﬂ‘“““tt‘..‘.‘.t.“““l“.C“.‘t‘.“t“.‘t“.‘t‘tt.“‘t“‘

o1
01
ol

ol

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

THERE ARE NO IMPOSED BOUNDARY CONDITTONS (IBPHA=D)

LAMBD A
2460000000D-06

0.0

raJ
1,00000000D0 02

PHASE

COMPONENT RELIABILITY CHARACTERISTICS

Q
0.0
Se 1996620D-05
1,03993240-04
1.5598648D~04
2407976340-04
2459966200-04
2459956070-04
2459945930-04
245993917D0-04
24 59935790-04
2459932410-04
2059932420-04
2459932420-04
245993242004
2059932420-04
2459932420-04
24599326420-04
20 59932420-04
2,59932420-04
2459932420-04

L]
246000000D0-06
24599866480-06
245997296D-06
2459959440D-06
2, 59945930-06
245993241D-06
2053932410-0¢
20 59932413-06
2459932420-06
2459932420-06
2459932420-06
2059932420-06
245993242006
245993242)-06
205993242D-06
2059932420-06
2459932420-06
2459932642D-06
2459932420~ 06
2059932420-06

L

.24 6000000D-06

2,6000000D0-06
24 5000000008
2,6000000D0-06
2460000000-06
246000000006
2.60000000-06
2,5000000D-06
246000000206
2460000000-06
24 600000Q00-06
2. 6000000006
246000000005
2. 60000000-06

-2460000000-06

2,60000000-06
2, £000000)-06
2.60000000-06
2,6000000)-06
2+60000000-06

LAMBDA

WSUM
0.0
5419986430-35
160399453)-24%
L. 5598783)-04
2407973370-24
2459965202-04
3,1195263)-24
3.6393917D-04
4, 1592565)-04
4e67912130-04
5.19898620-34
S«71885102-04
642387153D0-24
6, 75858070-0¢
Te2784455)-0%
7.7983104D-04
84 31817520-04
8.83804000-04
9, 3579049D-24
9. 8777697D-34

TAY

FSUM
0,0
5.1998648D-05
1.,0369459D0-0¢

1. 55987830-04

2.2797837D-04
2.59966200~04
3,11951330-04
3.53933760-04
4.15913480-04
%, 5789051D-04
5,19866820-06
5, 7183644D-04
5,23805350-04
64 7577L55D=04
7,27735070-04
7.7969588D-04
8.31653980-04
8.83609390-04
9,35562090-04
9,87512090-04



COMPONENT INDZIX = 3 NN, OF FPHASES = 2

PHASE END TIMES (HOURS)
END TIME PHASE END TIME

PHASE
PHASE END. TIME 5, 000000000 02

1 24000000000 02 2

o
PUERF ARF G TUAACAA DAITOAAAY FANARTT TALC £ TDNIIA=AN

FAILURE INTENSITIES (LAMBDA). AND REPAIR TIMES (TAU) FOR THE INDIVIOUAL PHASES
(NEGATIVE LAMBDA DENNTES NO REPAIR, NEGATIVE TAU DENOTES TAU IS INVFERSE REPAIR INTENSITY)

PHASE LAMBDA i Tau PHASE LAMBDA TAU
1 -2..50000000D0-06 0.0 . 2 24600000000-05 1, 000000000 02
INITIAL FAILED PROBABILITY FOR PHASE 1 (QO0) = 0.0

9¢d

‘14 00000COD 02 2459966200-04 ©e59932410-06 .2¢60000002-06 245996620)-24 2, 59966200-04
1420000000 02 3411951330-04 £, 59918€82)-06 2480000000-06 341195133D-34 3.,11951330-04
1. 40000000 02 3.63933760-04 Z2e539053ED~06 246000000D-06 3. 63933753-04 3,5393376D-04
le 6¢000000 02 4e 15913480-04 2.598918£0-0¢ 2. £0000000-06 4e1591343D0-06 %0 15613480-04
1, 80000000 02 44 6T7890510-04 Z459878350-0¢€ 2. 60000000~06 4457890510-04 %+5789051D-04
2+ 00000000 02 5¢1986482C-04" 245986484D~0¢ 2,60000000-06 Se 1986482)-04 5. :986482D-04

RIGHT BCUNDAFY VALUES FDR PHASE 1

2. 00Q0O0COD 02 5.19864820-04 2,59864840-06 2460300000-08& fe 1986482)-04 5. 19864820-04
2420000000 02 5¢7183441D-04 2459851320~ 06 24 60300002-06 547183644104 5. T183644D-04
2+ 40000000 02 6423804000-04 2,59827810-06 2.£000000D-06 60 23805355-06 5, 2380535D0-04
2,460000000 02 67577021D0-04 2, 52824300~ 06 2.£0000000-06 647577155D-04 6. T5771560-04
24 30000020 02 Te27733050-04 2459810730~ 0¢ 24 £0200000-06 74277350723-04 T.27735070-04
3,{0000030 02 Te 7969588004 2459757280-06 2450000000-06 Te 7969588D0-04 7. 79695880-04
3.20000000 02 245984795004 245992244C-06 24 £020000D-06 B8.31668830-04 8431653980-04
3.,40000000 02 2.59864850-04 2,5393244L-06 2.60000000-06 A.B365534)-C4 8,3360939D0-04
3.60000000 02 24 5988513D-04 2,5993243C-06 2.60000000-06 9e35641830-0¢ 943556209D0-04
. 3280002000 Q2 2459508780~04 2459532420-0¢ 2, 60000000~-06 9 37628313-24

. COMPONENT RELIABILITY CHARACTERISTICS

T (HOURS) Q . W L A4S UM FSUM
0. 0 0.0 Z2¢6000000D0-086 20 £0000000-06 0.0 . 0,0
200000000 01 5e 1298648D-05 2,59986480-06 2.60000000-06 519986480-)5 S5¢ 1998648D-05
44 U0OCO00D 01 1403994590-04 2e59972960~06 24500000006 ¥4 03994530-2¢ L.0339459D0-04
6s CO0GOGOL OF 145598783D0~04 Ze59959¢4D-06 2460000000-06 145598783)-04 1,5598783D-04
3. 00000000 O1 2.07978370-04 2,59945930-06 2.60000000-06 2.0797837D-2¢4 2037978370-04

