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ABSTRACT

This study develops two programs for the calculation
of the reliability of small complex systems. Small is
defined as 10 or less components, 10 or less paths or 10
or less cuts. A method for reducing large systems is
presented with an application.

Both programs are written in VAX/VMS Basic. Program
ESPACE enumerates all possible system states. The user
inputs the components, their reliabilities and the min
cut set. The program determines which states result in
system failure from the cut set and sums the
reliabilities of those states to find system reliability.

For program ADDON the user inputs component
reliabilities and either the min path set or the min cut
set. The program manipulates string expressions to
produce the terms of the addition theorem, applies the
idempotency law (A intersection A is A) and calculates
the signed terms which are summed to give system
reliability.

Systems with common cause failure are not

considered.
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CHAPTER 1

INTRODUCT ION

The determination of the reliability of a system
consisting of several independent components is based
upon the representation of the system in the form of a
series, parallel or series-parallel configuration. This
representation is an expression of the logical
relationship among the system components. Calculation of
the reliability uses the addition and multiplication
theorems of basic probability according to the logic of
the configuration,

For example, assume a water pipe with four
independent valves. It is represented as a series system
shown in Figure 1. The configuration implies that all
four valves must be opened in order for water to flow
thru the system. The upper case letter A represents the
probability componéht A works.

Or suppose an airplane has four independent engines,
this would be drawn as the parallel system shown in
Figure 2. This configuration implies that the aiplane
can fly as long as any one or more of the four engines
are working.

The multiplication theorem is applied to the series
system of Figure 1 since flow through the system occurs

if A works and B works and C works and D works and this
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Figure 1| Figure 2

SERIES SYSTEM PARALLEL SYSTEM

is represented by the following equation:

Rg = RA X RB X RC X RD

The addition theorem applies to the system of Figure 2
since the system works if A works or B works or C works

or D works, or;
Rs = Rp+Rp+Ro+Ry-Rap -Rp-Ran-Rpc-Ryn-Rep*Ranc*Rapn*Racn*Recn-Rasen

If valves B and C in Figure 1 have relatively low
probabilities of working, additional components can be
inserted at B and C to give a series-parallel
representation as shown in Figure 3. The corresponding

reliability expression is:
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Figure 3
SERIES-PARALLEL SYSTEM

However, some systems can not be represented as series,
parallel or series-parallel. These are called complex
systems. Their evaluation involves more complicated
analysis methods such as event-space, decomposition and
min path/ min cut. Event-space is a method which
enumeratates all possilble combinations of component
failures. The combinations which result in system
failure are noted and the sum of the probabilities of the
failure combinations is the probability of system
failure. Each possible failure combination is considered
logically as one point in a sample space. With
components the sample space will contain 2% - 16 points.

In the Decomposition method, a key element is selected
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and removed from the system. Apparently this is done by
-"intuition." Because this method has a subjective
structure, it is not widely used and not further
mentioned here. The min cut/min path method seems to be
the most widely applied Because the others become very
awkward to use as the number of independent components
increases.

The cut sets for a complex system (shown as Figures 4 &
5) are those basic events whose simultaneos occurrence
results in system failure., 1If AB is a cut set and ABD is
also a cut set, the set ABD can be "reduced" to AB and
still insure system failure. A cut set is minima! (min

cut) if it cannot be reduced.
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A path set is a set of components whose occurrence
assures that the system works. A path set is minimal if
it cannot be reduced and still remain a path set., A
minimal path set (min path) is a set of elements whose
functioning insures the functioning of the system.

For Figure 4 the min cuts are AD,BE,ACE,DCB and the min
paths are AB,DE,DCB and ACE. Path DCE results in a
working system but it can be reduced to DE,

One reason min path/min cut is important is the
development of Fault Tree Analysis (FTA). A Fault Tree
is a diagram showing the relationship of the system
components to a particular event which is called the top
event. The top event in the water flow system of Figure
3 might be the failure of water to flow thru the system.
Fault tree analysis begins with the definition of an
event (desirable or undesirable) and traces this event
down through the system to the basic identifiable events.
This top down approach hopefully includes every possible
reason - component failure, operator error, power
failure, etc. - for the occurrence of the top event. One
value of FTA is that it requires a total system view.

The engineers who designed the system can prepare a fault
tree to show how the failure of a given component or
combination of components can lead to the occurrence of
the top event. Fussel and Vessely developed the min cut

algorithm for a fault tree. This algorithm, which has



been computerized, starts with the fault tree and
produces the set of all min cuts.

Recently the obvious application of min cut network
theory to FTA has been developed. The logic of the
system is represented in the fault tree. From the fault
tree a network of nodes and arcs is drawn and algorithms
to calculate system reliability from the network have
been developed.

This study focuses upon an intermediate point in the
problem of calculating system reliability. It looks at
the system at the time the min paths or min cuts have
been determined. No network ideas have been considered.
I'f the system is relatively simple, the min cuts or paths
can be determined directly. 1If a fault tree has been
constructed by the system designers, it is assumed that
the well known min cut algorithm has been applied to
produce either the min cuts from the original fault tree
or the min paths from the dual of the fault tree. The

dual of a fault tree is the tree produced when the "and"

and "or" gates of the original tree are interchanged.
Two approachs to the determination of system
reliability are developed and compared. The first is a
computer calculation which uses the enumeration of the
events leading to system failure and the second is a
computer calculation using directly the min cuts or min

paths. The obvious limitation for calculations of this
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type are system size., Both types of calculations are

- applied to a reduced system. Instead of an algorithm
which deals with very large systems, groups of components
in either a series-paralle! diagram of a fault tree are
reduced to a single value and successive system
reductions lead to a reduced system, small in size and to

which the small system computer programs can be applied.



CHAPTER 11
LITERATURE SURVEY

The literature contains a structured set of articles on
the computation of the reliability of complex systems
beginning with a 1969 article by P, Jensen and M.
Bellmore (1). They are listed in the bibliography and
considered here., The methods of analysis include the
reduction of minimal cut sets, splitting the min cuts
into subsets which will cut down on the number of
cancelling terms in the reliability expression, a
computer program that will reduce the core requirements
and computer time by determining the success paths of a
system and then modifying them to be mutually disjoint,
and a method that will reduce of the number of terms in
the reliability expression by a symbolic terminal-pair
reliability analysis. There are also methods in which
Monte Carlo Simulation is used to model the time to
failure reliability expression.

Jensen and Bellmore (1) present a technique by which
the minimal cuts can be found. After finding these cuts,
they apply Esary and Proschan's lower bound approximation
to reliability that requires the enumeration of these
smaller sets of cuts through the system. This method is

referred to as the minimal cut approximation to

reliability,




Boolean algebra is a tool many of the authors use to
.determine their algorithms for reliability analysis and
several programs have been created that will reduce the
amount of computation required in the reliability
analysis. In 1973 Fratta and Montanari (3) state in

their findings that;

Given the set of all simple paths between two
nodes in a network, the terminal reliability can
be symbolically computed by transforming a Boolean
sum of products into an e%uivalent form in which
all terms are disjoint. hey represent a
communication network by an oriented graph with
weighted arcs and unweighted nodes. The nodes
represent stations, assumed to be completely
reliable; the weighted arcs represent direct
unreliable connections, that is, connections which
are available on the average only for a given
percentage of time. The weight assigned to each
arc is its probability of existance and is also
known as the arc reliability.

And also:

Boolean algebra has been used to find the
probability of communication between a pair of
nodes in a network starting with a Boolean product
corresponding to simple paths between the pair of
nodes and making them disjoint (mutually
exclusive).

Reliability theory and its foundation in terms of
coherent structures is "success-event-oriented.” In event
tree theory the system event constituting the top event
may be system success or system failure or any other
system event which can be analyzed.

A coherent system is one that meets the following

c}iteria: (this is taken from P.A. Jensen and M.
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Bellmore, "An Algorithm to Determine the Reliability of a

_Complex System")

1). when a group of components in the system is
failed causing the system to be failed, the
occurrence of any additional failure or failures
will not return the system to a successful
condition;

2). when a group of components in the system is
successful, the system will not fail if some of
the failed components are returned to the
successful condition;

3). when all the components in a system are
successful the system is successful;

4). when all the components in a system are failed

the system is failed;

Singh and Billington (4) developed in 1974 a new method
to determine the failure frequency of a complex system in
which they "consider the reliability evaluation of a
complex maintainable system using a cut set approach."
They use a reliability block diagram and make no
reference to the number or configuration of the
components.

In 1975, a fast algorithm for reliability evaluation
was given by Aggarwal, Misra and Gupta (5).

An algorithm is developed to obtain a simplified
reliability expression for a general network. All
the success paths of the network are determined;
then they are modified to be mutually disjoint.
The reliability expression follows directly from
the disjoint paths. The algorithm is easy and
computationally economical. The reliability
expression involves fewer terms and the arithmetic

operations than any of the existing methods.
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This paper makes no reference to the size of the system
_or number of components.

"Determination of Reliability Using Event Based Monte
Carlo Simulation," written in 1975 by Kamat and Riley
(6), combines reliability flow graph representation and
Monte Carlo simulation. Their method does not generate
failure times for the system but instead generates the
failure for the individual components and uses these
failures to trip signal a system failure. The
distribution approximation is at the component level,
thus reducing the possible error in the resulting
reliability estimate.

In 1976 Lin, Leon and Huang (7) developed a new
algoritm for symbolic reliability analysis. Twenty or
fewer paths are evaluated. This paper makes no attempt
to generate mutually exclusive events from the set of
paths or cut sets but uses a technique to greatly reduce
the number of terms in the reliability expression. The
method applies to system graphs with unreliable branches
or nodes. Each branch is directed or undirected.

Kumanto, Tanaka and Inoue (8) developed in 1977 a Monte
Carlo Simulation method by applying variance-reducing
techniques. The method can be applied to large complex

systems consisting of reliability block diagrams or fault

trees,.




Two binary functions are introduced: one dominates
the system structure and the other is dominated by
the structure function. These functions can be
constucted easily by using parts of path sets and
cut sets of the system. Through the use of these
binary functions, two variance reducing techniques
(control variate and importance sampling) are
applied to the Monte Carlo evaluation of the
system reliability.

This method gives a reliability estimate with a smaller
variance than the crude Monte Carlo method.

A top down algorithm for obtaining prime implicant sets
of non-coherent fault trees was given in 1978 by H.
Kumamoto and E.J. Henley (11). A non-coherent fault
tree is one that contains other gates than the AND or OR
as in coherent trees. These are gates such as EOR
(either this component or that component but not both)
and the NOT gate. The sets for such a tree are referred
to as the prime implicant sets.

