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ABSTRACT 

This study develops two programs for the calculation 

of the reliability of smal l 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 al l possible system states. The user 

Inputs the components, their reliabilities and the mln 

cut set. The program determines which states result In 

system failure from the cut set and sums the 

rel iabi l ities of those states to find system reliability. 

For program ADDON the user Inputs component 

reliabi lities and either the mln path set or the mln 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 

reliabi l ity. 

Systems with conrmon cause failure are not 

considered. 
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CHAPTER I 

INTRODUCTION 

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-para 1 1e1 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 

probabi lity component 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; 

R5 - X Rg X Rq X Rq 

The addition theorem applies to the system of Figure 2 

since the system works if A works or B works or C works 

or Dworks, or; 

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-para11e1 

representation as shown in Figure 3. The corresponding 

reliability expression is: 

Rc = R, X (Rn +Rn +R„ -R, ) X (R— +R— n ^ xRr 
^2 ^1^2 ^ 
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Figure 3 

SERIES-PARALLEL SYSTEM 

However, some systems can not be represented as series, 

paral lel or series-para 1 1 e 1. These are called complex 

systems. Their evaluation involves more compl icated 

analysis methods such as event-space, decomposition and 

min path/ min cut. Event-space is a method which 

enumeratates al l possilble combinations of component 

fai lures. The combinations which result in system 

failure are noted and the sum of the probabil ities of the 

failure combinations is the probabi lity of system 

failure. Each possible failure combination is considered 

logical ly 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 <5c 

5) are those basic events whose simultaneos occurrence 

results in system failure. If 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 minimal (min 

cut) if it cannot be reduced. 

m 

-m iih-

-m: 

cs 

Figure Figure 5 

5-COMPONENT SYSTEM 7-COMPONENT SYSTEM 



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 sti l l 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 k the min cuts are AD,BE,ACE,iXB 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 fai lure 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 hopeful ly includes every possible 

reason - component fai lure, operator error, power 

fai lure, 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 
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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. 

If the system is relatively simple, the min cuts or paths 

can be determined directly. If 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-parallel dlagram 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 II 

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 requirernen ts 

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 termina1-pair 

reliability analysis. There are also methods in which 

Monte Carlo Simulation is used to model the time to 

failure reliabi l ity 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 reliabi lity 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. 
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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 equivalent form in which 
all terms are disjoint. They represent a 
conrmun ication 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 reliabi lity. 

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 

ma y be s y s tem success or system failure or any other 

system event which can be analyzed. 

A coherent system is one that meets the following 

criteria: (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 
cond i t i on; 

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 {^) developed in 197^ 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 

componen ts. 

In 1975, a fast algorithm for reliabi lity 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 Reliabi lity Using Event Based Monte 

Carlo Simulation," written in 1975 by Kamat and Riley 

(6), combines reliabil ity 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 fai lure. 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 symbol ic rel iability analysis. Twenty or 

fewer paths are evaluated. This paper makes no attempt 

to generate mutual ly 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. 
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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 
sy stem reliabi lity. 

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 
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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 3. A, Abraham (13) developed an algorithm which 

will rapidly produce, using "boolean algebra to find the 

probability of conrmun ica t ion 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 Si,S2,S3,...,Sk-l. In this process, Sk 
expands to a set of disjoint products PDk, each 
product in this set being disjoint with 
S1,52,S3,...,Sk-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 

(I'f), references the paper by O.A.Abraham (13), and Locks 

says; 
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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 inc1usion-exc1usion 

(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 1-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 sunnmation 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 
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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 

exper imen tation. 

"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 reliabi lity 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 
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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 sys tem reliability in a review b y 

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 corrmon 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 

,add it ion 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 l inks 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 consumning. 

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 rep 1 icated/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 
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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 
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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 A 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. 
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CHAPTER III 

ESPACE 

Any system can be evaluated by the Event-Space method. 

This method uses comb inator ial 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 ^ = 32 possible states 

exist. The empty set, ABCDE, Is one of the 32 but cannot 

result In system fai lure so that 32 - 1 = 31 states exist 

which could result In a system failure. 

D 

B 

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 2^ = 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 probabi lity 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 

a "functioning" component with a lower case letter (e.g. 
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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 c x D x e, where an 

upper case letter has the probability 1 -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. In Table 1, 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 fai lure. 

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 conmands are given at each flow 

block. 
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Fa ilure 2 Fai 1 ures 3 Failures 'f Fai lures 5 Failures 

Abcde ABcde* ABCde* ABCDe* ABCDE* 
aBcde AbCde ABcDe* ABCdE* 
abCde AbcDe ABcdE* ABcDE* 
abcDe AbcdE AbCDe AbCDE* 
abcdE aBCde AbCdE* aBCDE* 

aBcDe AbcDE* 
aBcdE aBCDe* 

abCDe aBCdE 
abCdE aBcDE* 

abcDE* abCDE* 

Table 1 

EVENT SPACE FOR 5-COMPONENT SYSTEM (Figure 6) 

COEBFSiTIOK FROBiBILITF OF 0CC3REECE 
tttttxttttt tttllKlKtOttttttllKt 

PROBIEILITT FROBiBILIT! IB .00178']! 

OF S3CCESS OF FilLDRE DE .00128331 
irOEBEii CGEFOEEET t 1 iBC .00005525 

iBE .03005403 
I ME .00005525 
3 ICE .0003S3"5 

C .03 iOF .00014255 

D .05 BCD 

E s^r 

COE .03003555 

MCB .00000251 

MCE .00000171 

TEI CJT SETS ME MOE .00000251 

iCDE .00000441 

BCDE .00000081 

IBCDE .00000005 
CE 

KE TOTU .00350858 
BCD 

FELIIBIIITT OF STSTE! = .55535302 

Figure 7 

OUTPUT FROM ESPACE RUN OF COMPLEX SYSTEM Figure 6 
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iEiD TIE UIIBEE Of COEPOEEJIS TO ETlLIIiTE 

(T1 

EE4D TIE EIEEEI OF EIIIIIL CIT SETS 

(E) 

I miET miE OF OEE IS iSSIGEED TO i STEIIC FOE FITIEE 

COEFITITIOES OF 1 EIKOS THE FELIEE EITE 

(IS=STES(1) 

LOED TEE EilES OF TEE COIPOEEETS 

FOE T = I TO T 

EEED iS(T) 

lEIT T 

LOID TEE COEPOEEET EELIIBILITY'S 

FOE T = I TO f 

EEED ElSITi 

TEE FEIIDEE = DDEET STEIEG - EIS 

EI'SITI = DIFSIOS.EUiTii 

EEIT T 

EEED TEE CCT SETS 

FOE I = I TO E 

EEED OSd) 

EEIT I 

Figure 8 

FLOW DIAGRAM FC4i PROGRAM ESPACE 
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PiODICE THE ETEIIS IK flICi OIE COHPOIEHT F4ILS 
il = 1 

FOE i = il TO r 

1 = 1 + 1 

BElEi = iS(i) 
GOSllB TO SEE IF TEIS 

ETEBT COITillS Hill COT 

HEIT i 

PIODOCE THE ETEHTS IH filCI TBO COIPOHEHTS FilL 
B1 = 1 

il = 2 

FOE B = B1 TO T-1 

FOE i = il TO T 

E = E + 1 

BSIE):iSIBj+iSlil 

GOSOB TO SEE IF TlIS 

ETEIT COITilHS III COT 

lEET i 

il = il + 1 

lEIT B 

PEOOOCE THE ETEITS II EIICH THEEE COIPOIEITS FilL 
C1 = 1 

B1 = 2 

il = 3 

FOE C = C1 TO y-2 

FOE B = B1 TO F-1 

FOE i = il TO T 

E = E + 1 

BSIE) = iSICI+iSIBl+iSfil 
GOSIIB TO SEE IF THIS 

ETEIT COITillS III COT 

lEET i 

il = il + 1 

lEIT B 

il = B1 + 2 

B1 = B1 + 1 

lEET C 

Figure 8 (Continued) 
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SUBEOGTIEE EBICH lILL CHECI THE GIVEE ESPICE COEBIEETIOE 