9.8751209D0-04

3‘"“""“"."'l“tI““t“t-‘#3‘8“‘33#t“8‘“‘0“‘.0.#C‘#33"3"3"3&t“"‘.“‘t‘..“l“““...".“.‘C“..“‘“.““""““

COMPONZINT [INDZX = 4 ND. OF PHASES = 1



Led

PHASE END TIMES (HOURS)

PHASE END TIME PHASE END TIME . AMASE END TINE
1 5000000000 02

THERE ARE NO IMPISED BOUNNARY CONDITIONS (IBPHA=))

FATLURE INTENSITLES (LAMBdAl AND REPAIR TIMES (VTAU) FOR THE INDIVIDUAL PJASES
(NEGATIVE LAMBDA DENDTES NO REPAIRe NEGATIVE TAU OENOTES TAU IS INVERSE REPAIR INTENSITY)

nuace « Auana Tak ruace Vauona Tau

1 3, 500000000~-05 1.000000000 02

INITIAL FAILED °RDEABIL]IY FOR PHASE 1 (Q00) = 0.0

T (ROURSH,

COMPONENT RELIABILITY CHARACTERISTICS

FSUM

Q W L ASuN
0.0 0.0 3, 50000000 -0% 3.50000000-2% D0 . Jde)
2. 00000000 01 60993E7860-04 3449755210-05 3.50000003~05 64 99755213-04 60 9975506004
4400000000 01 1.39877570-03 3,495106430-05 3,50000000-05 1439902032-03 1439902050-03
6. 00000000 0L 2,097€5210~-03 34 4926586D-05 3, 50000000-05 2.09779710-03 2009779£5D-03
8. 00000000 01 2479511710-03 3, 4902150005 3. 50000000-05 2.7960845)-03 2, 79608370-03
' 1.00000¢:00 02 3.493£8210~-03 3,4877714D-05 3,50000000-0% 3.49388310-233 3.49386210-03
1.20000000 02 34492(C503D-03 3, 4877778005 3. 5000000)-05 4.1914381J-03 $419119230-03
1. 400000:00 02 3049021860~03 3.4877842D-05 3.50000000~05 4.8889943)-03 4, 8RB0146D~03
1.60000000 02 3,4885993D0-03 ©  3,48778850-05 3.50000000-05 5¢58655150-03 5. 5863492D~03
1.80000C00 02 3,488:9250-03 3,4B77906D-05 3.,50000000-05 6.286410950-)3 52 2R01966D-03
2. 00000000 02 344B8728570-03 3.4877928D0-05 3,50000000-05 6490816678)-03 6, 97555710-03
2.20000000. 02 3,48718810-03 3.,48779270-05 3,50000000-0% Te57922630-)3 Te6706309Dn~03
2.40000C00 02 3.48719060~03 344877927D~-05 3,50000000-05 Be3767R43)-)3 8.366R186D~03
2. 60000000 02 3.487719200-03 3.48779270-05 3.50000000-05 9.0743434)-03 9.05872030-03
2. 80000C00 02 3,48719240-03 2, 4877927D0-05 «£000020D~-0¢ 3477190225-23 9.75212645D0-03
3.00000C00 02 3,487319270-03 3.48779270-05 3.50000002-0% 1s 04624612-02 1+ 0645067D-02

3,.20000C00 02 3,48779270-03 3.48779270-05 3.50000200-05 141167019)-32 1, 11372140-02
© 3+40000C(0D 02 3.48779270-03 3.48779270-05 3.,50000000-05 le 1864578)-02 1, 1829475D-02
3.60000C(0D 02 3,487719270-03 3,%B779270-05 3.50000000~0% 1425621350-)2 1,25209520-02
3. 80000€00 02 3e448779270~-03 3.48779270-05 3,50000000-05% 1,32596953-022 143211546D-02

SEEEXNBEE SR NEER ARG R VRSB SESEREEREAE XX ESOR R R EBEES SR S SRS X ARR SO RSB ER SR AR R IR R RN ERANR SR DR ERRE S SR A KRR I LG A NI E RN S U RS NI RS S SRR QS

CIOMPONENT INDEX = S NO. OF PHASES = 1

PHASE END TIMES (HOURS)

PHASE END TIME - PHASE ENDATIHE PHASE END TINF
1 M 54000000000 02



N THERE ARE NO [MPOSED BOJNCARY CONDITIONS (18PMA=0)

FAILURE INTENSITIES (LAMBDZ) AND REPAIR TIMES (TAU) FOR THE INDIVIDUA )
4
(NEGATIVE LAMBDA DENDTES NO REPAIR, NEGATIVE TAU.DENGTES TAU IS INVERSE ngklf ?3$Evseri

8¢

PHASE LAMBDA : TaU PH 3
1 34500000000-05 1.0C0000000 02 a5 LanBOA TAU
INITIAL FAILED PROBABILITY FOR PHASE 1 (QD0)} = 0,0
CGMPUNEAT RELIABILITY CHARACTERISTICS

T. LHOURS) Q F] L ASUM FSUM
0.0 0.0 . 3, 50000000~05 3,59000000-05 040 2,0
2400000000 01 6499387862-04 3,49755219-05 -3, 50000000 -05 $4099755213-24  6,99755060-04
4, 00020000 Ol 1.3987757D-03 3,49510430-05 3,50000000-05 139902093 -03 1.39902050-03
6.00000000 01 2.09755219-03 3, 49265860~-03 3,50000000-05 2,09779710-03 2.0977965D-03
8. 0009000D- 01 2479571712-03 3,49021500-03 3,50000000~05 2. 7960845)-23 247960837D-03
le 00000000 02 3.4538821D-03 3,4877716D-03 3.50000000-05 3,4938831)-23 3,49388210-03
1420000000 02 3,49205030-03 3, 48777730-0% 3,50000000-05 %,19163810-33 4419119230-03
1.40000000 02 3.49021860-03 3,43778420-05 _ 3,50000000-05 %, 8889943D-23 4¢88801460-03
1.6000000D 02 3,48899930-03 3,4877885D-0" 3.50000000-05 5.58655150-23 5.5843492D0-03
1.8000000D- 02 3,48839250-03 3, 4877905)-0* * 3,50000000-05 $.28641095D0-)3 5.2801966D-03
200000000 02 3,4877857D-03 3,4877923D-02 3,5000000)-05 %, 9816673)-03 6,97555710-03
2420000000 02 3,48778810-03 3,48779272-0¢8 3,5C000000-05 7.67922630-33 7.57043090-03
2,40000G00 02 3.4877906D-03 3,4877927)-0° 3, 5G000000-05 3,3767843)-23 3,36481860-03
2. 60000C0D 02 3,48779200-03 3,4877927)-0¢ 3,5C00000D-05 ,0743634)-03 9, JSR72030-03
2.800C¢0000 02 3,4877924D~03 3,4877927D-0¢ 3.5C000000-05 2,77190212-33 2.75213650-03
3, 00000000 02 3,48779270-03 3,4877527D-0¢ 3,50000000-05 1,0669441)-)2 1,0445067D-02
3,20000000 02 3, 48779270-03 3,4877927D-0F 3,50000000-05 1,1167013D-)2 Lo L1375140-02
3,400C0000 02 3.48779270-03 3,4877927D-0¢ 3, 5000000)-05 Lo 1866578)-02 1.1829475D-02
34 60000000 02 3,48779270-03 3,48T779270-05 3.50000000-05 1,2562135)-02 1, 25209520-02
3,800C000C 02 3,48779270-03 1, 4877927D-05 3,50060000D-05 .+3259695D-02 1,3211946D-02