A complete set of prime implicant sets gives all
the nodes of system failure, and a qualitative
and/or quantitative system analysis becomes
possible. For example, a system is improved by
removing the sets containing only one or two
primary events. The system reliability and
availability can be evaluated by the inclusion-
exclusion formulas when a stochastic property of
primary events is given. The exact system
reliability can be calculated by converting the
prime implicant sets to disjoint probability
algebraic product terms,

A core efficient cut set algorithm, FATRAM, was
developed in 1978 by D.M. Rasmuson and N.,H. Marshall
(12). They present a program that will efficiently

12
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produce the cuts sets required for fault tree analysis.

_This program is intended to make a higher utilization of
computer memory. However, this program does not evaluate
the system reliability.

In 1979 J. A. Abraham (13) developed an algorithm which
will rapidly produce, using "boolean algebra to find the
probability of communication between a pair of nodes in a
network by starting with a boolean product corresponding
to simple paths between the pair of nodes and making them
mutually exclusive," the disjoint products. Abraham
considers the failures on the edges of the network and
the algorithm can be used to derive the failures at the
nodes. Abraham does not account for the the actual
number of components in the complex system. In his paper
entitled "An improved algorithm for network reliability",
he states;

The n product terms corresponding to the simple
paths from the source node to the termination node
are presumed known. At step k of the algorithm,
the product Sk is made disjoint with each of the
products S1,52,83,...,,5k-1. In this process, Sk
expands to a set of disjoint products PDk, each
product in this set being disjoint with
S1,82,83,...,5k=-1. Thus the crux of the problem
is the manner in which some product Pi is made
disjoint with a product Sj.

"Recursive disjoint products, inclusion-exclusion and
min-cut approximations," written in 1980 by M.O. Locks
(14), references the paper by J.A.Abraham (13), and Locks

says;

13



Abraham presented an algorithm which drastically
reduces the amount of computation needed to obtain
the disjoint sums. Given the complete list of
minimal success paths for an s-coherent system,
the algorithm recursively decomposes the Boolean
polynomial for system success into disjoint terms
stepping one minimal path at a time; the systems
reliability R is then computed by summing the
probability of the terms.

Locks points out that recursive inclusion-exclusion
(called IE), also known as Poincares Theorem, gives the
same result as Abraham, however, the probability
polynomial is different.

The system success probability R is derived
recursively from the Boolean logic polynomial
whose terms are the minimal paths by mixing and
matching l-valued indicators stepping one min path
at a time.

These terms are between alternating plus and minus
signs instead of the additive approach of Abraham.

Hence, the accumulated probability is the summation of
the probabilities of the terms. Disjoint Products
(called DP) builds the system reliability function for R
by accumulating the probabilities of the "m" minimal
paths one min path at a time.

The IE method delivers the upper and lower bounds on a
system reliability which converge to the exact system
reliability.

For a very large complex system, it is not practical to
use exact methods with full information of all minimal

states in the system. This requires a very large number

14



of terms in the polynomial. Because they provide a good
. standard of comparison, exact methods are quite
attractive. Locks did not conduct comparative computer
experiments for recursive IE verses the recursive DP due
to the difficulty of comparing matters such as size of
the polynomial, number of comparisons, ease of
programming or computer time. He states that to do a
more complete story on the advantages and disadvantages
of IE verses DP would require more work and computer
experimentation.

"A Compilation Technique for Exact System Reliability"
is given by Keun K. Lee (15) in 1981.

An algorithm is presented for evaluating exact
system reliability without using a Boolean
polynomial equation. A Boolean expression is
converted to polish post fix notation. System
reliablility is computed by converting the post
fix notation into a sequence of arithmetic and
stack operations.

The system reliability is the result of the success or
failure of the components and their structure throughout
the system. There are 2™ additions and subtractions and
(n x 2™ multiplications to perform (m being the paths
and n being the number of components). He will find
either the failure or the success (from the dual of the
fault tree) depending on whether there are more OR gates
‘or if there are more AND gates. This paper addresses the

question of number of computations and computer error

15



magnitude in the evaluation of a fault tree with, say,
_ 1000 events.

There is a considerable amount of attention given to
the subject of complex system reliability in a review by
F. A, Tillman, C.L. Hwang and M.H. Lee (16) in 1981 on
reliability evaluation techniques for complex systems.
They refer to several articles in which computer programs
are used in determining system reliability.

All the evaluation techniques used in the papers
surveyed have only limited success in solving some
large/complex system reliability evaluation
problems. Few techniques have been completely
effective when applied to large system reliability
problems. Algorithms of effective and time saving
origin are a common approach in computer aided
reliability approximations. They are useful when
systems become so large and complex that the
computation time has limited feasability.

Minset splitting is a method introduced in 1986 by K.D.
Heidtmann (18). This method is designed to improve the
current reliability computations by reducing all minimal
sets into two subsets. The use of this method avoids the
task of inclusions or exclusions in the addition theorem
and results in a formula without cancelling terms.

Because systems with such splitting do not belong
to the class of p-graphs, a new subset of coherent
structures (those that are solely "and" and "or"
gates) and a new algorithm is found so that system
reliability computation avoids cancelling terms.

- This paper looks at a way to calculate the system
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reliability which is more accurate than the standard
addition theorem.

In 1986 S.P. Jain and Krishna Gopal (19) developed
Network Augmentation for improving the reliability of the
network. This is a method which involves improving the
reliability of existing links in the network or the
addition of new links at precisely the most beneficial
stage of the network.

An algorithm for reducing the cut sets in a fault tree
was presented by N, Limnios and R. Ziani (20) in 1986.
The Mocus computer program contains an algorithm in which
the cut sets of a fault tree are minimized. Using a
fault tree to arrive at all possible minimal cut sets is
a major step. Many algorithms have been developed to
produce the min cut sets and removal of the non-minimal
sets is quite time consumming.,

An algorithm for exact fault tree probabilities without
the use of cut sets was developed by L.B. Page and J.E,
Perry (21) in 1986. TPDD is a top down recursive
algorithm and declares that fault tree probabilities do
not depend upon pre-determined cut sets. TDPP handles
non-coherent fault trees with replicated/repeated inputs.
This applies to moderate size trees (50 to 100

nodes,i.e., 50 to 100 components).

For in an exact top-down approach to cut-set

determination, both the sizes of individual cut

sets and the length of the list of cut sets grow
17



as one works down through the tree. By contrast,
in top-down probability calculations no such
dynamic memory requirement is present. No lists
need be maintained. Their algorithm works
directly with probabilities, which are numbers.
No symbolic manipulation is required. The only
dynamic memory allocation is for the recursive
stack, and this is proportional only to the depth
of the fault tree and presents small demands even
for a microcomputer.

"Reliability analysis of networks with capacity-
constraints and failures at branches and nodes," by W.J,
Rueger (22) in 1986, declares that the minimal paths or
cuts of a system are not clearly stated. A new method
for reliability analysis of stochastic flow networks is
proposed. Nodes as well as branches can have limited
capacities and can fail,.

The method builds a branching tree. The tree
nodes are the disjoint terms of a symbolic
reliability expression. Ruegers method shows how
"to find the probability function and mean of the
network performance."

The system must be monotonic. When the elements of a
set are failed then the result is also a complete system
failure. The elements are statistically independent.

Finally, in 1986, Schneeweiss (23) covers the subject
of failure frequency of systems with dependent
components,

The conventional approach to determining system
failure does not allow for dependent components.
A novel approach presented (in his paper) shows
clearly which information is needed to treat the

case of independence. The information is more
18



complicated than that needed for system
availability determination, yet it is the same
type, viz, joint probability of higher moments of

joint binary processes. The main result is:
system failure frequency can be found as the
limiting value for expectation of the product of
the negated fault tree output at t and the usual
output at ( t +At ), all divided by & t.
With Schneeweiss's paper the editor noted that it was
not feasible to reconcile all the differences between the

author and referees. The differences centered on the

novelty of his approach and not the correctness.

Summary of the literature

The literature prior to about 1970 seems to have
established methods for the determination of complex
system reliability. For the last 15-20 years almost all
of the efforts directed at the problem are more efficient
algorithms for computation. The basic probability
problem is usually converted to a network problem or
boolean algebra problem for a new algorithm,

Several articles are directed at attempting to compute
very large system reliabilities at one pass. In
practice, large systems of, say, 1000 components, exist
but are analyzed in terms of subsystems for which a
reliability has been calculated. Not one of the articles

. considered here were found to consider the problem of

common cause failures.




CHAPTER 111
ESPACE

Any system can be evaluated by the Event-Space method.
This method uses combinatorial methods to produce a list
of all possible "failed" states of the system: beginning
with 1 failure up to n failures. The event space method
is an exhaustive listing of all possible states of the n
components in the system. Consider Figure 6 shown below,
without any consideration of the paths between

components, it is clear that 2 5 = 32 possible states

exist. The empty set, ABCDE, is one of the 32 but cannot
result in system failure so that 32 - | = 31 states exist

which could result in a system failure.

A B—

|
|
o
|
|

Figure 6
5 -COMPONENT COMPLEX SYSTEM
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The Espace program has to be told which states result
in system failure. This is done by giving the program
the min cut sets. The program determines each state and
compares it to the min cut sets, If the state contains
any min cut, the program stores that state (event) into a
matrix and calculates the probability of its occurrence.

The first step is to produce the combinations of all
possible failures, for this example there are five
components and therefore the event space is 29 = 32. |If
any one of these events contains a minimal cut set then
this event is a system failure state and its probability
of occurrence is (using the multiplication theorem for n
independent components) the probability each component is
either failed or working.

For Figure 6, the minimal cuts are those cuts that upon
occurrence, will result in system failure. For this
example the min cut sets are AB, DE, ACE and BCD. If cut
set AB occurs the probability of its occurrence will be
equal to the failure of component A times the failure of
component B times the product of the probability of
successes of the components C,D and E. Table 1 is a
listing of all possible failure combinations for the
components. For easier notation, this listing produces
the state of each component for each event, this is done

by denoting a "failed" componet with a capital letter and
y g p P

a "functioning" component with a lower case letter (e.g.

2]




event AbcDe implies components A and D are failed, while
~components B,C and E are functioning). The probability
of the occurrence AbcDe is A x b x ¢ x D x e, where an
upper case letter has the probability | -p (p is the
probability the component works).