FOE C0ET4IEIEG i lIEIEiL COT SET 

S = S M 

FOE I = 1 TO I 

FOE T - 1 TO T 

E=POSIOSd!.i$(T)dl 

IF Z = 0 THEE EETHEE 

ZS = SEGSlOSdI.Z.Z) 

1 =POS(BSd!.Z$,I) 

IF E = 0 THEE EETGEE 

EEIT T 

LSISi ^ CHESI42I 

GO TO EEIT I 

LS(S) = SPiCESdl 

EEIT I 

TES! TO SEE IE i GITEI EVEET IS UEEED EITH H «. IF SO THEE COiPOTE 

TIE PEOBiEILITT OF THE OCCMEEECE FOP TEE EVEET lED TOTiL EELIiBILITT 

OF SFSTEI 

FOE I = I TO S 

EELSdl = US 

IF LSdi = CHES(42) THEE 1690 

GO TO 1180 

FOE E = I TO T 

I -■ POSIBSlIi .lSlEi .l) 
IF Z = 0 THEE 1740 
EELSdi = PEODS(EELSd) .E2$(E).10) 
GO TO 1750 
EELSdl = PEODS(EEL$di ,EIS(EidOI 

EEIT E 

ES'SOESIES.EELSd)) 
EEIT I 

THIS PEOCESS fILL COETIEOE OETIL THE ETEET OCCOES THIT COEPOEEETS 
I THEOOGH T lEE FilLED. 

Figure 8 (Continued) 
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CHAPTER IV 

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 ACDON does not have 

to be told which fai lures result in system failure 

because the set of min cuts or min paths contains this 

i nformation. 

If the set of min cuts is known, the occurrence of any 

one or any combination of these min cuts result in system 

failure. If 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 k events is used to calculate 

'^s, 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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re 1 iab i 1 i ty (Rj) is; 

Rs = 1 - Fs 

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 2^ - 1 = 127 events to be 

evaluated. ADEXDN, however, has a program run size 

determined by the number of paths or cuts. In this case, 

with 6 cuts, there are 2^ - 1 = 63 terms to evaluate. 

The output is given in Figure 12 with a resulting system 

rel iability of 0.9999^^9. 

Figure 13 is a flow diagram for program ACDON. The 

listing includes the computer commands at each stage of 

the diagram. 

PL
U 

5-COMPONENT COMPLEX SYSTEM 

Figure 9 
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PiOBiBIlITT PliOBiBILITT 

Of SUCCESS Of fAILUEE 

IDHBEE C0i?0!E!T p 5 

1 A .5 .1 

2 B .8 .2 

3 C .25 .05 

4 D .1 

5 E .82 .11 

TIE BI5IEIL PiTES IPE 

DE 

ICE 

CC3 

BEBBEE TEE! EELIABILITT Of TEE! 

Mini IMi MllillillMtMIMil 

1 .12 

DE .801 

ECE ."sOBS 

BCD .584 

13DE -.5-;-2 

EB'.i, -.50575 

4BCD -.5155 

ICDE -.584555 

BCDE -.50875 

i'J ABCDE -.547884 
11 

ABCDE .547884 

12 ABCDE 

13 ABCDE .54^84 

14 ABCDE .547884 

15 ABCDE -.54"S84 

TOTAL .?570i3 

EELIABILITT EIFEESBIOB = t AB t DE • ACE t BCD - ABDE - ABCE - ABCD - ACDE 

BCDE - ABCDE + ABIDE'ABCDE + ABCDE t ABCDE - ABCDE 

EELIABILITT Of STSTE! = .557023 

Figure 10 

OUTPUT FROM ADDON RUN OF COMPLEX SYSTEM Figure 9 
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-Cs]: c 

& 

Figure II 

7-COMPONENT COMPLEX SYSTEM 

THE llfilKiL CUTS HE 

iEEG 

ICFG 
PEOBIBILITI PEQBIBILITT 

OF SUCCESS OF FilLOEE 

IIIHBEE COHFOJEKT P BOlBEt TEBI OKEELIiBILITT OF TERS 

Hlftf Hit inHHUHMHHift _oi .1 

B J .2 
1 EBEG 

C ,1 .3 
2 iCFG 

D .95 .05 
3 iBCEFG -.00000033E 

E .96 .04 

F .86 .14 TOTIL .00004BE(4
G .99 .01 

IHELIiBILITT EIPRESSIOK = + iBEG + iCFG - iBCEFG 

EELIiBILITT OF STSTEE = .B95B5033E 

Figure 12 

OUTPUT FROM ADDON RUN OF COMPLEX SYSTEM Figure 11 
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IDEIIIFT flEIHEi THESE IRE THESE PITHS OR COTS. 
IF PATHS THEH Z=I AHD 2=10 FOR COTS 

READ I 

READ THE HOIBER OF PATHS OR COTS 
(F) 

READ THE HOIBER OF COHPOHEHTS 

III 

A DOHHT RARIABLE IS ASSIGHED TO A STRUG FOR FOTORE RELIABILITT 
COEPOTATIOHS OF 1 IIIOS THE OHRELIABILIIF 

OS = STRSIl) 

LOAD THE COIPOHEHTS 

FOR T = 1 TO I 

READ PSIT) 

HEAT T 

LOAD THE PATHS 

FOR T = 1 TO T 

READ ASITi 

lEIT T 

LOAD THE COIPOHEHT RELIABILITY'S 

FOR T = 1 TO I 
READ ElSIT! 

THE FAILORE = DOHHY SIRIHG - RIS 
E4SIT) = DIFSIOS.EIS(TI) 

HEET T 

Figure 13 

FLOW DIAGRAM FOR PRCXIRAM ACDON 
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PIODOCE TIE TERIS OE HE EIPEESSIOII IK IHICI PillS OR COTS IRE SIKGOLIR 
il = 1 

FOR 1 = 11 TO F 

T9 = 1 

R = I + 1 

BE(E) = RE(R) 

GOSOB TO REKOVE DIIPLICiTE COIPOKEKTS 

KEIT i 

PROBIICE TEE TERKS OF TEE EIPRESSIOK IK EEICE TEE PITES OR COTS RRE 
SOKIEt IK SETS OF TiO 

BI = 1 

il = 2 

FOR B = Bl TO M 

FOR i = il TO y 

T5 = -1 

1 = 1 + 1 

BSlEi = iS(B;+iS(i) 
GOSEB TO REHOFE DffPLICiTE COKPOKEKTS 

KEIT i 

il = il + 1 

KEIT B 

PRODUCE TEE TERKS OF TEE EIPRESSIOK IK lEICE TEE PiTES OR CUTS iRE 
SUKKED IK SETS OF TEREE 

C1 = 1 

BI = 2 

il = 3 

FOR C = 01 TO y-2 

FOR B = Bl TO T-1 

FOR i = il TO y 

TS = 1 

1 = 1 + 1 

BSm = iS(C)+iS(BI+iS(il 

GOSUB TO REKOyP DUPLICilE COKPOKEKTS 

KEIT i 

il = il + 1 

KEIT B 

il = Bl + 2 

Bl = Bl + 1 

KEIT C 

Figure 13 (Continued) 
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COEPITE THE RESEPECTITE RELIABILITIES OF THE TERHS OF THE EIPRESSIOH 

AHD THE RELIABILITT OF THE STSIEH 

IF T9 = I THEE THE TERE OF THE EIPRESSIOH IS PRECEEDED BT A + 

SISE AED A - SICE IF T9 = -1 

IF T9 = 1 CO TO BOI 

SICE$= CHRS(45) 

L5=-I 

CO TO CASE 

BOI 15=1 

SICES=CHES(43i 

CASE L5$=STR$(L51 

nS=STRSIl) 

FOR T = I TO I 

L = POSlSSIOl.PSlTi .ll 

IF L = 0 THEE 1080 

IF Z = I THEE 1080 

ClSITi = I4S(T) 

CO TO OERELIABILITT COEPOTATIOES 

C3S(TI = ElSITi 

nS = PRODS(nS.G3SIT).10! 