‘l“““‘.l"t’t‘.t“t"“ttt‘#tt!“.‘ttttttt‘ﬂlt.“t’.lt‘tttltﬂ#-"”##t#tltttttttttttttt=t#ttt‘ttst-‘t (TS TP TS 83 3233233332322 %)
COMPONENT 14CEX = & ND» OF PHASES = 2
)
PHASE END TIMES (HOURS)

PHASE END TIME PHASE
1 - 2.000000000 02 2

END TIME . FHASE
500200900GD 02

END T(ME

N

THERE ARE NC IMPOSED BNUNDA2Y CONDITIONS (I8PHA=C)



6¢d

(NEFATIVE LAMBDA DEMDTES NO REPAIR,

PHASE
1

FAILURE INTENSITIES (LAMBDA) AND REPAIR Y[NF§ {TAU) FOR THE INDIVICUAL P4ASES
NEGATIVE TAU DENDTES TAU IS INVFRSE FFPAIR

LAMBODA
=3¢ 500000000-05

INITIAL FAILED PROBABILITY FOR PHASE 1 (QO0) = 0.0

T (HOURS)

0.0

TAY

PHASE
2

COMPONENT RELIABILITY CHARACTERISTICS

L]
3,50000000-05
3, 49755090~ 05
3,4951034D-05
3, 4926577D-05
3,4902137D-05
3,4877714D-05
3,4853308D-05
3,48289190- 05
3,48045480-05
Ve TCEiTI5 63

3, 47553560-05

L
3,50000000-05
3, 50000000-05
3,50000000~-05
3.,50000000~05
3.50000000-05
3.5000000D0-05
3.5000000D-05
3.50000000~-05
3.50000000~05
P VIV IV VRV

3.50000000-05

LAMBL A

3.50000C000-05

WSUM
0.0
6.99735030-2¢
1.3993205)-23
2.09779659-23
2479618383-03
3.49338230-03
4e19119250-03
44 8883143)-23
S¢584184952-013

veLuv_surs v

609755574)-03

R IGHT BOUNDARY VALUES FOR PHASE 1

3.47558560-05

3, 50000000-05

649755574)-03

Q
0.0 0.0
2,00000000 01 64$975506D-04
44 €0000000 01 1439902050-03
6400000000 01 2.09779650-03
84 00000000 01 2479608370-03
1, 00000000 02 3, 47388210-03
1.20000000 02 4413119230-03
1.40000000 02 4+83801460-03
1.50000000 02 5S¢ 53434920~03
lellusuisl od vetmvasvunt v
2. 00000000 02 6497555710~03
24 00000000 G2 6497555710-03
2,20000000 02 746700663003
2. 40000C0D 02 84366457550-03
2, €£0000000 02 96 0584776D-03
2480000000 02 9,75177250-03
3,€000000D0 02 Le 04450670-02
3,20000000 02 3.4725700D0-03
3, 40000C0D 02 3,47562960-03
3,60000C00 02 3.47929310-03
3, 8000000C 02 344635607003

CERERX XX AR SE R R AR DIKK TR RREOBEZZORRES X EXL AN 0K EEARBRESEAEEESARNSS SEREEEESEHSERREXE RSO XS SR KRR & CEUSERRENEEESRARIAABR SR RLEURSES AR RS

3,4731548D-05
3,47072400-05
3, 46829%3D-05
3,46586880-05
3.46364230-05
3, 4878460005
3,48783530~05
3. 48782250-05
3.48782750-05

3,50000000~-0¢%
3.5000000D0-0%
3, 5000000D-0D5
3.50000000-0%
3.50000000-05
3,50000000-05
3,50000000-05
3+50000000-05
3,50000000-0%

74670431463-03
Be364K193)-03
9,05872120-23
9 752.375D-03
le 04420690-02
1le11401932-22
1418377663-02
1.2532331p-02
14323:894D-02

INTENSITY)

TAU

1, 000000000 .02

FSUM
.0
6036875506004
1,3990205D-03
2.0977965D-03
247960837003
3.49388210-03
%+19119230-03
%, 8880146D~03
5. 8RGGQINan2

YT ROV N IVIVYVE SV

6,2 97555710-03

6, 97555710~03

T4 67043090-03
8, 364A1860-03
9.,05872030-03
9. 75213650-03
1, 0645067D~02

1.1137514D-02

1, 18294750-02
1,25209520-02
1+32119460-02



0%

SET.
FOR

NO.

SET
SET
SET
SET
SET

SET

FLAG (IPATH)e IF IPATH=1
THIS PRUBLEM IPATH = |

OF SETS ({NCUT)

= 6

1y WITH COMFONENTS

2y WITH COMFCNENTS -

INFORMATION
NOo

NG.