After all possible combinations are checked for cut
sets, those that contain a minimal cut set are denoted
with an asterik(*) and stored into an array for the
future calculation of the probability of occurrence and
system reliability. 1In Table l, those events containing
cut sets are marked by an *., Note that the computer uses
only upper case characters and only the asterik indicates
events resulting in system failure.

Figure 7 is a listing of the statistics about the data
for the components shown as Figure 6. Figure 7 also
lists the computer printout of the results for this data
run. The output is given to be a listing of the asterik
marked combinations and there corresponding probability
of occurence. Note that the computer will only list the
failed components and not the working ones.

Program ESPACE will produce the combinations of failed
components and compute their probability of occurrence
and the resulting reliability of the system. Figure 8 is
a logic flow diagram for program ESPACE and the

corresponding computer commands are given at each flow

bfock.




1 Failure 2 Failures 3 Failures &4 Failures 5 Failures

- - - - —-——- - e w - - - - - -
- - - - -

Abcde ABcde* ABCde* ABCDe * ABCDE*
" aBcde AbCde ABcDe* ABCdE*
abCde AbcDe ABcdE* ABcDE*
abcDe AbcdE AhCDe AbCDE*
abcdE aBCde AbCdE* aBCDE*
aBcDe AbcDE*
aBcdE aBCDe*
abCDe aBCdE
abCdE aBcDE*
abcDE* abCDE*
Table |

EVENT SPACE FOR 5-COMPONENT SYSTEM (Figure 6)

CONBINETICN  FROBABILITY OF GCCORENCE

L2232 83388%1 TEREXEIXELRRLATETLRRILRINRL

PROBABILITY  FROBABILITY £ 0017871
OF SECCESS  OF FAILORS oE 028501
N B3¢ 00908524
! ! ‘i -4
mam cmm ...... e _ 15 32009409
| ) 3 ; 1BE 00005320
) ; e 0 KE 0008139
1 c Y A It 00814230
1 N o % 305 AT
§ i 97 13 Bt
37 43003946
) 0200629
4BCE 00306171
: A3} 903029
TS (07 SEIS AR 2
................ At 00000441
B 00203081
1 18038 30000093
o e
" ol 0036098
31

RELTABILITY OF STSTEN = 436101

Figure 7
OUTPUT FROM ESPACE RUN OF COMPLEX SYSTEM Figure 6
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{1

{I)

L DUNXY VALUE OF ONE IS ASSIGNED 10 A STRING FOR EUTORE
CORPUTATIONS OF 1 MINUS THE PALURE RATE
US=STRS(1)

LORD THE NAMES OF TEE COXPONENTS
PRT=170F
RERD B§(%)
YEIT 1

LOLD THE CONPORENT RELIEBILITY'S
RT=1107
RERD R1S{%I

TEE TAILORE = DUXNY STRING - RIS
RI§T) = DIFS{US.RIS:T)
LN

RERD THE CUF SETS
FORI=1101
RERD 06{1)
YEIT 1

Figure 8
FLOW DIAGRAM FOR PROGRAM ESPACE
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PRODUCE THE EVINTS IN WEICH ONE COMPONEN? FAILS
M=l
FORE=111707
[=0+1
BS(E) = ${0)
GOSUB 10 SEE IF THIS
EVENT CONTAINS XIN COUT
NEIT &

PRODUCE THE EVENTS IN FEICE TR0 CONPONENTS FAIL
Bt =1
A=}
FOR B = B! 10 -1
FOR A= 1T07Y
[=11+1
BS{K) = A5(B)+A§{)
GOSTB 0 SER IF THIS
EVENT CONTRINS XIN COT
REIT &
M=1+1
FEIT B

PRODUCE THE EVENTS IN WEICE THAEE CONPONENTS FAIL
{1=1
Bl =1
1=
FOR = (%0712
FOR B = Bl 10 1]
PORM=11107
[=0+1
BS(E) = AS(C)+AS(BI+AS 1A}
GOSOB 0 SEE IF THIS
EVENT CONTAINS XIN COT
NEIT &
i=1+]1
NEXT B
i =B1+2
Bl=31+!
NIt ¢

Figure 8 (Continued)
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SUBROCTINE WEICH WILL CBECK THE GIVEN ESPACE COMBINATION
FOR CONTAINING A NININRL COT SET
§=5+1
FRI=1101
FRT=1T07
L=POS(OS(T1.48(1).1)
IF =0 THEN RETORE
1§ = SEGS(08(1).2.1)
X =POS(BS(E).28,1)
IF ¥ = 0 TEEXN RETORN
LIV
L$(Si = CERS(42)
60 10 NEIT !
LS(S) = SPACES(1)
YEIT |

TEST 10 SEE IF A GIVEN EVENT IS NARKED WITH AX ®, IF §0 THEN COMPOTE
THE PROBEBILITY OF TEE OCCURRENCE FOP THE EVENT AND TOTAL RELIMBILITY
OF SYSTEN
FORI=110$
RELSUD) = 08
IF L§{I) = CERS(42) THEN 1690
60 70 1780
FRE=11T07F
L= POS(BS(I).AS(RI. )
IF =0 THEN 1740
RELS{I; = PRODS(RELS(I).R2§(K),10)
60 10 1750
RELS(I) = PRODS(RILS{I) . R1S(N}.10)
NEIT K
RS=SUNS (RS, RELS(I))
NEXY 1

THIS PROCESS ¥ILL CONTINUE ONTIL THE EVENT OCCORS THAT CONPONEN?S
1 THROUGE ¥ ARE FAILED.

Figure 8 (Continued)
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CHAPTER 1V
ADDON

ADDON is another computer program for reliability
evaluations. This program applies the addition theorem
of probability to system reliability evaluations. Given
the min cut sets, the system unreliability is calculated
or given the min path sets the system reliability is
calculated. Unlike ESPACE, program ADDON does not have
to be told which failures result in system failure
because the set of min cuts or min paths contains this
information.

If the set of min cuts is known, the occurrence of any
one or any combination of these min cuts result in system
failure. 1If any one or combination of the min paths
occurs the system must work. The cuts or paths are not
mutually exclusive. That is, the system is examined at,
say, 200 hours of service and cut ACD has occurred. It
is also possible that cuts ADF and BCD have occurred.

System failure can be calculated using the addition
theorem. Suppose the cuts are;

AE,ACD,ADF and BCD,

the addition theorem for 4 events is used to calculate

Fs, the probability of system failure. The logical
principal is that if any one or any combination of the
cuts has occured, the system will fail (Fg) and system
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reliability (Rg) is;

Consider the complex system shown as Figure 9. The
path sets are easily determined to be AB, DE, ACE and
DCB. The program output is shown in Figure 10 giving
each term for the addition theorem and a resulting
reliability of 0.967023. A more complicated system is
shown as Figure 11. The path sets are A,G,EF,EDC,BC and
BDF. This system has seven components. The size of an
ESPACE program run is determined by the number of
components. There would be 27 - | = 127 events to be
evaluated. ADDON, however, has a program run size
determined by the number of paths or cuts. In this case,
with 6 cuts, there are 26 - | = 63 terms to evaluate. |
The output is given in Figure 12 with a resulting system
reliability of 0.999949.

Figure 13 is a flow diagram for program ADDON, The
listing includes the computer commands at each stage of

the diagram.

S ) m——— Y .

5 -COMPONENT COMPLEX SYSTEM
Figure 9
28



PROBABILITY  PROBABILITY
OF SUCCESS  OF FAILURE

XUNBER CONFONERT D i
1 ] 9 J
! 8 § .
3 ¢ 9% 05
{ D 9 J
3 3 89 Al

1B

JE

A2

53

XTNBER TERN RELIABILITY OF TERM
Hi i Hit b
l 1B Ny

l DE B0

3 E 5098

4 BCE R114

3 L3DE =80
§ k3R M H
L kBt - 6188

§ CSE - 88488
§ - BCDE -.508%¢
i EB(TE -.547884
il L3CDE S40884
¥ 1BCIE 547884
1 ABCDE S84
1 BCIE S47884
15 1BCDE 547884
T37L 967043

XELIASILITY EEPRESSION - t AB ¢+ DB« KCE + BCD - ABLE - ABCE - ABCD - ACDE -
BCUE - EBCDE + RECOE + ASCDE + ABCLE + RBCIE - RBCDE

RELTABILITY 2F SYSTEN - 357023

Figure 10
OUTPUT FROM ADDON RUN OF COMPLEX SYSTEM Figure 9
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— o —
—(=2 —F —
(G-
Figure 11

7 -COMPONENT COMPLEX SYSTEM

T8z NININRL COT5 RRE

AREG
IEG
PROBABILITY  PROBABILITY
OF SOCCESS  OF PAILORE
¥UNBER CONPONENT p q YTNBER HATH ONRELIABILITY OF TERX
1 -------- l T 1 """ Hiiti tit T T
2 B .4 .2 1 A3EC 000928
3 ¢ Z 3 ) ACEG 000042
{ ) 95 05 3 1BCERG -.000000336
5 f % Moo T T
§ I 86 A4 10TAL 000049664
1 ¢ .49 .01

ONRELIABILITY EEPRESSION =  + ABEG + RCEG - ABCERG

RELTABILITY OF STSTEM = 999950336

Figure 12

OUTPUT FROM ADDON RUN OF COMPLEX SYSTEM Figure 11
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IDENYIEY VEETHER YHESE ARE THESE PATES OR COTS.
IF PATES THEN Z=1 AHD Z=10 PoR CO1$
READ 2

RERD THE WUNBER OF PATHS OR CUTS
(n

{X

A DUNXY VARIABLE IS ASSIGNED 10 A STRING FOR FUTORE RELIABILITY
CONPUSLTIONS OF 1 MINUS YHE UNRELIABILITY

US = STRS(1)

LOLD THE COMPONENTS
PRT=11%1

RERD P§(%)
MIT !