EEIT T 

E5 = E5 + 1 

E]S(E5) = PRODSinS.LSS.lOi 

SPCES = SPACESll) 

RELS=S!IES(RELS.E]S(E5i i 

EIPRESSIOES = EIPRESSIOES 

+ SPCES + SICES + SPCES + SSfOi 

SOBROOTIEE IHICH fILL SEARCH THE TERE OF EIPRESSIOH FOR 

OOPLICATE miABLES 

0 = 0 + 1 

FOR T = 1 TO I 

F = P0S(BS(I).PS(TI ,1! 

F = 0 THEE ISO 

TS = SEGSIBSIIi.F.FI 

SS(0) = SSIOi t TS 

EEIT T 

THIS PROCESS HILL COETIEOE OETIL THE TERE IE EHICH ALL THE PATHS 
OR COTS ARE COEBIEEE. 

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 n^h 

power (where n is the number of min cuts or paths) the 

reliability expression jumps from 1023 terms to 20^*7 

terms as the number of cuts or paths moves from 10 to 11. 

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 H. 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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Uj 

I 1 

V:::' 

Figure 

FAULT TREE FOR AUTOMOTIVE BRAKE FAILURE 

a rel iability calculation is desired. For this example 

use "fai lure of rear system", as shown in Figure 15. 

2). Treat this gate as a "top event" and calculate 

its respective rel iability or unrel iablity using either 

the ESPACE or ADiX)N 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. 

^). Compute the total system reliabi lity. The 

results of the ADDON program for the reduced system is 

shown as Figure 20. 
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I Foilure cf 
Rear Syslem 

Rear 
V»he€i Wosfer 

Broke
Cylinders Cylinder Insufficient

Lin ng
Foil 2 Foils ■^^Fluid /

Fo 

Left \ / Right
Wheel t I V/heel

Cylinder j I Cylinder
V Foils y \ Foils -

Figure 15 

FAULT TREE FOR AUTOMOTIVE REAR BRAKE SYSTEM FAILURE 

PEOB. of PEOB. of 
COEPOEEET SUCCESS FilLUEE 

SSEBER COHPOEEJT IDEETiFIEE P g 

Rear Brake Lining Earis I .25 .05 

Easter Cylinder 2 Fails B .98 .02 

Insnificient fluid C .97 .03 
Left Iheel Cylinder Fails D .94 .08 
Eight Iheel Cylinder Fails E .98 .04 

TIE CDT SETS III 

I 

i 
C 

D 

E 

Figure 16 

STATISTICS ABOUT COMPONENTS FOR REAR BRAKE FAULT TREE Figure 15 
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KUIBEK TE8li BIEELliBILlTT OF TERB 

HIifi Hif HitffiiilHHitiiil 

I I .05 

B 

C 03 

i 06 

5 04 

6 001 

I IC 0015 

8 III 

9 iE 

10 BC 

II BD 0012 

12 BE 

13 CD 

14 CE 0012 

15 BE 0024 

15 BBC 

17 IBB 

18 IBE 

19 iCB 

20 ICE 

21 IBE 

22 BOB 

23 BCE 

24 BBE 

25 CBE 

26 iBCB 

27 BBCE 

28 iBBE 0000024 

29 iCBE 36 

30 BCBE 144 

31 IBCBE 

TOTIL .185069632 

OliELIlBILITF EIPEESSIOB = + 4 + B + C + B + E - • iC - iB - iE - BC - BB 

BE - CB - CE - BE + ABC + IBD + iBE t iCB + iCE + iBE + BCB + BCE + BBE + CBE 

iBCB - iBCE - iBBE - iCBE - BCBE + iBCBE 

EELIiBIlITT OF S7STE! = .814930368 

Figure 17 

OUTPUT FROM ADDON RUN OF REAR BRAKE (Figure 16) STATISTICS 
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I f0 Ijrc tf j "vr-ciie'O cf 
, HwOr oyc!c-i j C.!.. Tor'O"' Sy5.U-ri ' =~-r ' \ToV-- t -.o:... 

h rc r.J 

Left 

Cy-ir^C'* 

Figure 18 

REDUCED FAULT TREE FOR AUTOMOTIVE BRAKE FAILURE 

COHPOIEIT 

IIIBER COIPOIEIT IDEJTIFIEE 

1 Failure of Rear Systei I 
2 Driver Ictioo Faihre B 

3 Front Brake Lining Fails C 
4 Easter Cylinder I Fails D 
5 Insaffioient Flaid E 

5 Left Rneel Cylinder Fails F 
1 Right Iheel Cylinder Fails G 

THE EIEIIiL PATHS IRE 

i 

B 

FCCDE 

Figure 19 

PMB. of PMB. of 

SOCCESS FilLORE 

p q 

.8149304 .1850695 

.80 .2 

.)5 .25 

.95 .05 

.97 .03 

.94 .06 

.96 .04 

STATISTICS ABOUT THE COMPONENTS OF REDUCED TREE (Figure 18) 
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IJEBER TER« RELIABILITT Of TERB 
HliH Hft iHHitliHfiHHftf 

A .8143304 
B .8 
COEFG .5238112 

iB -.85154432 
ACDEFG -.5082488204 
BCDEFG -.49853658 

1 ABCDEFG .4085588584 

TOTAL .988070558 

RELIABILIIF EIPRESSIO! = + A + B + CBEFG - AB - ACDEFG - BCDEFG + ABCDEFG 

RELIABILITI OF STSTE! = .986070598 

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 figure 1^ 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 ^>0,000 mi le data is accumulated on 

automobile components and the probability the automobile 

fails to start at ^0,000 miles is to be determined. The 

fault tree for this situation is drawn by system 

designers and is shown as Figure 23. 

PEOB. of PEOB. of 

COEPOBEBI SBCCESS FlILOEE 

irOKBEl COIPOJEItl IDEUTIFIEE p 

1 Driver ictioii Faihre i .80 .2 

2 FroDt Braie Litioj Fails B .15 .25 

3 laster Cylinder 1 Fails C .95 .05 

4 Front Insnfficient Fluid D .51 .03 
» Eear Braie Lining Fails E .95 .05 

i laster Cylinder 2 Fails F .98 .02 
1 Eear Insufficient Fliud G .91 .03 

8 Front Left Cylinder Fails 1 .94 .06 
0 Front Eight Cylinder Fails I .96 .04 

10 Eear Left Cylinder Fails J .94 .06 

11 Eear Eight Cylinder Fails I .96 .04 

Figure 21 

STATISTICS FOR THE UNREDUCED FAULT TREE OF Figure U 

ttO 



 

miER TERE EELUBILIT? OF TERE THE EIEIEiL FiTHS ERE 
MiHI HH iHHiHfUHHIHM 

1 I i 
BCDil .5236712 IIBCD 
EFGJR .81493036S JEEFG 
iBCDHI -.49S93696 

lEFGJR -.6515442944 

BCDEFGEiJR -.50S2486D01 

iBCOEFGHIJE .40659S8894 

TOTIL .9360705933 

RELIiBILITF EIFRESSIOE = ♦ i i BCDEI + EFGJR - iBCDBI - lEFGJR - BCBEFGEIJE 

+ RBCBEFGHIJE 

RELIIBILITF OF SFSTEE = .986015933 

Figure 22 

OUTPUT FROM ADDON RUN OF THE STATISTICS FOR Figure 21 

M d) 
^ BoUe,., ^ HlecVncoJ 

rCkilo«'t y^\ 
^4 Failort 

lAl-te.Tw.aioT 

RetVitie 

(yd) 
Figure 23 

FAULT TREE FOR AUTOMOBILE FAILURE TO START 
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There are 10 components for which ^0,000 mile failure 

data has been accumulated. 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 3. The rectifier fails if either I or 3 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 G6 

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 it- (G^) represents the electrical 

system fai lure. Both components F and G must fail to 

cause a G4 fai lure. 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 ^0,000 milies, of battery failure 

-at 'fOjOOO miles and electrical failure at ^^0,000 miles. 