ND o 3y WITH
NOo 4y WITH
NO. Se WITH
NUe 6y WITH

COMFONENTS
COMFONENTS
COMFCNENTS

COMFPONENTS

MINEMAL SET INPLY DATA

MINIMAL CUT SETS AR: USEDe [F IPATH=2 MINIMAL PATH SETS APF USED,

- 1 3 -
- 1 2
- & 3
- ¢ 6
- < s
- H ()



Tvd

T (HOURS)
040
2,0000000D 01
4, C0000000, OL
6400000000 01
8,00000000 01
14 00000000 02
1.20000000 02
1440000000 02
1.6000000D 02
14 80000000 02
2,0000000D 02
2.20000000 02
2440000000 02
2,60000000 02
2, 80000000 02
34€000000D 02
3420000000 02
3,40000000 02
3,60000000 02
3. 80000000 02

T (HOURS)
060
24 00000C0D0 01
4400000000 OL
6400000000 01
8, 00000000 Ol
14 00000000 02
120000000 02
140000000 02
1.,60000000 02
1. 80000000 02
2000000000 02
2,20000000 02
24 40000000 02
2460000000 02
2480000000 02
3, 00000CCD 02
3+ 20000000 02
3,4000000D0 02
3. 60000000 02
3. 80000000 02

T {HOURS)
0.0

" 2400000000 Q1

4400000000 O1
60 00000000 O}

- 840000000 01

1. 00000000 02
120000000 02

1.aAANAAND N

MINIMAL SET INFORMATION

CHARACTERISTICS FOR SET ND. = 1
Q L L
Oe 0 0Os 0 Ge0 )
24 70375390-09 24 70373640~10 2,.70373640~10
1408147350~08 5.40712130~10 5.40712130-10

26 4331993008
4¢32545800-08
6475824270-08
8¢10936410-08
9446030990~ 08
1.0811221D-07
1421621490~07
1¢35129720-07
1448638300-07
1462146880-07
14 75654580-07
1¢89161410-07
2402668230-07
66 7542907D~08
64 75473000-08
6¢75525700-08
60 ¥5587180-08

8.1100669D-10
1.08125730-09
1e35147280~09
1+ 48653750-09
1. 62159530~ 09
14 7566547D-09
1.89171590-09
2,02677010-09
2416182080-09
2429687150-09
2,43191340-09
24 56694660-09
2470197970-09
1+ 3510777D-09
1.35112170-09
1¢35117430-09
1,35123580-09

CHARACTERISTICS FOR

Q
0.0
2.70364850-09
1. 08145940-08
204331782D~08
4e32541590-08
60 75824270-08
60 7577156D-08
67571885008
6475683720~ 08

675666160-08.

6o 7564860D0-08
60 75648610-08
6475648610-08
6e 75648620~08
6475648620~08
6e 15648620-08
60 715648620-08
62 756648620-08
60 75648620~08
6e 75648620-08

W
0,0
2,70368370-10
5440708610-10
8411003180-10
1,0812521D~09
1, 35147280-09
143516201D-09
103513674009
1,35133230-09
1.3513148D-09
1435129720-09
1035129720~ 09
1,35129720-09
135129720-09
1, 35129720~ 09
1.3512972D-09
1435129720-09
1. 35129720~ 09
1435129720-09
1,35129720-09

CHARACTERISTICS FOR

Q
040.
2470375390-09
1408147350-08
244331993008
4032545800-08
647582427008
B8010935641D-08

Q. L&ANINOCN. NR
a

W
0.0
2, T70373640-10
5, 40712130-10
841100669010
1, 08125730-09
1.35147280-0%

1+4B65375D0-09
1. 42160R2N_NO

8.1100671D-10
16 08125740~-G9
1.35147290-0°
1448653770-09
1.62159540-09
14 75665490-09
1.89171620-0°
2.02677040-09
201618212D-09
2029687190~-09
2.43191350-09
2.56694713-09
2470198020-09
1.3510778D0-09
1la35112170-09
1¢35117440-09
1.35123590-09

SEY NQO. = 2

L
0.0
2470368370-10
5.40708620-10
8411003200~-10
1.08125210-09
14351647290-0°
1435142020~-09%
1.35136750-0¢
1.3513324D-09
1l¢3513149)-0°
1.3512973D-09
1435129730-09
1.3512973D0-09
143512973D0-09
1435129730-09
1.35129730-09
1435129730-09
163512973)-09
143512973D0-09
143512973009

SET NO. = 3

L
0.0
207037364D-10
544071213D-12
8411006710-10
1.08125740-0%
1435147293-09
1.48653770-09

1 A21ROKANLND

WSUN
0.0
2.703736%0-2%
14 0814594)-0¢
244331782D-08
4432564422)-018
60 75R1724)-08
905961823D-2¢
1.27043153-07
1.£0825650-37
14 97309363-07
2436494220-017
207838013)-)7
3,2296706)~07
3.70254910-37
40 20243510-07
4472932770-07
501346336¢D-07
5+406485360-37
5.6750830)-237
5094532400-27

WSUM
040
2, T0368373-09
1.08144530-08
2.43315710-08
4e3254124)-08
6075813720-)8
9, 46103020-08
1«2163R180-27
1. 486545130-37
le 75691653-27
2,02717773-07
2429743713-07
2.5676965)-027
2.83795600-07
3.10821543-37
3.3784749)-07
3064873430-27
3.9189933)-37
41892532)-07
4445051270-37

A5V
G 0
2,70373643-09
1.08145%40-38
20 43317R20-08
4e32544220-08
6, 75817243-26
9.59612253-08

1.27nn2140307

FSum
0.0

2,70373640-09
1,06165540-08
2.43317820-28
44325646220-08
6, 75817240-08
9.59618280-08
1,2704315D-07
1,5082565D-07
1,97309360-07
2,36494210-07
2.78380120-07
3,22067040-27
3,70254880-07
4,20243470-07
4472932720-07
5413463280-07
5.40485260~07
5,6750821D-07
5,94532290-07

FSUM
J.0
24 70368370-09
1,08144530-08
2443315710-08
4, 32541240-08

“5o,75813730-0R °

9,46103020-08
1,21¢38189-07
1e4B€65170-07
1,7549164D-07
2,0271776D-07
2429743700-07
2,56769640-07
2,83795580~-07
3,1082152p-07
3,37847450-07
3,64873390-07
3,91899330-07
%, 1892526D0-07
44%5951200-07

FSUM
0.0

2, 7037364D-09
1.08145940-08
2.43317820-08
4432544220-08
6. 75817240-08

9.5561828D-08
1.27AK1RNCATY



vd

te

1eTvUvL UL
1660000000
1. 80000000
2,00000000
220000000
2440000000
2.6000000D
2. 80000000
3400000000
3420000000
3440000000
3. 60000000
3.80000000