LOAD THE PATES
BRT=1107Y

READ AS{Y)
f T

LOAD THE CONPONENT RELIABILITY'S
PRT=11701
RERD RIS(T)

THE FAILORE = DONNY STRING - i

E4S(T) = DIRS(US.018(1))
FEIT 1

Figure 13
FLOW DIAGRAM FOR PROGRAM ADDON
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PRODUCE THE TERMS OF T EIPRESSION IN WHICH PATES OR CUTS ARE SIKGULR
i =]
FRL=M1 007
=1
(=0t
BS(E) = AS(R)
GOSU3 YO RENOVE DUPLICATE COMPONENTS
NEIT &

FRODUCE THE TERNS OF THE EXPRESSION IX WEICE THE PATES OR CUTS ARE
SUMNEL IN SETS OF T¥0
b=t
1=
POR B = B! 10 7-1
FORE=01107
19=-1
F=0+]
BS(K} = RS(BI#AS(A)
GOSUB 10 RENOVE DUPLICATE COMPONENTS
N
=1+
IEIt 8

PRODUCE THE TERXS OF ?HE EXPRESSION IN WRICH THE PATES OR CUTS ARE
SUBNED IN SETS OF TEREE
(1=1
Bl =2
=1
FOR C=C1 1072
FOR B = B1 10 11
FOR 1 =11 70¢
19=1
[=0¢1
BS(D) = RS(CI4RS(B) 48R
GOSUB Y0 RENOVE DOPLICATE CONPORENTS
FEIT &
=i+
§EIT B
=81+
Bl=381+]
JEIT C

Figure 13 (Continued)
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COXPUTE TEE RESEPECTIVE RELIABILITIES OF THE TERS OF THE EXPRESSION
AND TRE RELIABILITY OF THE SYSTEN
IF 79 = | THEN TEE TERN OF THE EXPRESSION IS PRECEEDED BY A +
SIGNAND A -SIGNIF M9 =-]

IF 19 =160 10 BOX
SIGKS= CERS{45)
bh=-1
60 10 CASE

BOL  18=!
SIGNS=CERS (43}

CASE L5§=51R8(LS)
118=51R8(1)

PRT=1101
L = POS{SS(0).PS(1).1
IF L= 0 TEN 1080
IF 1 =1 THEN 1060
G38(T = TSN
60 10 UNRELIRBILITY COXPUTATIONS
G35(1) = T8(T)
£78 = PRODS(RS.G38{).10)
FEIT 1
LLIE LI
K75(X5) = PRODS(KTS,L3S.10)
SPCES = SPACES({L)
REL§=STNS (RELS. RS (N5
EIPKESSIONS = EXPRESSIONS
+ §PCES + SIGNS + SPCES + $5(0)

SUBROUTINE VEICE WILL SEARCE ?BE TERM OF TIPRESSION EOR
DUPLICATE VARIABLES
T=0+1
FRT=1101
= POS(BS(R.PS(T). 1)
F=0 THEK 760
15 = SEGSIBS(XILETI
§5(0) = $§(T) + 1§
NEIT T

THIS PROCESS WILL CONTINUE ONTIL THE TERX IN WEICE ALL THE PATES
OR CUTS ARE COMBINEL,

Figure 13 (Continued)
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CHAPTER V
SYSTEM REDUCTION

For large systems, say those which contain more than 10
min cuts or min paths and more than 10 components, it may
not be practical to evaluate the system as a whole.
Because the number of terms in the reliability expression
for min cuts or paths grows at a rate of 2 to the nth
power (where n is the number of min cuts or paths) the
reliability expression jumps from 1023 terms to 2047
terms as the number of cuts or paths moves from 10 to 1I1.
With the ESPACE method the number of possible points in
the event space increases at the same rate as the ADDON
method. ESPACE is based on number of components while
ADDON depends upon number of paths or cuts. Therefore, a
reduction in system size would be an appropriate
evaluation technique for large systems. This reduction
will involve isolating a section of the system and making
its ADDON or ESPACE reliability computation and then
inserting it in the system as a component. This is best
explained through an illustration. Assume the fault tree
given in Figure 14. This system contains 25 min cuts, 3
min paths and 10 components. The following procedure
>could be applied:

1). Select any gate on the fault tree or dual
fault tree that contains a state of the system for which
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[' f.uscn.?xr-::‘
Gioke Feoilure

Figure 14

FAULT TREE FOR AUTOMOTIVE BRAKE FAILURE
a reliability calculation is desired. For this examp le
use "failure of rear system", as shown in Figure 15.
2). Treat this gate as a "top event" and calculate
its respective reliability or unreliablity using either
the ESPACE or ADDON program. Figure 16 is a listing of
the statistics about the data. The results of the ADDON
run are given in Figure 17,
3). Insert the reliability or unreliability into
the diagram and treat this as a new element or component.
Figures 18 and 19 are the reduced system fault tree
diagram and statistics,
4). Compute the total system reliability. The
results of the ADDON program for the reduced system is
shown as Figure 20.
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: { Foiture cf
- ( Rear System

Rear

Viheel Brok Master
Cylg_nﬁers Lirnc:n; Cylinder
a Fails 2 Fons'

Left
Viheel
Cylinder
Fails

Right
V/heel
Cylinder
Foils

Figure 15

FAULT TREE FOR AUTOMOTIVE REAR BRAKE SYSTEM FAILURE

PROR, of PROB. of
{OMPORENT SUCCESS FRILORE
YUXBER coxposzat IDENTIFIER ] q
i Rear Brake Lining Faiis [} 95 05
1 Xaster (ylinder 2 Fails B R 02
3 Tnsufficient Fluid ¢ 97 03
4 Left Theel Cvlinder Fails J R 06
5 Right Wheel Cyiinder Fails E 96 04

TEE CUT SETS ARE

D > O e

Figure 16
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STATISTICS ABOUT COMPONENTS FOR REAR BRAKE FAULT TREE Figure 15



NONBER TERM UNRELIABILITY OF TER
i it tHiti e
1 i 08

l B 02

3 { 0

§ ) .06

§ £ 0

4 1B =001

1 K -.0018

§ 1 -.003

§ I\ -.002

10 B -.0006

1 i -.0012

12 BE -.000¢

13 i -,0018

14 {t -.001

15 3 -.0024

16 1BC .00003

17 18D 00006 .
18 ABE 00004

19 LU .00009

0 ACE .00006

i ADE 00012

Iy BCD .000036

X BCE 000024

I BDE .000048

15 CDE .000072

2 150D -,0000018
2 ABCE -.bogoota
i 3DE -.0000024
2 ACDE -.0000036
30 BCDE -,00000144
i EBCDE .0000000M2
1074 (185069612

ONRELIABILITY EXPRESSION = + A+ B+ C+D+E-RB-RC-AD-RE-BC-BD-
BE - €D - CE - DE+ ABC + ABD + ABE + ACD + ACE + ADE + BCD + BCE + BDE + CDE -
BCD - ABCE - ABDE - ACDE - BCDE + ABCDE

RELIABILITY OF SYSTEX = .814830368

Figure 17

OUTPUT FROM ADDON RUN OF REAR BRAKE (Figure 16) STATISTICS
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Lutermctive
Brove Feiture
Argitont

Feoidure of
Frort Syctem

[

poster
Cylinder
| Foils

Figure 18

REDUCED FAULT TREE FOR AUTOMOTIVE BRAKE FAILURE

PROB, of PROB. of

COXPONENT SUCCESS FAILORE
XONBER {O¥PORENT IDENTIFIER P q
1 Pailure of Rear Systea 3 8149304 1850696
2 Driver Retion Failure B 80 .
| Pront Brake Lining Fails ¢ g8 Wi
{ Naster Cylinder 1 Fails i 48 08
§ Insufficient Fluid £ 97 0
f Leit Wheel Cylinder Pails ! 4 .06
1 Right Wheel Cylinder Fails é 96 04
TBE NINTMRL PATES ARE
i
B
FGLIE

Figure 19

STATISTICS ABOUT THE COMPONENTS OF REDUCED TREE (Figure 18)

38



NUNBER TERK RELIABILITY OF TERN

fifi tit T T
1 A $149304

l B 4

3 (DERG S236712

§ ) - 65184432

5 kCDERG -, 5082486204

5 BCDERG - 49893696

1 ABCDERG 4065958964

T0TAL 386070396

RELIABILITY EEPRESSION = + 0 + B + (DEFG - A - ACDEFG - BCDEFG + ABCDEFG

RELTABILITY OF SYSTEX - ,385070596

Figure 20
OUTPUT FROM ADDON RUN OF THE REDUCED TREE STATISTICS OF Figure 19
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Figures 21 and 22 are the statistics about the data for
- the unreduced fault tree shown in tigure 14 and the
output from the ADDON program run of these statistics.
Note the variation in the two outputs is only
0.0000000026.
The idea of system reduction might be best explained by
the following hypothetical example,

Suppose that 40,000 mile data is accumulated on

automobile components and the probability the automobile
fails to start at 40,000 miles is to be determined. The
fault tree for this situation is drawn by system

designers and is shown as Figure 23.

PROB. of PROB. of
CONPONERT  SUCCESS FAILURE

NONBER CONPONER? IDENTIFIZR P q
1 Driver ketion Failure I} .80 .
] Frot Brake Lining Fails B 7 25
] Yaster Cylinder | Fails { 4 8
4 Front Insufficient Fluid D 4 R}
5 Rear Brake Lining Rails ) 43 .05
6 Raster Cylinder ) Fails 1} 48 02
1 Rear Insufficient Flind § RY 03
8 Front Left Cylinder Fails B H 08
4 Pront Right Cylinder Fails I Rl 04
18 Rear Left Cyiinder Fails J 7} .06
11 Rear Right Cylinder Fails I .96 04

Figure 21
STATISTICS FOR THE UNREDUCED FAULT TREE OF Figure 14
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NONBER TERX RELIABILITY OF 1ERY YEE NIKINAL FATES KR

fiiii $it P
1 | 4 1

J 3CDBI L5236712 BIBCD

3 EFGIE 814830368 JEEEG

4 ABCDEI - 49893696

5 AEFGIT -, 6519442944

§ BCLETGRIJE  -.%082486007

1 ABCDEFGEIIL 4065922804

1T L9856705933

RELIABILITY EZFRESSION =+ & + BCDED + BEGJE - RBCDEI - REFGJE - BCDERGEIIE
+ RBCIEFGEINR

RELIEBILITY OT SYSTEK = 9860708933

Figure 22

OUTPUT FROM ADDON RUN OF THE STATISTICS FOR Figure 21

5%.1‘": b Stact
556

[=] Fuel Sqstem B BQ“&" G E‘ECH¢°I
Failure N Foilure Q System
FQ.Ilurg

Figure 23

FAULT TREE FOR AUTOMOBILE FAILURE TO START
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There are 10 components for which 40,000 mile failure
-data has been accumuiated. The top event is failure to
‘start. Gate 6 (G6) represents the failure of the

rectifier in the alternator to operate with components I
and J. The rectifier fails if either 1 or J fails. Gate
5 represents the alternator failure with various
components collectively shown as H and alternator failure
resulting from rectifier failure as G6. Both H and Gé
must fail before the alternator fails. Gate 3 (G3)
represents battery failure which occurs if either its
various components, shown as E, fail or if an alternator
failure shorts out the battery. Gate 2 (G2) represents
the fuel system with components C and D being collections
of various fuel system components. Component C might
represent the various carburator systems considered
collectively., Gate 4 (G4) represents the electrical
system failure. Both components F and G must fail to
cause a G4 failure. At the top is the "and" gate stating
that Gl (representing the failure of the fuel system or
battery or electrical system) must occur in conjunction
with events A and B for the start failure to take place.