That 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,ABH1,ABH3 

Suppose Gate G6 is evaluated and replaced in the fault 

tree by G6. A reapp 1 ication of the min cut algorithm 

would give cuts: 

ABC,ABD,ABE,ABFG,ABH(G6) 

Because the algorithm converts ABH(G6) to ABHl and 

ABHJ. Similarly, the fault tree with Gate ^ represented 

by component (Git) results in cuts: 

ABC, ABD, ABE, ABH I ,ABHJ,AB(G^f) 

and the algorithm converts AB(G^) to ABFG. 

If the battery failure probabi lity 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 



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 4 

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 comnon 

cause failures. At no time does this analysis or the 

developed programs consider the comnon cause problem. 
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&^oUovc 

^l-terwoA^x 
C5 

E 
0 

1 

RetVifi" 

+ 
H tr

6 J 

Figure 2^^ 

FAULT TREE FOR AUTOMOBILE BATTERY FAILURE 

Riilure 4o 

A B o 

BlecU^col 
•Oiluft ^Oilo*-C SyiVewi 

o lore, 

C D F G 

Figure 25 

REDUCED FAULT TREE FOR AUTC»OBILE FAILURE TO START 
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PiOBlBILITT PROBBBILIIT 

OP SCCCESS OF FlILBPi 

JOSBEil COSPOKEHT p 1 

.55 .051 E 

.80 .22 I 
3 I .55 .05 
4 j .50 .1 

THE COT SETS HE 

E 

HI 

IJ 

Figure 26 

STATISTICS ABOUT THE COMPONENTS BATTERY FAILURE IN Figure 2it 

PROBIBILITP PROBiBILITT 

OF SOCCESS OF FilLORE 

lOIBER COIPOHEHT P <! 

1 i .55 .05 

2 B .50 .1 

2 C .85 .15 

4 0 .80 .2 

5 r .50 .1 

6 0 .85 .15 

] z .52245 .01155 

THE IIHIHE COTS IRE 

IBC 

RBO 

RBPG 

RBZ 

Figure 27 

STATISTICS ABOUT THE COMPONENTS REDUCED TREE OF Figure 25 
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POSSIBLE FilLORES IITi TiOSE RESOLTIIG IK 
TOTIL SISItH filLOilE DERCTED BT M « 

PilLS 2 FAIL 3 FAIL 4 FAIL 

E« EE' ESI' EEIJ« 

1 Ei« EEJ' 

I EJ' EIJ' 

J El' EIJ' 
PU 

IJ 

TiOSE COSBIRATIORS JilCS CORTAII A COT SET ARE 
DEROTEE fITE AR « ARB SATE TEE EOLLOTIRG 

PROBABILITIES OF OCCORARCE 

COIBIRATIOR PR0BABILIT7 OF OCCCRERCE 
tittttttttt tttttttttxttitxtxttttitt 

E .0342 

EE .mii 

El .COIS 

EJ .033S 
8S: 

S.i .01305 

EBI .00045 

EEJ .00035 

EIJ .0002 

HIJ .00055 

EEIJ .00005 

TOTAL .0"755 

RELIA3ILITT OF SISTER = .32245 

Figure 28 

OUTPUT FROM ESPACE RUN OF BATTERY FAILURE STATISTICS IN Figure 26 
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RIIIIBER TERR OIRELIiBILITT OF TERR 

HHii ilM MtMiHitMHfnni 

1 iBC .00075 
•1 inn
L .uUl 

3 RBFG .000075 

4 RBZ .00038775 

5 RBGB -.00015 

6 iBCFG -.00001125 

] iBCZ -.0000581825 

8 RBBFG -.000015 
0 RBBZ -.00007755j 

10 iBFGZ -.0000058183 

11 iBCBFG .00000225 

12 RBCBZ .0000118325 

13 RBGFGZ .0000008724 

14 iBBFGZ .0000011633 

15 iBCBFGZ -.0000001745 

TOTiL .0019107149 

lIKRELIiBILin EiPiESSIOJ = UBC + I BB + IBEG + iBZ - IBCB - IBCEG OCZ - n 

BEG - IBBZ - iBFGE + IBCBEG + ABCEZ + IBCFGZ + iBBFGZ - iBCBFGZ 

RElIiBILITF OF STSTEI = .9980592851 

Figure 29 

OUTPUT FROM ADDON RUN OF REDUCED TREE STATISTICS IN Figure 27 

^8 



PiOB. of PEOB. of 

COIPOKEJT SKCESS filLOEE 
lOIBEE COHPOIEIT IDEITIFIEE P 9 

1 Driver ictioo Failure i .80 .2 
2 Front Brake Lining Fails B .75 .25 
3 laster Cflinder 1 Fails C .95 .05 
4 Front Insufficient Fluid D .97 .03 
5 Eear Brake Lining Fails E .95 .05 

6 laster Cflinder 2 Fails F .98 .02 

7 Eear Insufficient Fliud G .97 .03 
8 Front Left Cylinder Fails 1 .94 .06 
9 Front Eight Cylinder Fails I .96 .04 
10 Eear Left Cylinder Fails J .94 .06 
11 Eear Eight Cylinder Fails I .96 .04 

lEE Iiniil PillS iEE 

1 

IIBCD 

JEEFG 

IDIBEE TEEI EELIiBILITT OF TEEI 

MiHi MH HHHKEMIHilMM 

1 i 

2 BCCII .6236712 

3 EEGJE .814930368 

1 iBCDil -.49893696 

5 EEEGJE -.6519442944 
6 BCDEFGfilJE -.5082486007 
] iBCDEFGEIJI .4065988804 

TOTIL .9860705933 

EELIiBILITT EIPEESSIOI + i t BCDEI + EFGJI - iBCDSI - iEFGJE - BCDEFGEIJI 
+ iBCDEFGEIJI 

EELIiBILITT OF STSTEE = .9860705933 

Figure 30 

STATISTICS ABOUT THE COMPONENTS OF NON REDUCED TREE IN Figure U 

AND THE ADDON PROGRAM OUTPUT FOR THIS SYSTEM 

1^9 



CHAPTER VI 

CCX^LUSIONS 

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. 

50 



The attempts during this study to apply the programs to 

-systems with conrmon cause failure were not satisfactory. 

The methods needed to deal with the "conmon cause" 

problem is beyond the scope of this study. The only 

recommendation would be to develop programs which are 

small and easily applied for the "conrmon cause" problem. 

Expanding ESPACE and ADDON to more than 10 events is 

not recommended. 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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PROGRAM ESPACE 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 

260 

270 

280 

290 

300 

310 

320 

330 

340 

350 

360 

370 

380 

390 

400 

410 

420 

430 

440 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

620 

630 

640 

THIS PROOyiM IS DESiaCD TO HAI®LE RKI.TAR-T.TTV 

Ca-IPUTATiaiS OF MORE TOWI TEIJ CaiFaeTTS 

THE COl'IPONIIITS ARE FEED INTO THE COMPOTER BY 

IDENTinCATIONS A THROUGH J 

FIRST READ THE NUIBER OF COHPaETS TO EVALUATE 

READ Y 

NEXT THE NUMBER OF COT SETS ARE READ 

READ X 

TOE ARRAYS MUST BE DIMHNSiaffiD 

DIM AS(10) 

DIM RlSdO) 

DIM R2$(10) 

DIM B$(5000) 

Dm BIS(252) 

DIM B2S(252) 

DIM B3$(252) 

Dm 

Dm 

Dm 

Dm 

Dm 

Dm 

Dm 

Dm 

Dm 

Dm 

B4S(252) 

B5S(252) 

B6S(252) 

B7S(252) 

BBS(252) 

B9S(252) 

BIOS(252) 

R3S(10) 

RELS(5000) 

IiS(5000) 

A DU12IY VALUE OF OE IS ASSI®ED TO A STRING 

FOR FimiRE CCMFOTATia'S OF 1 MOTJS TOE FALURE RAt 

US=STRS(1) 

LOAD THE NAMES OF THE COi'IPaErrTS 

FC« T = 1 TO Y 

READ AS(T) 

lEXT T 

! LOAD THE ca-IPO'Jnn' RELIABILITY'S ! 