T (HOURS)

0.0
2, 00000000

‘4400000000

64 00000000
8, 00000000
1.0000000D
1.20000000
1440000000
160000000
14 80000000
2,00000000
2.20000000
20 40000000
2060000000
2480000000
3., 00000000
3,20000000
3.40000000
3, 60000000

, 3,80000000

02
02
02
02
02
02
02
02
02
02
02
02

1]
ol
(1]
ol
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

T (HOURS)

0.0

2400000000
4¢ 00000000
6400000000
8.00000000
l. 00000000
1420000000
1.40000000
1460000000
1480000000
2. 00000000
24 20000000
2040000000
2+ 60000C0D
2. 80000000
3,00000000
3. 20000C0D
3.40000000
3.6000000D
3. 80000000

ol
01
01
o1
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

PR TPV
1.08112210-07
1421621490~07
1le35129720-07
1.48638300-07
le 6214688D-07
1¢ 7565458D-07
1.8916141D-07
2,02668230-07
6675429070~ 08
64 75473000-08
60 7552570008
6. 75587180-08

[T
1e7566547D-09"
1,89171590-09
2,0267701D-09
24 161£208D-09
2429687150-09
2,4319134D-09
245665466D-09
2. 7019797D0~-09
1e 35107770~ 0%
143511217009
1. 35117430-09
1, 3512358D-09

CHARACTERISTICS FOR

Q
0.0
44 89400190-07
1695691580-06
444002376D-06
T+ 8170590D-06
1622072120-05
1.46358550-05
le 70602390-05
1.9483790D-05
2419077900~05
244329248D0-05
246751566D~05
2,9173888D-05
3415%40860-05
3.40121580-05
3.64302300-05
142111604D0-05
1421222760-05
1l¢ 21350530-05
14 21499380-05

. u
0,0
%, 8935744D-08
9, 1785882D~-08
1246529190-07
1,95165830-07
2, 4371724D-07
2.67888980-07
2.92064394D-07
3,1620333D0~-07
3,40367070-07
3, 6451395007
3,88652300-07
4412790640-07
4, 36907850~-07
4461003920~ 07
%+ 85099990-07
2, 4276488D-07
2442871220-07
2.42998550-07
244314687)-07

CHARACTERISTICS FOR

Q
0.0
4089143370-07
1295657350-06
4439972500-06
Te81603430-06
1,22072120-05
142194416D-05
1le21816260-05
1e¢2173116D0-05
1.21688820-05
142164649D-05
1le 21646660-05
1.2164683D0-05
142164693D-05
162164696D-05
142164698D-05
1.2164698D-05
1. 2164698D-05
142164698D-05
le 2164698D-05

W
0.0
4, 89229100-08
9,77773400-08
1. 4652067D0-07
1.95153083-07
2.43717240-07
2443589920-07
2043462580-07
2+43377830-07
2443335650-07
2.4329347D-07
244329364D-07
2443293820-07
2443293910-07
2443293%40-07
24 4329396D0-07
2443293960-07
24 4329396D-07
244329396D-07
24 4329396D-07

1e75665490-09
1.89171620-09
24026,7704D-09
2.16182120-09
242963719D-09
2443191390-09
2056694710-09
2.,70198020-09
1. 3510778D-09
1.35112170-09
1.35117440-09
10 35123590-09%

SET NO, = 4

L
0.0
448935768D-08
9.7785073)0~-08
1.4652983D0-07

. 1495167360-07

2443720220-07
2.67892903-07
245204893D-07
3. 16209490-07
3.4037453D0-07
3,64522820-07
3.88662690-07
4012802690-07
L,3692166D~07
4e61019603-07
4eB85117660-07
2042767820-07
2.42874170-07
2,4300150D-07
24 4314983D-07

SET NO, = 5

L
0.0
4e8922934D-08
9.7777531D0-08
1.45521310-07
1495154603-07
2443720220-07
204359289D0-07
24 4346555D0-07
2.43380790-07
2443338610-07
2043296432-07
2,4329660D0-07
24 43296780-07
20 4329687D-07
244329690D-07
2443296920-07
204329692D0~07
2043296920-07
2443296923-07
2043296920-07

Ll T aus v
14 60825663-27
1497309363-07
24364942270-27
2, 7838013C-07
3.22967060-07
3470256491027
44 20243512-07
40 72932775-07
5¢13463341-27
5440485343-27
5.67508320-27
5094532401-317

AS UM
(2%0]

‘4eB8935744)-37

1.9565737D-2%
40 39972440-06
Ta8166746D0-06
1,22055050-05
1, 7321563)-35
2.2920897D-25
2.900337)0-25
3,55690743-05

62 2617R84D-05

5,01495452-25
5,8163976)-05
6,66409510-05
7.56400730-05
8,5101118)-25
9,23797650~-05
9. 7236127D-05
1,0209483D-04
1.06955280-3%

ASJNM

" 0.0

4,.8922910D0-27
1.95623161-06
443992117D-26
TeB8159492)-2%
14 22046523-05
1.7077724D-25
2, 1948249D-35
2.6816£53D-05
3.16937830-35
3.65500732-05
441415950)-05
4462818250-05
Se11477023-05
545013581D-05
64 0B794600-05
6.5745333)-25
T.0611218D-35
7.54770970-05
84.0342977D-05

1,50825650-07
1, 573093¢D-07
2,3649421D0~-07
2.78380120-07
3,22967040-07
3.70254880-07
4,20243470-07
4472932720-07
5.13463280-07
5. 4048526D-07
5.67508210-07
5+364532290-07

FSUM
0.0
4, 8°35756D-07
1.95€65742D-06
4¢39972550-06
Te8166T765D-0¢
1.2205508D-05
L, 73215640-05
2,29208700-05
2,3003296D-0%
3., 5568924D-05
4026176220-05