This example is hypothetical but generally

representative. It is possible that the complete fault
~tree for the top event would be drawn and one system
failure probability calculated. It is more likely that
the system designers want to know the probability of
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alternator failure at 40,000 milies, of battery failure
-at 40,000 miles and electrical failure at 40,000 miles.
jThat is, there is a normal desire to determine failure

information on system components. This.implies a need
for system reduction. The cut sets for the complete
system of Figure 23 are determined by the min cut
algorithm to be :

ABC,ABD,ABE ,ABFG,ABHI ,ABHJ

Suppose Gate Gé is evaluated and replaced in the fault
tree by G6. A reapplication of the min cut algorithm
would give cuts:

ABC,ABD,ABE ,ABFG,ABH(Gé)

Because the algorithm converts ABH(Gé6) to ABHI and
ABHJ. Similarly, the fault tree with Gate 4 represented
by component (G4) results in cuts:

ABC,ABD,ABE,ABHI ,ABHJ ,AB (G4 )
and the algorithm converts AB(G4) to ABFG,

I'f the battery failure probability has been determined
and is represented in the fault tree by (G3), the cut
sets are:

ABC,ABD,ABFG,AB(G3)

Again the algorithm converts AB(G3) to ABE, ABHI and
ABHJ .

The purpose of this example is to show that there is no
question about equivalence when system reductions occur.
Any gate in the fault tree can be replaced by an
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:

equivalent representative component with a known

probability of failure.

This means that either program ESPACE or ADDON can be
applied to a gate such as G3 (shown as Figure 24) with &
components to determine the probability of battery
failure at 40,000 miles. This would result in a reduced
fault tree (shown as Figure 25) with seven components
which can, in turn, be evaluated using ESPACE or ADDON,

Figures 26 and 27 are the data statistics for Gate (G3)
and for the reduced fault tree respectively. Note that
G3 is represented in the reduced tree data as component
Z,

Figures 28 and 29 are the respective program outputs
for the data runs with the ADDON program,

Note the reliability of Gate (G3) is found to be .92245
and is used as the component reliability for Z in the
reduced system. The resulting total system reliability
is found to be 0.9980892851.

Given in Figure 30 are the statistics for the total
system without reduction. The ADDON program is used and
the result is a reliability of 0.9980892850 as also shown
in Figure 30. The difference is only .0000000001.

It should be mentionioned that this system reduction

‘procedure should not be applied to systems with common

cause failures. At no time does this analysis or the
developed programs consider the common cause problem,

4y



© ©

Figure 24

FAULT TREE FOR AUTOMOBILE BATTERY FAILURE

leuve ‘-o 3{’6“"

O
: O
J] Foel S\gs"gm 63 BOA’"‘Q?\{ E\BC"P‘:\ca]
+ Failure Failuvre s?**ewa
O FQ'IIUPQ
Figure 25

REDUCED FAULT TREE FOR AUTOMOBILE FAILURE TO START
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PROBABILITY  PROBABILITY
OF SOCCESS  OF FAILURE

- NUNBER CONPONENT P ¢
1 £ 95 08
l B 80 i
3 I W98 Rl
§ J 90 1

Figure 26
STATISTICS ABOUT THE COMPONENTS BATTERY FAILURE IN Figure 24

PROBABILITY  PROBASILITY
OF SUCCESS  OF FAILORE

NONBER CORPORENT P q
l | .45 03
l B 20 1
3 ¢ 48 15
§ D 40 1
§ ! S0 !
§ 6 85 15
1 l L2048 07783

THE KININAL COTS ARE

13¢
18D
ABEG
3L

Figure 27

STATISTICS ABOUT THE COMPONENTS REDUCED TREE OF Figure 25
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POSSIBLE FAILURES WITE THOSE RESULTING IN
TOTAL STSTEX FAILORE DENCTED BY AN +

{ RAILS ! AL 3 TAIL { TAIL
£t Eft EEI+ EELJt
i L BEJ:
I £ L
J i EIys
I

TEOSE CONBIRATIONS WEICE CONTAIN & COT SET ARE
DEROTED WITE AN ® ARD BAVE T2E EOLLOWING
FROBABILITIES OF OCCORRNCE

CONBINRTZOF  PROBARILITY OF OCCURENCE

133332232281 IXXAERXIALRLIAXXARIRIRNLL

) 034
5E Reil3d
£] L
B 003§
N RIELE
B L01808
ERl L0048
ERd 30698
3l 0002
i 09938
EEN 00008
T18L R

RELIABILITY OF SYSTEM = 92248

Figure 28
OUTPUT FROM ESPACE RUN OF BATTERY FAILURE STATISTICS IN Figure 26




NUXBER TERX ONRELIABILITY OF TERX

fidtii i it
1 1B¢ 00078

1 18D 001

3 ABFG 000078

4 18l 00038775

5 130D -.00015

§ BBCEG -, 00001125

1 1BCL -.0000581625
§ ABDEG -.000015

H 1802 -, 00007755
10 ABRGI -.0000058163
11 RBCDIEG 00000225

12 ABCEL .000011€325
13 180761 .0000098724
14 ABDEGI .0000011633
15 1BCERGL -.0000001745
TOTAL 0019107148

ONRELIABILITY EXPRESSION =+ ABC + RBD + EBFG + ABZ - RBCD - ABCEG - ABCL - A3
DEG - BDL - ABEGL ¢ RBCDEG + ABCDZ + ABCEGL + ABLTGL - ABCDEGI

RELIABILITY OF SYSTEM = ,9980892851

Figure 29
OUTPUT FROM ADDON RUN OF REDUCED TREE STATISTICS IN Figure 27
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PROB. of FROB. of
COMPONENT  SOCCESS FAILURE

NTXBER CONPONEN? IDENTIRIER ] q
1 Driver Action Fajlure 1 A0 A
2 Pront Brake Lining Fails B g i
j Yaster Cylinder 1 Rails { Rl .08
§ Front Inmsufficient Fluid | 41 03
5 Rear Brake Lining Fails f 95 05
6 Naster Cylinder 2 Fails ! .98 .02
1 Rear Insufficient Flind ¢ 81 N
§ Pront Left Cylinder Fails B A4 06
4 Pront Right Cylinder Fails I 46 R
10 Rear Left Cylinder Fails J KT .06
11 Rear Right Cylicder Pails 4 R1) 04
TBS NININAL PRTES ARE
|
BIBCD
JIEEG
YONBER TERX RELIABILITY OF TERN
Hitti itii Hit
t I} R
l BCoa! 6236712
3 AYY 814930368
{ ABCDEI - 49893696
5 AEFGIR - 6519442944
6 BCOERGEIJE  -.5082485007
1 ABCDEFGEIJE 4065988804
T0TAL 9860705933

RELIABILITY EXPRESSION =+ A + BCDEI + EFGJE - ABCDEI - AEEGJK - BCDEFGHIJE
+ ABCDEFGEIJE

RELIABILITY OF STSTEN = 9860705933

Figure 30
STATISTICS ABOUT THE COMPONENTS OF NON REDUCED TREE IN Figure 14
AND THE ADDON PROGRAM OUTPUT FOR THIS SYSTEM
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CHAPTER VI
CONCLUSIONS

The objective of developing a computerized calculation
for the reliability of a complex system has been met with
two basic programs. The first, principally involving the
manipulation of strings, produces all subsets for a given
set of components, notes those which result in system
failure and calculates the system reliability, The
second, again manipulating string expressions, applies
the addition theorem to a known set of either min paths
or min cuts,

The problem always begins with a complex system with a
given number of components whose reliabilities are known.
Also known are the min path and/or min cut sets. A
proper choice of programs is then made; that is, if there
are few components and many cut sets, it would be ESPACE.
If there are many components but either a few paths or a
few cuts, it would be ADDON, Then the program would be
applied.

The question of dealing with a system having more than
10 components, 10 paths and 10 cuts is dealt with using
system reduction. The result is a relatively simple
procedure applied to basic ideas widely used and
understood in practice. No translation of the system

into a network is required.
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The attempts during this study to apply the programs to
-systems with common cause failure were not satisfactory.
'The methods needed to deal! with the "common cause"
problem is beyond the scope of this study. The only
reconmendation would be to develop programs which are
small and easily applied for the "conmmon cause" problem,

Expanding ESPACE and ADDON to more than 10 events is
not reconmended. This could easily be done from say, 10
to 20. But there is an obvious limit which might be 30,
or 50, or 100, to an acceptable running time or print
time or print list for what is supposed to be an easy-to-

use program,
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Appendix A

Program ESPACE




PROGRAM ESPACE

100 ! THIS PROGRAM IS DESIGED TO HANDLE RELIABILITY !
110 ! CGPUTATIGNS OF NO MORE THAM TEN COMPONENTS !
120 ! THE COMPONENTS ARE FEED INTO THE COMPUTER BY !

! !

130 IDENTIFICATIONS A THROUGH J

140 K

150 !

160 ! FIRST READ THE NBER OF COMPOIETS TO EVALUATE !
170 READ Y

180 !

190 ! NEXT THE NUMBER OF CUT SETS ARE READ !
200 READ X

210 ]

220 i

230 ! THE ARRAYS MUST BE DL/ENSIONED !

240 DM A${10)

250 DIM R1$(10)

260 DM R25(10)

270 DIM BS(5000)

280 DI B1§(252)

290 DIM B2§(252)

300 DI B3§(252)

310 DD1 B45(252)

320 DIM B5§(252)

330 DM B6S(252)

340 DIM B78(252)

350 DI B8S(252)

360 DD B9S(252)

370 DM B10S(252)

380 DIM R3$(10)

390 DIM RELS(5000)

400 DI L$(5000)

410 i

420 H

430 i

440 ! A DUMY VALUE OF QE IS ASSI@ED TO A STRING !
450 ! FOR FUTURE COMPUTATIONS OF 1 MDVUS THE FALURE RATE !
460 US=STRS(1)

470 !