FOR T = 1 TO Y 

READ RIS(T) 

R2$(T) = DIF$(US,R1S(T)) 

NEOT T 
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650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

850 

860 

870 

880 

890 

900 

910 

920 

930 

940 

950 

960 

970 

980 

990 

1000 

1010 

1020 

1030 

1040 

1050 

1060 

1070 

1080 

1090 

1100 

1110 

1120 

1130 

1140 

1150 

1160 

1170 

1180 

1190 

READ THE CUT SETS ! 

FOR I = 1 TO X 

READ OS(I) 

IJEXT I 

COMPUTE THE COffilNAnCW CF TERMS PC« ESPACE 

GO TO 950 

SUBROUrUffi WHICH WILL DECIDE IF THE GIVM ESPACE COMBINATICN ! 

COrJTAH^S A CUT SET THAT WILL RESULT IT^ A SYSTEM FAILURE ! 

S = S + 1 

FC» I = 1 TO X 

FOR T = 1 TO Y 

Z=P0S(0${I),A$(T),1) 
IF Z = 0 THEl'l 900 

Z$ = SEG$(0$(I),Z,Z) 
M =P0S(B$(K),Z$,1) 
IF M = 0 TIEN 930 

NEXT T 

LS(S) = CHR$(42) 

GO TO 950 

LS{S) = SPACES(1) 

NEXT I 

RETURN 

PRINT 

PRBTT 

PREfT" ","PRC®ABILITY","PRGBABIUTY" 

PRBTT" ","CF SUCCESS ","0F FAILURE" 
>t M fm ItPRB'JT "NUMBER","CnPCNEWr*," 

PRBTT" 

FOR I = 1 TO Y 

PRBTT ;I," 
NEXT I 

PRBTT 

PRBTT 

PRBTT 

";AS(I)," ";R1S(I)," ";R2S(I) 

PRBTT" THE, CUT SETS ARE 

PRBTT" 

PRBTT 

FC« I = 1 TO X 

PRBTT" OS(I) 

ITEXT I 

PRBTT 

PRBTT 

GO TO 1890 

PRBTT 

IF Y = 1 THEIT Z = K1 

IF Y = 2 THEN Z = K1 
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1200 IF y = 3 THEN Z = K2 

1210 IF Y = 4 THEt^ Z = K2 

1220 IF Y = 5 THEH Z = K3 

1230 IF Y = 6 Z = K3 

1240 IF Y = 7 IffiN Z = K4 

1250 IF Y = 8 THHI Z = K4 

1260 IF Y = 9 nmJ Z = K5 

1270 IF Y = 10 THIN Z = K5 

1280 PRUrr"POSSIBLE FAILURES VJITH THOSE RESULTING IN " 

1290 PRUrr"TOTAL SYSTHI FAILURE DJNOTED BY AN * 
1300 pRurr 

1310 PRurr 

1320 PRU^rr C1S,C2S,C3$,C4$,C5$ 
1330 PREU' D1$,D2$,D3$,D4$,D5$ 

1340 PRurr 

1350 FOR I = 1 TO Z 

1360 PRUrr" ";B1S(I)," ";B2$(I)," ";B3${I),B4${I),B5S{I) 
1370 NEXT I 

1380 PRUJT 

1390 PRurr 

1400 PRurr 

1410 IF Y > 6 THH-I 1430 

1420 GO TO 1550 

1430 PRurr 

1440 PRurr 

1450 PRUrr C6$,C7$,C8$,C9$,C10$ 

1460 PRUrr D6S,D7$,D8$,D9S,D10S 
1470 PRurr 

1480 I = 1 TO K6 

1490 PRUrr B6$(I),B7S(I) ,B8$(I) ,B9$(I) ,B10$(I) 
1500 NECT I 

1510 PRUJT 

1520 PRUrr 

1530 PRurr 

1540 PRINT 

1550 PRINT 

1560 PRUU" 

1570 PRUIT" 
1580 PRUTT" 
1590 PRINT" 

1600 PRU-rr 

1610 PRINT 

1620 PRUrr" 
1630 PRUfT" 

1640 PRINT 

1650 FOR I = 

TrfOSE COBUJATIONS WHICH CCOTAUJ A OTT SET ARE" 
DENOTED WITH ?N * AND HAVE THE FOLLOWING 
PRCBABILITIES OF OCCORANCE 

CasINATICN PR(»ABILITY OF OCCURENCE" 
*********** ************************" 

1 TO S 

1660 RELS(I) = US 

1670 IF LS(I) = CHR$(42) THEN 1690 

1680 GO TO 1780 

1690 FOR N = 1 TO Y 

1700 Z = P0S(B$(I),A${N),1) 
1710 IF Z = 0 THEN 1740 

1720 RELSd) = PRODS{RELS(I),R2$(N),10) 
1730 GO TO 1750 

1740 RELSd) = PRODS(RELSd),R1$(N),10) 
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1760 NEXT N 

1760 PRINT" ";B$(I)," ' ";REL${I) 
1770 RS=SU1-IS(RS,REL$(I)) 
1780 NEXT I 

1790 PRUrr " 

1800 PRDTT" TOTAL ";R$ 
1810 PRDff 

1820 PRINT 

1830 PRUTT "RELIABILTIY OF SYSTEM = ";;DIF$(U$,R$) 
1840 PRUn 

1850 PRINT 

1860 GO TO 6250 

1870 !! 

1880 !! 

1890 A1 = 1 

1900 Cl$="l FAILS" 

1910 Dl$=" " 

1920 FC» A = A1 TO Y 

1930 K = K + 1 

1940 B$(K)=A$(A) 
1950 GOSUB 820 

I960 B1$(K) = B${K) + L$(S) 
1970 NEXT A 

1980 IF Y > 1 THEN 2020 

1990 GO TO 1170 

2000 !! 

2010 !! 

2020 B1 = 1 

2030 A1 = 2 

2040 C2S="2 FAIL" 

2050 D2$=" " 
2060 FOR B = B1 TO Y-1 

2070 FC« A = A1 TO Y 
2080 K2 = K2 + 1 

2090 K = K + 1 

2100 B$(K) = A$(B)+AS(A) 
2110 GOSUB 820 

2120 B2S(K2) = B$(K) + L$(S) 
2130 NEXT A 

2140 A1 = A1 + 1 

2150 NEXT B 

2160 IF Y > 2 THEN 2200 
2170 GO TO 1170 

2180 !! 

2190 !! 

2200 C1 = 1 

2210 B1 = 2 

2220 A1 = 3 

2230 C3$="3 FAIL" 
2240 D3S=" " 

2250 FC« C = C1 TO Y-2 
2260 F® B = B1 TO Y-1 
2270 FC« A = A1 TO Y 

2280 K3 = K3 + 1 
2290 K = K + 1 
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2300 B$(K) = AS(C)+AS(B)+AS(A) 
2310 GOSUB 820 

2320 B3S{K3) = B$(K) + L$(S) 
2330 NEXT A 

2340 A1 = A1 + 1 
2350 NEXT B 

2360 A1 = B1 + 2 

2370 B1 = B1 + 1 

2380 rJEXT C 

2390 IF Y > 3 THEJI 2430 
2400 GO TO 1170 

2410 !i 

2420 !! 