52 0149128D-05

5, 81633480-05
6.5660061D-05
7.56388340~05
8+ 5099447D-05
9.23776550-05
9+ 72336150-05
1.0209189D-04
1.06€52890-04

FSUM
0.C
4.69229220-07
1, $5623210-06
443992128D=-06
7.€159511D-06
1, 2204655D-05
1,7077715D-05
2.19682060-05
2,£R16549D-05
3, 16835010-05
3, £5497850-05
4, 1415526D-05
4,6281246D-05
5. 1146946D-05
5,60126230-05
6,08782760-05
6, 5743907D-05
7.0609514D-0%
7.54750970-05
8.0340656D-05



evd

T (HOURS)
0.0 RO
2. 00000000 01
4400200000 01

64 CODOLOOD' OF',

8, 00D00000" 01
1.00300000 02
12020000C 02
1,40300000 02
1.6000000D° 02
1+ 80900000 02
240000000002
24 20000000 02

24 40000C00 02"

2460000000° 02
2.8000000D 02
3, 060000000° 02
3,20000000 02
3,40000C0D 02
3,60000000 02
3, 80000000 02

CHARACTERISTICS FOR SET NOo = 6

0
0.0
44 89400190-07
1.95691530-06
444002376006
7. 81705900-06
16 22072120-05
1445635855D-05
1+.706023 90-05
1. 94837900~ 05
241907790D-05
2.43292480-05

. 2467515560-05

2491 73888D-05
34 1594086D-05
3.4012158D0-05
3. 64302300-05
1.21116040-05
1,21222760-05
1421350530-05
1421499380~05

L]
0e0

%¢8935744D-08

9, 77858820~ 08
1. 46529190~07
1.95165830-07
2, 4371724D-07
2,67888980-07
2.9204394D-07
3,16203330-07
3,4036707D-07
3,66513950-07
3,88652300- 07
441279064D-07
4 36907850~ 07
4451003920-07
443509999D-07
2, 4276488D-07
2442871220-07
2,4299855D-07
2,4314687D-07

L
0,0

4489357680-08
9+ 77860730-08
1,4652983D-07
1695167360-07
2.43720220-07
2067892900-07
2.92048930-07
3. 16209490-07
3.4037453D-07
3.6452282D0-07
3,88662690-07
4412802690~-07
4436921660-07
4461019600-07
4¢8511766D~07
2,42767820-07
2.42874177-07
2443001500-07
2.4314983D-07

454
0 C ‘o
4e8935744)-07
1,95657370-06
44 3997244D-06
Te8166746)-06
1,22055050-05
1. 73215689-05
2,2920897D-05
2,9003370D-05
3, 5569074>-05
4e2617884D-25
54 01495460-05
Se 81639769-05
6.6660961D-25
Te 5640078D0-05
8.5101118)-05
942379765D-25
9 72361270-05
1. 02094830-04
1.05955230-04

FSuM

Je0
44 8935756007

7. 8166765D0-06
1422055080~05
1.73215640-05
242920870D0-05
2.90032950-05
3,5568924D-05
4026176220-05
5,01491230-05
54 81533480-05
646650061L0-05
745638834D-05
84 50994470-05
9423776560-05
94 72336150-05
1,0209185D~04
140695289D~06



1471

¢

T (HUOUES)

040

2,00000000D
44000000000
6400000000
84000000000
14 000000000
1200000000
1400000000
14600000000
1800000000
24000000000
24 200000000
24400050C60D
24660000000
24 800000000
3,000000000
34200000000
3,400000000
3.600000000
3.80000000D

ol
01
ol
01
02
02
02
02
02
02
02
02
02
02
02
02
02
02
0?2

T (HOURS)

2.000000000
%4 000000000
64 000000000
3,000000000
1.000000000
14200000000
1. 400000000

14400000000

1800000000
24000000000
24200000000
24400000000
248600000000
2700000000
3. 400000000
34200000000
3.400000000
3, 600000000
3.800000000

ol
ol
0l
0ol
02
02
02
02

02

02
02

SYSTEM INFORMATTION-UPPER BOUNDS

OIFFERENTIAL CHARACT ERISTICS-UPPER BOUNDS

Q
0.0
1+476054180-06
54902837560-06
14327313700-05
24357972930-05
3.682393000-05
4o 169330ETD-05
4% 655316340-05
54142362070-05
Se 629424190-05
6411597644D-05
6¢503120360D-0°
7.09027297D-05
7457699410005
8.063287510-05
B4 549580£30-05
3.659010860-05
36 56114564D-05
3,66370248D-05
3, 66668048D-05

L]
0,0
1le©76055140-07
2494971237D-07
44620120600-07
5.887285120-07
7.352061530-07
74836923780-07
Be32145029D-07
B4806491350-07
9.292045410~-07
9 777262 0640-07
1.02627317D-06
1.074820140-06
14123324740-06
14171786970-06
1,22024920D-0¢€
7.328771790~-017
T¢330899450-07
7+333447110-07
Te3364164760-07

INTEGRAL CHARACTER IST [ZS-UPPER 3OUNDS

02’

02
02
02
02
02
02

02

HWSUM
1.47605514)-06
5.90182264)-06
1.3271&556D-05
24357906130-05

3.68184080D0-05

Se 20073933D-05
€eB165T£74D-05
845293 M090)-05
1403392246D-04
1.22461553D-04
1o 4250 1'5470~04
1.63512480D-04
1, 85493929)-0¢
240844504 6D~08
24323654080-04
2.518966720-0¢8
24 66556343004
2.812206899-0¢
24958905510-04

L
0,0
1.476057310-07
2+ 94972978D-07
44 420179270-07
5+88742394D-07
7» 352332270-07
7,83725056D-07
8,321837740-07
84 806944230-07
3,29256852D0-07
3,777860050-07
1»02634094D-06
1,07489636D-06
1,123409860-06
1,17188146D-06
1,220353530-06
7,32903696D-07
7»332167860-07
7,33371579D0-07
7,336683780-07

FSUY

1.47605623D-06
5.9018269393-06
14327166542-05
24357907870-235
3.68184351)-05
5420073433D-05
€.81654607D-05
8,529292830-05
16 0339073413-04
1.224590090-04
1.424976230-24
163506781)-04
1.85486007D~24

24 084344000-04 .