480 y

490 !

500 i

510 ! LCAD THE NAMES OF THE COMPQIENTS !
520 FRT=1T0Y

530 READ AS(T)

540 NEXT T

550 H

560 H

570 )

580 H

590 !

600 ! LOAD THE COMPOMNENT RELIABILITY'S !
610 FRT=1TOY

620 READ R1$(T)

630 R2S(T) = DIFS(US,RIS(T})
640 NEXT T
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650 H

660 H

670 ! READ THE CUT SETS !

680 FORI=1T0X

690 READ 0$(I)

700 NEXT I

10 4

720 !

30 4!

740 ! COMPUTE THE COMBINATION OF TERMS FOR ESPACE !

750 GO TO 960

760 !

770 1!

780 It

79 !

800 !  SUBROUTINE WHICH WILL DECIDE IF THE GIVEN ESPACE COMBINATION !
810 !  CONTAINS A CUT SET THAT WILL RESULT IN A SYSTEM FATLURE !
820 S=5+1

830 FRI=1T0X

840 FORT=1T0Y

850 Z=POS(0$(I) ,AS(T),1)
860 IF Z = 0 THEN 900
870 Z$ = SBGS(08(1),Z,2)
880 M =POS(B$(K) ,Z8,1)
890 IF M = 0 THEN 930
900 NEXT T

910 LS(8) = CHR$(42)
920 GO TO 950
930 LS(S) = SPACES(1)

940 NEXT I

950  RETURN

960 PRINT

970  PRINT

980 PRINT " " ", "PROBABILITY" , "PROBABILITY"
990 PRINT " u o " "OF SUCCESS “,"OF FAILURE "
1000 PRINT "NUMBER",""COMPONENT"," P " q "
1010 PRD 1" ll,ll “'ll "," "
1020 FRI=1T0Y

1030 PRINT " "™;I," ":AS(I),"  ";RIS(D)," ":R2$(1)
1040 NEXT I

1050  PRINT

1060  PRINT

1070 PRINT

1080 PRINT " THE. CUT SETS ARE *

1090 PRINT " —————————— "

1100 PRINT

1110 FRI=1T0X

1120 PRINT " *; OS(I)

1130 NEXT I

1140 PRINT

1150 PRINT

1160 GO TO 1890

1170 PRINT

nn

1180 IFY=1THN Z
1190 IFr Y=2 THEN Z

K1
K1




1200 IFY =3 THEN Z
1210 IFY=4 THEN 2
1220 IF Y =5 THEN 2
1230 IFY =6 THEN Z
1240 IFY=7THEN Z
1250 IFY=8 THR Z = K4

1260 IFY=9THEN Z =K5

1270 IF Y =10 THEN Z = K5

1280  PRINT " PCSSIBLE FAILURES WITH THOSE RESULTING IN "
1290  PRINT " TOTAL SYSTEM FATLURE DEMNOTED BY AN * "
1300 PRINT

1310 PROIT

1320 PRINT C1S,C25,C38,C48,C58

1330 PRET D1§,D2$,D3$,D4$,D5$

mwonou o
ﬁﬁﬁ?zf

1340  PRINT

1350 FRI=1T702

1360 PRINT " ";BIS(I)," ";B2$(I)," ";B3$(I),B4S(I),B5S(I)
1370 NEXT I

1380  PROT

1330  PRINT

1400  PRINT

1410 IF Y > 6 THEMN 1430

1420 GO TO 1550

1430  PRINT

1440 PRINT

1450  PRINT C6S,C7$,C88,C95,C108
1460  PRINT D6S,D7$,D8S,D9S,0108

1470 PRONT

1480 FORI=1TOK6

14390 PRINT B6S(I),B7S(I),B&S(I),BIS(I),B10S(I)
1500  NEXT I

1516 PRINT

1520 PRINT

1530 PRINT

1540  PRINT

1550  PRINT

1560  PRINT

1570  PRINT " THOSE COMBINATIONS WHICH CONTATN A CUT SET ARE "
1580  PRINT " DENOTED WITH 2N * AND HAVE THE FOLLOWING "
1590  PRINT " PROBEBILITIES OF OCCURANCE "

1600 PRINT

1610 PRINT

1620  PRLNT " COMBINATZICH "," PROBABILITY OF OCCURENCE "
1630 PRB{I‘ Mokkkkkkkkkkk ""' Kk kkkkkhkkhkxkkkkkkkkikk !
1640  PRINT

1650 FORI=1T0S

1660 RELS(I) = US

1670 IF LS(I) = CHRS(42) THEN 1690

1680 GO TO 1780

1690 FRN=1TOY

1700 Z = POS(BS(I),AS(M), 1)

1710 IF Z = 0 THEN 1740

1720 RELS(I) = PRODS(RELS(I),R2S5(N),10)

1730 GO TO 1750

1740 RELS(I) = PRODS(RELS(I),R1S(N},10)
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1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290

NEXT N .
PRINT " ";BS(I)," ";REL$ (1)
RS=SUIS (RS, RELS (1))
NEXT I
PRD” 'll ";"%ll
PRINT " TOTAL "," ";R$
PRINT
PRINT
PRINT “RELIABILITY OF SYSTEM = ":;DIF$ (US,RS)
PRINT
PRINT
60 TO 6250
1
0
M=1
C1$="1 FATLS"
Dls=" 1]
FRA=ATOY
K=K+1
BS(K) = AS(A)
GOSUB 820
BIS(K) = BS(K) + LS(S)
NEXT A
IF Y > 1 THEN 2020
0 T0 1170
tl
g
Bl =1
Al =2
CZS=II2 F Al
D2$="“_ll
FOR B = B1 T0 Y-1
FRA=ALTOY
K=k +1
K=K+1
BS(K) = AS(B)+AS(R)
GOSUB 820
B2S(K2) = BS(K) + L$(S)
NEXT A
Al =Al+1
NEXT B
IF Y > 2 THEN 2200
& TO 1170
1
¥
cL=1
Bl =2
K =3
C3$="3 FAIL"
D3s:"_______"
FOR C = C1 T0 Y-2
FOR B = B1 TO Y-1
FORA=Al T0 Y
K3 =K3+1
K=K+1
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2300 BS(K) = AS(C)+AS(B)+AS(A)

2310 GOSUB 820

2320 B3S(K3) = BS(K) + L$(3)
2330 NEXT A

2340 Al=A1+1

2350 NEXT B

2360 A =B1+2

2370 Bl =Bl +1

2380 NEXT C

2390 IF Y > 3 THEN 2430
2400 GO T0 1170

2410 t

2420 H

2430 Dl =1

2440 Cl=2

2450 Bl =3

2460 Al =4

2470 C48="4 FATL"
2480 D4$="' ot
2490 FOR D = D1 TO Y-3

2500 FOR C = C1 TO Y-2
2510 FOR B = Bl TO Y-1
2520 FRA=AMTOY

2530 K4 =K4+1

2540 K=K+1

2550 BS(K) = AS(D)+AS(C)+AS (B)+aS(a)
2560 GOSUB 820

2570 B4S(K4) = BS(K) + LS(S)

2580 NEXT A

2590 Al=2+1

2600 NEXT B

2610 Al =Bl +2

2620 Bl =Bl +1

2630 NEXT C

2640 Al =Cl+3

2650 Bl=Cl+2

2660 Cl=Ci+1

2670 NEXT D

2630 IF Y > 4 THEN 2720
2690 GO TO 1170

2700 1

2710 !

2720 El =1

2730 Dl =2

2740 Cl=3

2750 Bl =4

2760 Al=5

2770 C55="5 FAIL"
2780 D53=""

2790 FOR E = E1 TO Y-4
2800 FOR D = D1 TO Y-3
2810 FORC=C1 70 V-2
2820 FOR B = Bl T0 Y-1
2830 FRA=21T0Y
2840 KS5=K5+1




2850 K=K+1

2860 BS(K) = AS(E)+AS(D)+AS(C)+AS (B) +AS(A)
2870 GOSUB 820

2880 B5S(KS) = BS(K) + L$(S)

2890 NEXT A

2900 Al=A+1

2910 NEXT B

2920 Al =Bl +2
2930 Bl=B1+1

2940 NEXT C

2950 Al=Cl+3

2960 Bl=Cl+2

2970 C1=Cl+1

2930 NEXT D

2990 Rl =D1 + 4

3000 Bl =D1 +3

3010 Cl=D1+2

3020 D1 =D1+1

3030 NEXT E

3040 IF Y > 5 THEN 3080
3050 GO T0 1170

3060 !

3070 !

3020 Fi=1

3090 El =2

3100 Dl =3

3110 Cl=4

3120 Bl =5

3130 Al=6

3140 C65="6 FAIL"
3150 DgS="'——

31€0 FORF=F1 TO V-5

3170 FOR E=El TO V-4

3180 FOR D = D1 TO Y-3

3190 FORC=C1 TO Y-2

3200 FOR B = B1 TO Y-1

3210 FORA=AITOY

3220 K6 =K6 + 1

3230 K=K+1

3240 BS(K) = AS(F)+AS(E)+AS (D)+AS(C)+AS (B) +AS (A)
3250 GOSUB 820

3260 B6S(K6} = BS(K) + L$(S)

3270 NEXT A

328G Al=21+1

3290 NEXT B
3300 Al =Bl +
3210 Bl =Bl +
3320 NEXT C
3330 Al =Cl+3
3340 Bl=Cl+z
3350 Cl1=Cl+1
3360 NEXT D

3370 Al=Dl+4
3380 Bl =Dl +3
3390 C1=Dl1+2

2
1
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3400 Dl=D1+1
3410 NEXT E

3420 Al =El+5
3430 Bl =El +4

3440 Cl=E+3
3450 Dl =E1 + 2
3460 El=E +1
3470 NEXT F

3480 IF Y > 6 THEN 3520
3490 GO TO 1170

3500 H

3510 !