2430 D1 = 1 

2440 C1 = 2 

2450 B1 = 3 

2460 Al = 4 

2470 C4S="4 FAIL" 
2430 D4$=" " 
2490 FC« D = D1 TO Y-3 
2500 FOR C = C1 TO Y-2 
2510 PGR B = B1 TO Y-1 
2520 F1C« A = Al TO Y 
2530 K4 = K4 + 1 
2540 K = K + 1 
2550 B${K) = A$(D)+A$(C)+A${B)+A$(A) 
2560 GOSUB 820 
2570 B4${K4) = B$(K) + L$(S) 
2580 I-ffiXT A 

2590 Al = Al + 1 
2600 NEXT B 

2610 Al = B1 + 2 
2620 B1 = B1 + 1 

2630 NEXT C 

2640 Al = C1 + 3 
2650 B1 = C1 + 2 
2660 C1 = C1 + 1 

2670 NEXT D 

2630 IF Y > 4 THU'J 2720 
2690 GO TO 1170 

2700 j 1 

j 12710 

2720 El = 1 

2730 D1 = 2 

2740 C1 = 3 

2750 B1 = 4 

2760 Al = 5 

2770 C5$="5 FAIL" 

2780 D5$=" " 

2790 FOR E = El TO Y-4 
2800 FOR D = D1 TO Y-3 

2810 FOR C = C1 TO Y-2 
2820 FOR B = B1 TO Y-1 
2830 FOR A = Al TO Y 
2840 K5 = K5 + 1 
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2850 K = K + 1 

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

2880 B5$(K5) = B$(K) + L$(S) 
2890 NEXT A 

2900 A1 = A1 + 

2910 NEXT B 

2920 A1 = B1 + 

2930 B1 = B1 + 

2940 NEXT C 

2950 A1 = C1 + 

2960 B1 = C1 + 

2970 C1 = C1 + 

2980 NEXT D 

1 

2 

1 

3 

2 

1 

2990 A1 = D1 + 4 

3000 B1 = D1 + 3 

3010 C1 = D1 + 2 

3020 D1 = D1 + 1 

3030 NEXT E 

3040 IF Y > 5 rrfEI'J 3080 

3050 GO TO 1170 

3060 !! 

3070 !! 

3030 Fi = 1 

3090 El = 2 

3100 D1 = 3 

3110 C1 = 4 

3120 B1 = 5 

3130 A1 = 6 

3140 C6S="6 FAIL" 

3150 D6$=" 

3160 TOR F = 

3170 F(» E = 

3180 FOR D = 

3190 FOR C = 

3200 FC« B = 

3210 FOR A = 

" 

n TO Y-5 

El TO Y-4 

D1 TO Y-3 

C1 TO Y-2 

B1 TO Y-1 

A1 TO Y 

3220 K6 = K6 + 1 

3230 K = K + 1 

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

3260 B6$(K6) = 
3270 NEXT A 

3280 A1 = A1 + 

3290 NEXT B 

3300 A1 = B1 + 

3310 B1 = B1 + 

3320 C 

3330 A1 = C1 + 

3340 B1 = C1 + 

3350 C1 = C1 + 

3360 NEXT D 

3370 A1 = D1 + 

3380 B1 = D1 + 

3390 C1 = D1 + 

B$(K) + L$(S) 

1 

2 

1 

3 

2 

1 

4 

3 

2 
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3400 D1 = D1 + 

3410 tffiXT E 

3420 A1 = El + 
3430 B1 = El + 
3440 C1 = El + 

3450 D1 = El + 
3460 El = El + 
3470 NBCr F 

1 

5 
4 
3 

2 
1 

3480 IF Y > 6 THEN 3520 
3490 GO TO 1170 

3500 i! 

3510 !! 

3520 G1 = 1 

3530 n = 2 

3540 El = 3 

3550 D1 = 4 

3560 C1 = 5 

3570 B1 = 6 

3580 A1 = 7 

3590 C7S =" 7 FAIL" 

3600 D7$ ="-
3610 PC« G = 
3620 FC« F = 
3630 FC« E = 
3640 FC» D = 
3650 C = 

3660 FC« B = 
3670 A = 

G1 TO Y-6 
F1 TO Y-5 
El TO Y-4 
D1 TO Y-3 
C1 TO Y-2 

B1 TO Y-1 
A1 TO Y 

3680 K7 = K7 + 1 

3690 K = K + 1 

3700 B$(K) A$(G)+A$(F)+A$(E)+AS(D)+AS(C)+A$(B)+A$(A) 
3710 GOSUB 820 

3720 B7S(K7) = 
3730 NEXT A 

3740 A1 = A1 + 

3750 NEXT B 

3760 A1 = B1 + 

3770 B1 = B1 + 

3780 IffiXT C 

3790 A1 = C1 + 

3800 'B1 = C1 + 
3810 C1 = C1 + 

3820 NEXT D 

3830 A1 = D1 + 

3840 B1 = D1 + 

3850 C1 = D1 + 

3860 D1 = D1 + 

3870 NEXT E 

3880 A1 = El + 

3890 B1 = El + 

3900 C1 = El + 
3910 D1 = El + 

3920 El = El + 

3930 NEXT F 

BS(K) + L$(S) 

1 

2 

1 

3 

2 
1 

4 

3 

2 

1 

5 

4 

3 
2 

1 

3940 A1 = F1 + 6 
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3950 B1 = F1 + 5 

3960 C1 = F1 + 4 

3970 D1 = F1 + 3 

3980 El = F1 + 2 

3990 F1 = F1 + 1 

4000 NECT G 

4010 IF Y > 7 TOEJJ 4050 

4020 GO TO 1170 

4030 !! 

4040 !! 

4050 HI = 1 

4060 G1 = 2 

4070 F1 = 3 

4080 El = 4 

4090 D1 = 5 

4100 C1 = 6 

4110 B1 = 7 

4120 A1 = 8 

4130 C8$=" 8 
4140 D9$=" 

4150 F® H = 

4160 PC« G = 

4170 FC» F = 

4180 E = 

4190 FC« D = 

4200 ra C = 

4210 FC» B = 

4220 A = 

FAIL" 
" 

HI TO Y-7 

G1 TO Y-6 

F1 TO Y-5 

El TO Y-4 

D1 TO Y-3 

C1 TO Y-2 

B1 TO Y-1 

A1 TO Y 

4230 K8 = K8 + 1 

4240 K = K + 1 

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

4270 B8$(K8) = 
4280 NEXT A 

4290 A1 = A1 + 

4300 NEXT B 

4310 A1 = B1 + 

4320 B1 = B1 + 

4330 NEXT C 

4340 A1 = C1 + 

4350 B1 = C1 + 

4360 C1 = C1 + 
4370 NEOT D 

4380 A1 = D1 + 

4390 B1 = D1 + 

4400 C1 = D1 + 

4410 D1 = D1 + 

4420 NEXT E 

4430 A1 = El + 

4440 B1 = El + 

4450 C1 = El + 

4460 D1 = El + 

4470 El = El + 

4480 NEXT F 

4490 A1 = F1 + 

B${K) + L$(S) 

1 

2 

1 

3 

2 

1 

4 

3 

2 

1 

5 

4 

3 

2 

1 

6 
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4500 B1 = F1 + 5 

4510 C1 = F1 + 4 

4520 D1 = n + 3 

4530 El = n + 2 

4540 F1 = F1 + 1 

4550 MDT G 

4560 A1 = G1 + 7 

4570 B1 = G1 + 6 

4580 C1 = G1 + 5 

4590 D1 = G1 + 4 

4600 El = G1 + 3 

4610 F1 = G1 + 2 

4620 G1 = G1 + 1 

4630 NEXT H 

4640 IF Y > 8 THETJ 4680 

4650 GO TO 1170 

4660 !! 

4670 !! 