2432351477D-04
245187932%0-26
24 66535731)-04
2.811965930-24
2495862765D0-04



Svd

T (HOURS)

0.0

2, 00000000
4.00000000
64 00000000
8. 00000000
1. 00000000
1420000000
1.40000000
1.600C000D
1,80000u0D
2. 00000000
24 20000000
2440000000
2. 60000000
24 80000000
3.0000000D
3.20020000
3440000000
3,60000000

3,80000000

o1
o1

ol

02
02
02
02
02
02
02
02
02
02

02

02

02

Q2

QMIN

0.0
1.4753701D-06
5.,89737220-06
‘}+ 3254728D-05
20 35361860-05
" 3.67390410-05
4, 1593619D-05
%4 64397330-05
5.12984610-05
Se 61823646D-05
64 0991168D-05
64 5865931 0-05
7,07007020~05
745551229005
8403975110-05
8a 52437920~ 05
3. 65060290-05
3, 6527306D-05
3,65527830-05

' 3, 656826600-05

SYSTEM INFORMATICON-BEST BRACKETS

DIFFERENTIAL CHARACTERISTICS-BEST BRACKETS

QMAX
0.0
1.4753701D-06
5.89737220-0%
13254728005

2435361 860-05

3.67390410-05 .

441593619D0-05
44 6439T7330-05
5412884610-05
5¢6142346D-05

640991168005

6458459310-05 .

T407007020-05
7455512290-05
8,03975110-05
8¢ 52437920~ 05
3+65060290-05
3,6527306D-05
3465527830-05

3,65824600-05

WMIN
0.0
1447502780-07
2494560700-07
4e4108954D-07
5.8709076D-07
7.3265025ﬁ-d7
T.8079893D-07
84 28314630-07
8.77@81590—07
9¢2529949C-07
9.73683990-07

1.0216934D-0¢

1. 069902 80-06

1411807010~06
1416619530-06

1,21432050-06

73033755D0-07

7.30548830-07
7.30801810-07

T+31096510-07

WMA X
0.0
1.47502780-07
2.9456070D0-07
444108954007
5,87090760-07
Te3265025D0-07
T7.82793520-07
8,23914630-07
Re 77081550-07
9.25299490-07
3e7348399D-07
1, 0216934D-26
1.06990280-06
1,1:807010-06
l.lbbl§530-06
1, 2143205D-06
T7+3033755D0-07
T«3054883D-07
7.30801810-07

T7.31096510-07

LuIN
0.0
144750300-07
2.94552430-07
4, 41035390-07
5¢8712453D-07
7.32577160-07
7.8333141D-07
8,23353120-07
8. 77125592-07
9,25351%4%D-07
9. 73543370-07
1.02176070-05
1005937840-0%
1. 1181545D-05
1, 16628910-06
1, 21452%2D-05

7.3035421D0-07

7.3)575510-07

T 3032353D0-07

Te3112325D-07

LMAX
0.0
1+47503000-07
2094562430-07
44 41095390~07
5487104580-07
Te32677160-07
7.6083141D0-07
8029953120'07
8.77126560-67
9¢25351440-07
9¢73543370-07
l.02176070;06
16 0699784D-06
1.11815450-0¢
l.l6628§lD-06
14 2144240D-06
T7430364210-07
703057551b‘07
7+30828530-07

T631123250-07



ovd

4

T (HOURS)

0. 0

2000000000

4400000000
64 00000000

8400000000

1400000000

1420000000
1.40000000
1. 60000000
1.8000000D
2400000000
20 20000000
2440000000
2460000000
2060000000
3,00000000

3020000000

3,40000000°

3.6000000D

3.80000000

ol
ol
0l
¢33
02
02
02
02

02

02
02
02

02

02

02

02

WIMIN
0. C
14 4755415D-07
2. 94765980-07
4e 41550830-07
5 87909710-07
7.33928350-07
T, R2245830-07
84 30530040-07
8, 78865610-07
9 27252300-07
9e 75605430-07
1e D239836D-06
140723619006
14 12069790-06

1le 16899170-06

14 21723540~06

7. 3160751D-07

7. 31819530-07 .

T+ 32073410-07

Te3236914D-07

FAILURE RATE CONTRIBUTIONS

WiMAX
0.0
le 4755415D0-07
2.94765980-07
4.41550830-07
5487909710-07

7433928350-07

7.82245830-07

84 3053004D-07 - .

8478865610~07
9.27252300-07
9 7560543D-07

1.0239836D-06

1.0723619D-06

1,12069790-06

1.1689917D-06

162172854D-06 .

7.31607510-07
7+3181953D-07
Te 32073410-97

7e3236914D0-07

W2MIN
0.0

5¢13655600~-11

2,05280130-10

446129173D-10
8418949€10-10
1.2781018p-09
l.f6690230-09
1.61?41270-0°
1.7840198D-0%
1.95281220-0°
2012143302-09
2;290266QC—09
2445919530-09

2,6278011C-09

2479635380-09

1 2496491160-00 .

1. 26995230-09
127070550-0°
142715955009

1.272€3210-09

W2MAX
0.0

5.1365560D-11
2.05280130-10
446129173D0-10
8.1834561D~10
1,27810180-09
1.4469023D0-09
1061541270-09
1.78401980-09
1,95281220-09
2.12143300-09

2429026640-09

‘2445910530-09

2,€2780110-09
2.79635380-09
2496491160-99
1.26996230-09
1,27070550-29
1427159550-29

1,27263210-09

WY IN
0.0
1. 47502780-07
249%550700-07
4e41089540-07
5487050750~07
7032550250-07

7. 8079893D-07

8423914530-07

8,7708159D0-07

9.252399490-07 .

9. 7343393037
1.02159596-0@
1.05730280-0%
1.1180701D-06

14 16619530~06

1e21432050-0%"

T7¢3233755D-07

7.30564883D-07

7430521810-07

7431035510~07

WMAX
0,0

1447502 780-07
2.9456070D-07
444108954007
5.87090760-07
T432650250-07
7,80798930-07
8428914630-07
8,770815°0-07
9425299490-07
9.73483990-07
1 0216934D-06
1.06990 28D-0¢
1.11807010~0¢
1. 16619530-0¢
1¢21432050-06
7030337550-07
7.30548830-07
7.30801810-07

7431096510-07

¥



Lo

T {HOURS)-

“0.0

2400000000

" 44 00000000

. 6400000000

8. 00000000

1,0000000D

. 1420000000

1440000000

* 1460000000

- 1« 82000000

2.00000000
2,2000000D

24 40000000

"24450000000

2. 90000000

3,0000000D

.3.,20000000

3. 40000000
3.60000000

3, 30000000

ol

02
02
02
02
02
02

02

OIFFERENTIAL CHARACTERISTICS-LAST BRACKETS

QLAST
0.0

1,4753701D-06
5489737220-05
1.32547280-05
243536186D-05
3,67390410-05
4415936190~05
4e 643597330~05
5.1283461D~05
5.61423460-05
6,09911680-05
6458459310-05
7.07007020-05
7.55512290-05
8,0397511D-05