3520 Gl=1

3530 Fl =2

3540 El =3

3550 Dl =4

3560 (1=5%

3570 Bl =6

3580 Al =7

3590 C7§ =" 7 FaIL "
3600 D78 =" "

3610 FOR G =G1 TO ¥-6

3620 FOR F = F1 TO Y-5

3630 FOR E = E1 TO Y4

3640 FOR D = D1 TO Y-3

3650 FOR C = C1 TO Y-2

3660 FOR B = Bl TO Y-1

3670 FRA=ATOY

3680 Ki=Kl+1

3690 K=K+1

3700 BS(K) = AS(G)+AS(F)+AS(E)+AS (D) +AS (C)+AS (B) +AS (R)
3710 GOSUB 820

3720 B7S(K7) = BS(K) + L$(S)

3730 NEXT A
3740 AM=A+1
3750 NEXT B

3760 Al =Bl+2
3770 Bl=Bl+1
3780 NEXT C

3790  Al=Cl+3
3800 Bl =Cl+2
3810 cl=cl+1
3820 MNEXT D

3830 Al=D1+4
3840 Bl =D1+3
3850 Cl=Dl+2
3860 DI =Dl +1
3870 NEXT E

3880  Al=El+5
389 Bl =El+4
3900  Cl=El+3
3910 Dl =El+2
3920 El=El+1
3930 NEXT F

3940  Al=Fl+6
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3950 Bl=F1+5
3960 Cl=F1+4
3970 Dl =F1L +3

3980 El =F1 +2

3990 Fl=F1+1

4000 NEXT G

4010 IF Y > 7 THEN 4050
4020 GO TO 1170

4030 !

4040 ]

4050 H =1

4060 Gl =2

4070 Fl1=3

4080 El =4

4090 Dl =5

4100 Cl1=6

4110 Bl =7

4120 Al=38

4130 C8%=" 8 FAIL "
4140 D9s=" "

4150 FOR H = Hl TO ¥-7

4160 FOR G =Gl TO Y-6

4170 FOR F = F1 TO Y-5

4180 FOR E=El TO Y4

4190 FOR D =D1 T0 Y-3

4200 FOR C = C1 TO Y-2

4210 FOR B = B1 T0 Y-1

4220 FORA=AMTOY

4230 K8 = K8 +1

4240 K=K+1

4250 BS(K)=RS (H)+AS(G) +AS (F) +RS (E) +AS (D) +AS (C)+AS$ (B) +AS ()
4260 GOSUB 820

4270 B8S(K8) = BS(K) + LS(S)

4280 NEXT A
4290 AMM=A+1
4300 NEXT B

4310 Al =Bl + 2
4320 Bl=Bl+1
4330 NEXT C

4340 Al=Cl+3
4350 Bl=Cl+2
4360 Cl=Cl+1
4370 NEXT D

4380 A =D1+4
4390 Bl=D1+3
4400 Cl=D1+2
4410 Dl1=D1+1
4420 NEXT E

4430 Al=El+5
4440 Bl =El +4
4450 Cl=El+3
4460 Dl=El+2
4470 El=El+1
4480 NEXT F

4490 M=Fl+6
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4500 Bl=F1+5
4510 Cl=Fl+4
4520 Dl =F1 +3
4530 El =Fi +2
4540 Fl=F1+1
4550 NEXT G

4560 M =61+7

4570 Bl=GL +6

4580 Cl=G1+5

4590 Dl =Gl +4

4600 E1l =Gl +3

4610 Fl=GL+2

4620 Gl=6G1l+1

4630 NEXT H

4640 IF Y > 8 THEN 4680
4650 GO To 1170

4660 !

4670 H

4680 I1=1

4690 H =2

4700 Gl=3

47106 Fl=4

4720 El1=5

4730 Dl=6

4740 Cl=17

4750 BL=8

4769 Aa=9

4770 C9s=" 9 FAIL "
4780 p9g=""~—rt
4790 FOR I = I1 TO V-8
4300 FOR H = H1 TO Y-7
4810 FOR G = G1 TO Y-6
4820 FOR F = F1 TO Y-5
4830 FOR E = E1 TO Y-4
4840 FOR D = D1 TO Y-3
4850 FOR C =C1 TO Y-2
4860 FOR B = B1 TO Y-1
4870 FRA=ATOY
4380 K=K+1
4890 K9 =K +1

4300  BS (K)=AS (I)+AS (H) +AS (G) +AS (F) +AS (E) +AS (D) +AS (C) +AS (B) +AS (A)
4910 GOSUB 820
4920 B9S(K9) = BS(K) + LS(S)

4930 NEXT A
4940 Al=A+1
4950 NEXT B
4960 Al=Bl+2
4970 Bl =Bl +1
4980 NEXT C

4990 Al =Cl+3
5000 Bl=Cl+2
5010 Cl=C1+1
5020 NEXT D

5030 Al =Dl+4
5040 Bl=Dl+3
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5050
5060
5070
5080
5090
5100
5110
5120
5130
5140
5150
5160
5170
5180
5190
5200
5210
5220
5230
5240
5250
5260
5270
5280
5290
5300
5310
5320
5330
5340
5350
5360
5370
5380
5390
5400
5410
5420
5430
5440
5450
5460
5470
5480
5490
5500
5510
5520
5530
5540
5550
5560
5570
5580
5590

Dl=D1+1

NEXT E
Al=E+5

Bl =El1 + 4
Cl=El +3

Dl =El +2
El=El +1

NEXT F
Al=Fl+6
Bl=F1+5
Cl=Fl+4
Dl=Fl+3
El=FlL+2
Fl=Fl+1

NEXT G

Al =Gl +7
BL=Gl +6
Cl=Gl+5
Dl=Gl +4
El=GL+3

F1 =Gl +2
Gl=Gl +1

NEXT H

M =H +38

Bl =Hl 4+ 7
Cl=Hl +6
Dl=Hl +5

El =Hl + 4
Fl=H+3
Gl=Hl +2

H =H +1

NEXT I

IF Y > 9 THEN 5420
GO TO 1170

[N}

¥

Ji=1

I1=2

HL =3

Gl=4

Fi=5

El =6

Dl =7

Cl1=8

Bl=9

M =10

C108=" 10 Fi "
D].OS:"———"
FOR J = J1 TO Y-9
FORI=1I1TO Y-8
FOR H = H1 TO Y-7
FOR G = G1 TO Y-6
FOR F =F1 TO Y-5
FOR E = E1 TO Y-4



5600
5610
5620
5630
5640
5650
5660
5670
5680
5630
5700
5710
5720
5730
5740
5750
5760
5770
5780
5790
5800
5810
5820
5830
5840
5850
5860
5870
5880
5890
5900
5910
5920
5930
5940
5950
5960
5970
5980
5990
6000
6010
6020
6030
6040
6050
6060
6070
6080
6020
6100
6110
6120
6130
6140

BS(K)= AS(J)+AS(I)+A$(H)+A$(G)+A$(F)+AS(E)+AS(D)+A$(C)+AS(B)+AS(A

Ki0 = K10 + 1

GOSUB 820

B1OS(K10) = BS(K) + LS(S)

NEXT A

Al =A1+1
NEXT B

Al =Bl +2
Bl =B1 +1
NEXT C

M=Cl+3
Bl =Cl+2
Cl=Cl+1
NEXT D

Al =D1+4
Bi=D1+3
Cl=D1+2
Dl=D1+1
NEXT E

Al=El+5
Bl =El +4
Cl=E +3
Dl =E1 +2
El=Fl+1
NEXT F
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6150
6160
6170
6180
6190
6200
6210
6220
6230
6240
6250
7000

Bl=11+38
Cl=11+7
DL=1I1+6
E1=1I1+5
Fl=11+4
Gl=11+3
Hl =11+ 2
I1=I1+1
NEXT J

GO TO 1170

GO TO 7000

BD
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Appendix B

Program ADDON
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100
110
120
130
145
150
166
170
180
190
200
210
220
230
240
250
260
270
280
290

30 4

310
320
330
340
350
360
370
380
390
400

410 !

420
430
440
450

460 !

470
480
490

510
520
530
540
550
560
570
580
590

!
i

("
"

H
H
"

t
"
"

PROGRAM ADDON

THIS PROGRAM IS DESIGNED TO HANDLE SYSTEMS
! CONTAZITING UF TO 26 COIPONETS AND 10 MINDMAL
! PATHS OR CUTS

! THE FIRST STEP I EVALUATION IS TO IDENTIFY
WHETHER THESE ARE THESE PATHS OR CUTS.
IF PATHS THEN Z = 1 AND Z = 10 FOR CUTS

READ 2
il
i
THE SECOID STEP IS TO TEUT THE
! INBEER OF PATHS OR CUTS VARIABLE Y
READ Y
H
i
! THE THIRD STEP IS TO INPUT THE HUMBER
! OF COMPONENTS VARIABLE X
READ X

DIM A$(1000)
DIM QS (1000)
DM PS(1000)
DIM K$(1000)
DD SS(1000)
DDY K1$(1000)
DIM K4$(1000)
DIM G3$(1000)
DIM BS(1000)
DI K7$(1000)

W =INT(X/9)
V=W+1
US = STR$(1)

! LOAD THE COMPONENTS !
FORT=1T0X

READ PS{(T)
NEXT T

! LOAD THE PATHS !
FRT=1T0Y

READ AS(T)
NEXT T




650 !
660 GO TO 1670

670 1!

680 1!

690 | SEARCH THE STRING FOR DUPLICATE VARIABLES !
700 U=U+1

710 FORT=110%

120 F = POS(BS(K),P$(T), 1)

730 IFF=0 THEN 760

740 TS = SEGS(BS(K),F,F)

750 SS(U) = S$(U) + T

760 NEXT T

770 1t

780 GOSUB 920

790 RETURN

800 !!

810 !!

820 !!

830 !!

840 ! LOAD THE COMPONENT RELIABILITY'S !
850 FORT=11T0x

860 READ K1$(T)

870 K4S(T) = DIF$(US,K1$(T))

880 NEXT T

890 RETURN

900 1!

910 !!

920 IF T9 = 1 THEN 960

930 SIGNS= CHRS(45)

940 L5=-1
950 GO TO 980
960 L5=1

970 SIGNS=CHRS (43)
980 L5$=STRS (L5)

990 K7$=STRS(1)

1000 FRT=110%

1010 L = POS(S$(U),P$(T),1)
1020 IF L = 0 THEN 1080

1030 IFZ =1 THEN 1060

1040 G3S(T) = K4$(T)

1050 GO TO 1070

1060 G38(T) = KI$(T)

1070 K7$ = PRODS (K7$,G3$(T) ,10)
1080  NEXT T

1090 M5 =n5+1
1100 K75(v5) = PRODS (K78, 158, 10)

1110 SPCE$ = SPACES(1)

1120 RELS=SUMS (RELS, K7$ (N5) )

1130 EXPRESSIONS = EXPRESSIONS + SPCES + SIGNS + SPCES + SS(U}
1140 RETURN

1150 1t

1160 1!