4680 II = 1 

4690 HI = 2 

4700 G1 = 3 

4710 F1 = 4 

4720 El = 5 

4730 D1 = 6 

4740 C1 = 7 

4750 B1 = 8 

4760 A1 = 9 

4770 C9$=" 9 FAIL " 

4780 D9S="-

4790 FOR I = II TO Y-8 
4800 IX» H = HI TO Y-7 

Y-6 
Y-5 
Y-4 
Y-3 
Y-2 
Y-1 

1 

4810 FC» G = G1 TO 
4820 FC® F = F1 TO 
4830 FC« E = El TO 
4840 FC® D = D1 TO 
4850 FX® C = C1 TO 
4860 FX® B = B1 TO 
4870 FOR A = A1 TO Y 

4880 K = K + 

4890 K9 = K9 + 1 

4900 BS(K)=A$(I)+AS(H)+A$(G)+A$(F)+A$(E)+AS(D)+A$(C)+A$(B)+A$(A) 
4910 GOSUB 820 

4920 B9$(K9) = BS(K) + LSIS) 
4930 NEXT A 

4940 A1 = A1 + 1 

4950 IffiXT B 

4960 A1 = B1 + 2 

4970 B1 = B1 + 1 

4980 NEXT C 

4990 A1 = C1 + 3 

5000 B1 = C1 + 2 

5010 C1 = C1 + 1 

5020 NEXT D 

5030 A1 = D1 + 4 

5040 B1 = D1 + 3 
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5050 C1 = D1 + 2 

5060 D1 = D1 + 1 

5070 NEXT E 

5080 A1 = El + 5 

5090 B1 = El + 4 

5100 C1 = El + 3 

5110 D1 = El + 2 

5120 El = El + 1 

5130 NEXT F 

5140 A1 = F1 + 6 

5150 B1 = F1 + 5 

5160 C1 = F1 + 4 

5170 D1 = F1 + 3 

5180 El = F1 + 2 

5190 n = n + 1 

5200 NEXT G 

5210 A1 = G1 + 7 

5220 B1 = G1 + 6 

5230 C1 = G1 + 5 

5240 D1 = G1 + 4 

5250 El = G1 + 3 

5260 F1 = G1 + 2 

5270 G1 = G1 + 1 

5280 NEXT H 

5290 A1 = HI + 8 

5300 B1 = HI + 7 

5310 C1 = HI + 6 

5320 D1 = HI + 5 

5330 El = HI + 4 

5340 n = KL + 3 

5350 G1 = HI + 2 

5360 HI = HI + 1 

5370 NEXT I 

5380 IF Y > 9 THEN 5420 

5390 GO TO 1170 

5400 1 1 

5410 1 j 

5420 J1 = 1 

5430 11 = 2 

5440 HI = 3 

5450 G1 = 4 

5460 n = 5 

5470 El = 6 

5480 D1 = 7 

5490 C1 = 8 

5500 B1 = 9 

5510 M = 10 

5520 C10S=" 10 FAIL " 

5530 D10S=" " 

5540 K® J = J1 TO Y-9 

5550 FC« I = 11 TO Y-8 

5560 FT® H = HI TO Y-7 

5570 FOR G = G1 TO Y-6 

5580 FOR F = F1 TO Y-5 

5590 FOR E = El TO Y-4 
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5600 FiC« D = D1 TO Y-3 
5610 FOR C = C1 TO Y-2 
5620 FOR B = B1 TO Y-1 
5650 FOR A = A1 TO Y 
5640 K = K + 1 
5650 KIO = KIO + 1 
5660 BS(K)= AS(J)+A$(I)+A$(H)+A$(G)+A$(F)+AS(E)+A$(D)+AS(C)+AS(B)+AS(A) 
5670 GOSUB 820 
5680 BIOS(KIO) = BS(K) + LSiS) 
5630 NEXT A 

5700 AI = A1 + 1 
5710 NEXT B 

5720 Al = B1 + 2 
5730 B1 = B1 + 1 
5740 IffiXT C 

5750 Al = C1 + 3 
5760 B1 = C1 + 2 
5770 C1 = C1 + 1 
5780 NEXT D 
5790 Al = D1 + 4 
5800 B1 = D1 + 3 
5810 C1 = D1 + 2 
5820 D1 = D1 + 1 
5830 NEXT E 
5840 Al = El + 5 
5850 B1 = El + 4 
5860 C1 = El + 3 
5870 D1 = El + 2 
5880 El = El + 1 
5890 NEXT F 
5900 Al = F1 + 6 
5910 B1 = F1 + 5 
5920 C1 = F1 + 4 
5930 D1 = F1 + 3 
5940 El = F1 + 2 
5950 F1 = F1 + 1 
5960 NEXT G 
5970 Al = G1 + 7 
5980 B1 = G1 + 6 
5990 C1 = G1 + 5 
6000 D1 = G1 + 4 
6010 El = G1 + 3 
6020 F1 = G1 + 2 
6030 G1 = G1 + 1 
6040 IffiXT H 
6050 Al = HI + 8 
6060 B1 = HI + 7 
6070 C1 = HI + 6 
6080 D1 = HI + 5 
6090 El = HI + 4 
6100 n = HI + 3 
6110 G1 = HI + 2 
6120 HI = HI + 1 
6130 NEXT I 
6140 Al = II + 9 
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6150 

6160 

6170 

6180 

6190 

6200 

6210 

6220 

6230 

6240 

6250 

7000 

B1 = 11 + 8 

C1 = 11 + 7 

D1 = 11 + 6 

El = 11 + 5 
F1 = 11 + 4 

G1 = 11 + 3 

HI = 11 + 2 

11 = 11 + 1 

NEXT J 

GO TO 1170 

GO TO 7000 

n® 
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Appendix B 

Program ADDON 
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100 

110 

120 

130 

140 

150 

160 

170 

ISO 

190 

200 

210 

220 

230 

240 

250 

260 

270 

280 

290 !! 

300 !! 

310 

320 

330 

340 

350 

360 

370 

380 

390 

400 

410 !! 

420 !! 

430 

440 

450 

460 !! 

470 !! 

480 !! 

490 

500 

510 

520 

530 !i 

540 !! 

550 !! 
560 

570 

580 

590 

600 

610 

620 

630 ! 

640 

PROGRAM ADDON 

raS PROGRAM IS DESIC3CD TO HAI®LE SYSTEMS 

can'Aiiniw up to 26 cxxTcron's at® lo unmaL 

PATHS OR arrs 

THE FIRST STEP IM EVALUATiaJ IS TO IDEI-fTIFy 

VKETHER IMESE ARE THESE PATHS OR COTS. 

IF PATHS THEN Z = 1 AJ® Z = 10 FOR COTS 

READ Z 

THE SECa® STEP IS TO INPOT THE 

NUIEES OF PATHS OR COT^ VARIABLE Y 

P£AD Y 

TOE THIRD STEP IS TO DffOT THE frjMBER 

ce COKPONEjrrS variable X 

READ X 

DIM AS(1000) 

DIM QSdOOO) 

DIM PS(1000) 

DIM KS(IOOO) 

DIM SS(IOOO) 

Dm KlSdOOO) 

DIM K4S(1000) 

DIM G3S(1000) 

Dm BSdOOO) 

DDI K7S(1000) 

W =IlTr(X/9) 

V = W + 1 

US = STRSd) 

! LOAD THE caiPot®rrs ! 
FC« T = 1 TO X 

READ PS(T) 

NEXT T 

! LOAD TOE PATHS ! 

FOR T = 1 TO Y 

READ AS(T) 

NEXT T 

GOSUB 840 
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650 !! 

660 GO TO 1670 
670 !i 

680 !! 

TO' ™ ; 
710 FOR T = 1 TO X 
If 
If. 

F = P0S(B$(K),P$(T),1) 
IF F = 0 THQi 760 

If 
760 

T$ = SBG${B${K),F,F)
S$(U) = s$(U) + TS 

NEXT T 
770 !! 

780 GOSUB 920 
790 RETURN 
800 !! 

810 !! 

820 !! 

830 !! 

tin OOfffONEKT RELIflBIUTY'S ' 850 FC« T = 1 TO X 
860 REftD K1${T) 

SS K4$(T) =DIFS(U$,K1$(T))880 NEXT T 
890 RETURN 
800 !! 

910 !! 

920 IF T9 = 1 -ffiEif 960 
930 SIC3>I$= CHR$(45) 
940 L5=-1 
950 GO TO 980 
960 L5=i 
970 SIGN$=CHRS(43) 
980 L5$=STR$(L5) 
990 K7$=ST1?S{1) 
1000 FC» T = 1 TO X 
1010 L = PDS(S$(U),P${T),1) 
1020 IF L = 0 TTQIJ 1080 
1030 IF Z = I TTE^ 1060 
1040 g3S(T) = K4S(T) 
1050 GO TO 1070 
1060 g3$(T) = K1${T) 

1080min NEXT T (K7$,G3$(T),10) 
1090 N5 = N5 + 1 
1100 K7S(N5) = PRODS(K7$,L5$,10) 
lliO SPCES = SPACESd) 
1120 REL$=SUI-!$(RELS,k7$(N5)) 

H« S"®° ^ tskes t ssm 
1150 !! 