8, 5243792D0-05

" 3,65060290-05

3.65273060-05
3.6552783D-05

3465824600-05

WILAST
0.0 '
le 4755415D-07
2.5476598D-07
44 4155083D-07
5487909710-07

T033928350-07

'7.82245830-07

8.30530040-07
8. T8865610-07
9.27252300-07
9, 75605430-07
1.0239836D-06
1407236190-06
1+ 12069790-06
1.16899170-06
1.21728540-06
7.31607510-07
7.31819510-07
74 32073410-07

Te3236914D-07

W2MIN-LAST
0.0
5¢13655600-11
2,05280130-10
4e5129173D-10
8.1894561D-10
1,27812180-09
le 4469223D-09
1651541270-09
1.78401980-09

1.95281220-0°

201214330009

242992664D-09
2,45910530-00

2.62780110-09

+27963538D-09

2.9649116D-09
1.2699623D-0°
1.27073550-00
14 2715955p~09

1.27263210-09

Ty

W2MAX-LAST
0.0
5¢13553630~11
2,05280130-10
4,51291730-10
8,183949610-10
1,27310180-2%
L 44690230-09
1.5154127D-0%
1,734013930-09
1,95281220-06§
2,1214330D-06
2, 29926640-09
244531053D-09
2,52732110-29
2.73635380-09
2:3543116D-29
1, 2599523D0-09
1,27370550-09
1,27153550-09

1e27263210-05

[



8vd

T (HOURS!
2.00000000 Ol
4400000000 01
6400000000 01
800000000 01
100000000 02
1420000000 02
14 40000000 02
1460000000 02
1, 80000000 02
2, 00000000 02
2420000000 02
2440000000 02
2060000000 02
2480000000 02
3, 00000000 02
3, 20000000 02
3440000000 02
3,60000000 02

3.80000000 02

P

INTEGRAL CHARACTERISTICS-BEST BRACKETS

WMIN-SUM
1447502780-06
58956626006
1e 3252165005
2435339680-05
3,67313780-05
5,1865870D-05
6479630060-05
8. 5022968D-05
1.03046780-04
1422034610-04
1¢41986390-04
14 62902350-04
14 84782080-04
2,07624730-04
2.31429890-06
24 50876470-04
2.65485330-04
2. 80098840-04
2,94717822-04

WMAX-SUM
1. 47502780-06
5489566260-06
103252165D-05
24353396AD-05
3.6731378D-05
5, 1865870D-05
5479630060-05
8. 50229680-05
1403046 78D-04-
10220346 10-94
le 619863 9D-04.
1462902350~ 04
1484782080-04-
20762473004
2431429890-04

24 5087647006

246548533D0-04 °

2.8009884D-0¢

209471782D-04

FMIN=-SUM
1e 4#750289C—06
5¢8956670C—-06
1432521 75C-05

243533985C-05

3.6731405C-05

Se LB658200~05
647962101C-05
8453221930-05
1.0304526C-06
142203209C-04
14198250004
1462896 70C~04
18677422004
2,0761418C-04
2.3141608C-04
245085928004
2.6566490C-04

2080074960 =04

© 24964690271.-0%

#¢+32CONCLUSION OF QUTPUT FROM KITT-2%%¢3e

FHAX-SUM
1427502830-06
5,895566700-06
1,32521750~05
2,35339850-05
2,6731405D-05
5.18559200-25
60 79627010-05
8.53221930-05
13334528D-06
1, 2203209)-04
1.41982500-06
1,62896700-06
1.86776220-04
2.07514180-04
2.3161608D-04
2,53859280-04
2,65464900~-04
2.8337696D-04

2,34530270-04

-~



APPENDIX G

REQUIRED.JOB CONTROL LANGUAGE FOR THE
EXECUTION OF -PREP AND KITT AT THE NRTS

The gse of the PREP and KITT computer qodes on the IBM 360/?5 computer
at the NRTS requires minimal Job Control Langﬁage. In order to use PREP
and/br KITT, -the user need only supply a standard NRTS job card, one of
the four:EXEC cards described below, and any required input data.
TO'ruﬁ'the PREP codes in ordef to obtain'ﬁhe fault tree's minimal cut

or path sets, the following EXEC card should be used.
// EXEC PREP

If the user expects the running time will exceed 5 minutes, the card

should be coded as,
.// EXEC PREP,PTIME=XXX

where XXX is to be replaced by the time required in minutes (left justified).
If the KITT-1 program is to be used to.obtain the probability infor-

mation from the fault tree then the following EXEC card should be supplied.
// EXEC KITT1

If the time required to evaluate the fault tree will exceed 5 minutes,

then this card should be coded as follows.
// EXEC KITT1,KTIME=XXX

To use the KITT-2 program to obtain the probability characteristics

the EXEC card is coded as

// EXEC KITT2,KTIME=XXX

Gl



where KTIME=XXX may be omitted if the execution time will be less than or
equal to 5 minutes.
In addition to the above procedures for the execution of any one of

the three components of the code package a procedure is available which

o4

“allows fhe automatic sequential use of PREP followed by KITT-1. That is,
PREP is first executed to obtain the fault tree's mlnlmal cut or path sets,
and then these sets are passed automatlcally to KITT 1 which obtalns the
associatéd probabilistic information. The use of this automatic link pre-
cludes the ruﬁning of se&eral paraméter funs Qitﬁ KITT—l'(ie? NPROB_='1
oniy). This automatic 1ihk‘is executed withAthe following input deck
arrangement.

// (STANDARD NRTS JOB CARD)

// EXEC RENWEV ,P1IME=XXX
// T.SYSIN DD % . |

PREP INPUT

DECK

// KITT.SYSIN DD ¥

KITT INIUT
DECK

The input deck for KITT-1 is the same as that used when KITT-1 is
executed alone except that the cards which specify the number of components
(NCOMP), the failure intensities, repair times, the number of‘minimél éﬁt,
or pafh sets (NCUT), and the minimal cut or path sefs will be sﬁpplied'
automatically by PREP. These cards must be omitted from the deck supplied

by the user.