1170 41

1180 1!

1196 ti
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1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
- 1450
1460
1470
1480
1499
=500
151¢
152¢
1536
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740

PRINT " " ", "PROBABILITY" , "PROBABILITY"
PRINT " " ","OF SUCCESS ","OF FAILURE "
PRINT "NUMBER","COPONENT","  p  "." g
PRD\I’I\ " ||'l| II’H |l,l|
FOR I=170X

pRm I," II;PS(I)’" 'I;KlS(I),” II;K4S(I)
HEXT I
PRINT
PRINT

IF 2 = 10 THEN 1320
PRINT " THE MINDMAL PATHS ARE “
GO TO 1330
PRINT " THE MINIMAL CUTS ARE "
PRINT " "
PRINT
FORI=1T0Y
PRINT " ";AS(I)
NEXT I
PRINT
PRINT
IF Z = 1 THEN 1430
PRINT " NUMBER","TERM","'UNRELIABILITY OF TERM
GO TO 1440
PRINT "' NUMBER", "TERM",' RELIABILITY OF TERM"
PRINT " RRRSER", "HHHE", "SRERREHBRRRERIBRR "
PRINT

L8 = (2%x*y) -1
FRI=1T01L8
PRINT I,88(I),K78(I)

NEXT I

PRINT , ,"————"
PRINT " TOTAL ", ,RELS
PRINT

PRINT

IF Z = 1 THEN 1570
PRINT "UNRELIABILITY EXPRESSION = ", EXPRESSIONS
GO TO 1580
PRINT "RELIABILITY EXPRESSION = ",EXPRESSIONS
PRINT
PRINT
IF Z = 1 THEN 1640
REELS = DIF$(US,RELS)
PRINT "RELIABILITY OF SYSTEM = ",REELS
GO TO 1650
PRINT "RELIABILITY OF SYSTRM = ", RELS
PRINT
GO TO 5740
Ll
tH
A=1
FORA=AITOY
™=1
K=K+1
BS(K) = AS(A)
GOSUB 700
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1750 NEXT A
1760 IF Y > 1 THEN 1800
1770 GO TO 1200

1780 '
1790 H
1800 Bl=1
1810 Al=2

1820 FOR B = Bl TO -1
1830 FORA=A1TOY

1840 ™9 =-1

1850 K=K+1
1860 BS(K) = AS(B)+AS(2)
1870 GOSUB 700
1880 NEXT A

1890 Al=A1+1

1900 NEXT B

1910 !

1920 ]

1930 Cl=1

1940 Bl =2

1950 Al =3

1960 FOR C = C1 70 Y-2
1970 FOR B = B1 TO Y-1
1980 FORA=A1ITOY
1990 ™=1

2000 K=K+1
2010 BS{K) = AS(C)+AS(B)+AS(A)
2020 GOSUB 700
2030 NEXT A

2040 M=A1+1

2050 NEXT B

2060 Al =Bl +2

2070 Bl=Bl+1

2080 NEXT C

2090 IF Y > 3 THEN 2130
2100 GO TO 1200

2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250 NEXT A
2260
2270
2280 Al =Bl+2
2290 Bl =Bl +1

[~V S

z2aer
3333
RROBOBG

oo W

ggggreas=-

rRArwao
g% Lo Woanonon
=
A=
KR

DI+AS(C)+AS (B} +AS (2)

\§H+
Oaﬁ-—'

9%
Al =
+
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2300 NEXT C

2310 Al=Cl+3

2320 Bl=Cl+2

2330 Cl1=Cl+1

2340 NEXT D

2350 IF Y > 4 THEN 2390
2360 GO TO 1200

2370 i

2380 H

2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500 K=K+1

2510 BS(K) = AS(E)+AS (D) +AS (C)+4S (B) +AS (A)
2520 GOSUB 700

2530 NEXT A

2540 M=2+1

+ 2550 NEXT B

2560 M =Bl +2

2570 Bl=Bl+1

2580 NEXT C

2590 Al=Cl+3

2600 Bl=Cl+2

2610 Cl=Cl+1

2620 NEXT D

2630 Al=D1+4

2640 Bl =Dl + 3

2650 Cl=D1+2

2660 Pl1=D1+1

2670 NEXT E

2680 IF Y > 5 THEN 2720

2690 GO TO 1200

2700 N

2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810 FOR C=Cl TO Y-
2820 FOR B = Bl TO Y-1
2830 FORA=AITOY
2840 T9=-1

L LI | I | R [ B [
O b W B =

3
T

3
2

gggddgmragn

31’0’00?1

it nnnomn
F-EF-¥
3333
=TT

n
—

gégagﬂgﬂm:
oo %N

O mm
"N
=Ra
333
TEY

[38)
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2850 K=K+1
2860 BS(K) = AS(F)+AS (E)+AS (D)+AS (C)+AS (B)+AS (A)
2870 GOSUB 700

2880  NEXT A
2890 Al=Al+1
2900  KEXT B

2910 Al =Bl +2

2920 Bl =Bl+1
2930 NEXT C

2940 Al=Cl+3
2950 Bl=Cl+2
2960 Cl=cC1+1
2970 NEXT D

2980 Al=D1+4
2990 Bl =T1+3
3000 Cl=D1+2
3010 Dl =D1+1

3020 NEXT E

3030 Al =FEl+5
3040 Bl=FEl+4
3050 Cl=E +3
3060 Dl=E1+2
3070 B =FE+1
3080 NEXT F

3080 IF Y > 6 THEN 3130
3100 GO TO 1200

3110 M

3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280 K=K+1

3290 BS(K) = AS(G)+AS (F)+AS (E) +AS (D) +AS (C) +AS (B) +AS (A)
3300 GOSUB 700

. nn o
AU W)

Gl TO Y-6
F1 T0 Y-5
El 70 Y-4
D1 TO Y¥-3
C1 TO Y-2
Bl TO Y-1

d33gg3ggmz=ogpna::
ArPTagomma

LU L R | R TR | I T}

- B
3
<

3310 NEXT A
3320 Al=Al+1
3330 NEXT B

3340 Al =Bl +2
3350 Bl=Bl+1
3360 NEXT C

3370 Al=Cl1+3
3380 Bl=Cl+2
3390 Cl=Cl+1
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3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
358,
35690
300
370
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3940

=
wonon

4

(28]

a3
e
+
(TN

NEXT G
IF Y > 7 THEN 3630
GO TO 1200

W -1 U WO

P L I | I T TR

33333333 =agnmaE::

dFrmaomaa
L I TR T TR Y
E 9
3
™
L% )

Al =Bl +2
Bl =B1+1
NEXT C

Al=Cl+3
Bl=Cl+2
Cl=Cl+1
NEXT D

Al=D1+4
Bl=D1+3
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z
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3950
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4360
4370
4380
4390
4400
410
4420
4430
4440
4450
4460
4470
4480
4490

Bl=Fl +5
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BRaaemnmaey
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n
aa@
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Gl=Gl+1

NEXT H

IF Y > 8 THEN 4230
GO TO 1200
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BS(K)=AS(I

Al=Bl+2
Bl=B1+1
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4500 NEXT C

4510 Al=Cl+3
4520 Bl =Cl+2
4530 Cl=Cl1+1
4540 NEXT D

4550 Al=D1+4
4560 Bl=D1+3
4570 Cl=D1+2
4580 Dl =Dl +1
4590 NEXT E

4600 Al=El+5
4610 Bl=El +4

4620 Cl=FE+3
4630 Dl =El + 2
4640 El=El +1
4650 NEXT F
4660 Al=F1+6
4670 Bl=Fl1 +5
4680 Cl=F1+4
4690 Dl=F1+3
4700 El=F1+2
4710 Fl=F1+1
4720 NEXT G

4730 AMl=Gl+7
4740 Bl=Gl +6
4750 Cl=Gl+5
4760 D1 =Gl +4
4770 El =Gl +3
4780 F1 =Gl +2
4790 Gl=Gl+1
4800 NEXT H

4310 Al =Hl + 8
4820 Bl =Hl +7
4830 Cl=Hl +6
43840 Dl=Hl +5
4850 El =Hl +4
4860 F1=Hl+3
4870 Gl =Hl +2
4880 H =H +1
4890 NEXT I

4900 IF Y > 9 THEN 4940
4910 GO TO 1200
4920 iy

4930 ]

4940 Jl =1

4950 I1=2

4960 H =3

4970 Gl =4

4980 Fl1=5

4990 El=6
5000 D1 =7

5010 Cl =38

5020 Bl =9

5030 Al =10
5040 FOR J = J1 T0 Y-9
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5050 FORI=1I1T0VY-8
5060 FOR H = H1 TO Y-7
5070 FOR G =Gl T0 Y-6
5080 FORF = F1 TO Y-5
5090 FOR E = E1 T0 Y-4
5100 FOR D = D1 TC Y-3
5110 FORC =C1 70 Y-2
5120 FOR B = Bl TO Y-1
5130 FORA=ATOY
5140 T9 = -1
5150 K=K+1
5160 BS(K) =AS(J)+AS(I)+AS(H}+AS(G)+AS(F)+AS(E)+AS(D)+AS(C)+AS(B)+AS(A)
5170 GOSUB 700
NEXT &
Rl =1a1+1
NeXT B
Al =Bl +2
Bl =Bl +1
NEXT C
Al =C1+3
Bl=Cl+2
Cl1=Cl+1
NEXT D
Al=D1+4
Bl =D1+3
Cl=D1+2
Dl=Dl+1
NEXT E
Al =El +5
Bl=El +4
Cl=El+3
Dl =El +2
El=El1+1
NEXT F
Al=F1+6
BL=Fl+5
Cl=F1+4
Dl =F1 +3
El=Fl+2
Fl=F1+1
NEYT G
Al=Gl+7
Bl=Gl+6
Cl=Gl+5
Dl =Gl + 4
El =Gl +3
F1=G1+2
Gl=Gl+1
REXT H
Al =Hl +38
Bl = Hl + 7
Cl=Hl+6
Pl=Hl+5
El =Hi +4
Fl=Hl+3
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5600
5610
5620
5630
5640
5650
5660
5670
5680
5690
5700
5710
5720
5730
5740
7000

Gl=Hl +2
Hl=H +1
NEXT I
Al=11+9
Bl=1I1+8
C1=11+7
Dl=1I1+6¢6
E1=T11+5
F1=11+4
Gl=1I1+3
Hl =11 +2
I1=11+1
NEXT J

GO TO 1200
GO TO 7000
END
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