1160 !! 

1170 i i 

1180 !i 

1190 !i 
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1200 PRnrr" ","PRC«ABILnY","PROBABILrrY" 
1210 PRIOT" ","0F SUCCESS ","0F FAILURE" 
1220 PRDTT "NUI'lBER","COf'!POi®rr'," p q 
1230 PRDvT" " 

1240 FX» I = 1 TO X 

1250 PRDTT I," '•;P$(I)," ";K1${I)," ";K4$(I) 
12(30 fiEXT I 

1270 PRDTT 

1280 PRIOT 

1290 IF Z = 10 THE?! 1320 

1300 PRINT" THE MBTOffiL PATHS ARE 

1310 GO TO 1330 

1320 PRIOT"THE MINIMAL CUTS ARE" 

1330 PRUn-" " 

1340 PRnrr 

1350 FOR I = 1 TO Y 

1360 PRINT"";A$(I) 

1370 NEXT I 

1380 PRUn" 

1390 PRDrr 

1400 IF Z = 1 THETI 1430 

1410 PRINT" NUMBER","TERM","UPJPELIABILnY OF TEPH" 

1420 GO TO 1440 

1430 PRINT"IMffiER","TERM"," RELilABIUTY OF TERlf 
1440 pRitrr" 

1450 PRINT 

1460 L8 = (2**Y) - 1 

1470 FOR I = 1 TO L8 

1480 PRINT I,S$(I),K7$(I) 

1490 NEXT I 

1500 PRINT ,," " 

1510 PRINT" TOTAL ",,REL$ 
1520 PRD'JT 

1530 PRINT 

1540 IF Z = 1 THEN 1570 

1550 PRINT "UNRELIABILrTY EXPRESSION 
1560 GO TO 1580 

1570 PRINT "RELIABILrTY EXPRESSIOI = 
1580 PRINT 

1590 PRITTT 

1600 IF Z = 1 THEN 1640 
1610 REELS = DIF$(U$,REL$) 

1620 PRINT "RELIABILnY OF SYSTTM 
1630 GO TO 1650 

1640 PRINT "RELIABILrTY OF SYSTEH 
1650 PRINT 

1660 GO TO 5740 

1670 !! 

1680 !! 

1690 A1 = 1 

1700 FOR A = A1 TO Y 

1710 T9 = 1 

1720 K = K + 1 

1730 B$(K) = AS(A) 

1740 GOSUB 700 
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1750 NEXT A 

1760 IF Y > 1 THEN 1800 
1770 GO TO 1200 

1780 !! 

1790 !1 

1800 B1 = 1 

1810 A1 = 2 
1820 FC« B = B1 TO V-i 

1830 FOR A = A1 TO Y 

1840 T9 = -1 

1850 K = K + 1 

1860 BS(Ki = A$(B)+AS(A) 
1870 GOSUB 700 

1880 NEXT A 

1890 A1 = A1 + 1 

1900 NEXT B 

1910 !! 

1920 !! 

1930 C1 = 1 

1940 B1 = 2 

1950 A1 = 3 

1960 FOR C = C1 TO Y-2 
1970 FC» B = B1 TO Y-1 

1980 FTO A = A1 TO Y 

1990 T9 = 1 

2000 K = K + 1 

2010 B$(K) = A$(C)+A$(B)+A${A) 
2020 GOSUB 700 

2030 NEXT A 

2040 A1 = A1 + 1 

2050 NECr B 

2060 A1 = B1 + 2 

2070 B1 = B1 + 1 

2080 NEXT C 

2090 IF Y > 3 THEN 2130 

2100 GO TO 1200 

2110 i! 

2120 !! 

2130 D1 = 1 

2140 C1 = 2 

2150 B1 = 3 

2160 A1 = 4 

2170 D = D1 TO Y-3 

2180 FOR C = C1 TO Y-2 

2190 FC« B = B1 TO Y-1 

2200 FOR A = A1 TO Y 

2210 T9 = -1 

2220 K = K + 1 

2230 BS(K) = AS'D)+AS(C)+AS(B)+A$(A) 
2240 GOSUB "00 

2250 NEXT A 

2260 A1 = A1 + 1 

2270 NEXT B 

2280 A1 = B1 + 2 

2290 B1 = B1 + 1 
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2300 NEXT C 

2310 A1 = C1 + 3 

2320 B1 = C1 + 2 
2330 C1 = C1 + 1 

2340 NEXT D 

2350 IF Y > 4 THEU 2390 

2360 GO TD 1200 

2370 1 1 

2380 1 1 

2390 El = 1 

2400 D1 = 2 

2410 C1 = 3 

2420 B1 = 4 

2430 A1 = 5 

2440 PGR E = El TO Y-4 
2450 FC« D = D1 TO Y-3 
2460 C = C1 TO Y-2 

2470 B = B1 TO Y-1 

2480 FC» A = A1 TO Y 

2490 T9 = 1 

2500 K = K + 1 

2510 BS{K) = A$(E)+i 
2520 GOSUB 700 

2530 NEXT A 

2540 A1 = A1 + 1 

■2550 NEXT B 
2560 A1 = B1 + 2 
2570 B1 = B1 + 1 
2580 I>®CT C 
2590 A1 = C1 + 3 
2600 B1 = C1 + 2 
2610 C1 = C1 + 1 
2620 NEXT D 
2630 A1 = D1 + 4 
2640 B1 = D1 + 3 
2650 C1 = D1 + 2 
2660 D1 = D1 + 1 
2670 NEXT E 
2680 IF Y > 5 THEI'J 2720 
2690 GO TO 1200 
2700 1 1 

2710 1 1 

2720 F1 = 1 
2730 El = 2 
2740 D1 = 3 
2750 C1 = 4 
2760 B1 = 5 
2770 A1 = 6 
2780 FC« F = n TO Y-5 
2790 rcR E = El TO Y-4 
2800 FC« D = D1 TO Y-3 
2810 FOR C = C1 TO Y-2 
2820 FC« B = B1 TO Y-1 
2830 FOR A = A1 TO Y 
2840 T9 = -1 
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2850 K = K + 1 
2860 B$(K) = AS{F)+A$(E)+A$(D)+A$(C)+A${B)+A${A) 
2870 GOSUB 700 
2880 NEXT A 

2890 A1 = A1 + 1 
2900 fECT B 

2910 A1 = B1 + 2 
2920 B1 = B1 + 1 
2930 IffiXT C 

2940 A1 = C1 + 3 
2950 B1 = C1 + 2 
2960 C1 = C1 + 1 
2970 NEXT D 

2980 A1 = D1 + 
2990 B1 = B1 + 
3000 C1 = D1 + 
3010 D1 = D1 + 
3020 NEXT E 

3030 A1 = El + 
3040 B1 = El + 
3050 C1 = El + 

3060 D1 = El + 

4 
3 
2 
1 

5 
4 
3 

2 
3070 El = El + 1 
3080 NEXT F 

3090 IF Y > 6 THEN 3130 
3100 GO TO 1200 
3110 !! 

3120 !! 

3130 G1 = 1 

3140 F1 = 2 

3150 El = 3 

3160 D1 = 4 

3170 C1 = 5 

3180 B1 = 6 

3190 A1 = 7 

3200 FOR G = 
3210 FC» F = 
3220 rc« E = 
3230 FOR D = 
3240 FC« C = 
3250 B = 
3260 FOR A = 

G1 TO Y-6 
F1 TO Y-5 
El TO Y-4 
D1 TO Y-3 
C1 TO Y-2 
B1 TO Y-1 
A1 TO Y 

3270 T9 = 1 
3280 K = K + 1 
3290 B$(K) = A$(G)+A$(F)+A$(E)+A$(D)+A${C)+A$(B)+A$(A) 
3300 GOSUB 700 

3310 NEXT A 

3320 A1 = A1 + 1 
3330 NEXT B 

3340 A1 = B1 + 2 
3350 B1 = B1 + 

3360 NEXT C 

3370 A1 = Cl + 

3380 B1 = Cl + 
3390 Cl = Cl + 

1 

3 

2 
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 

358t 

3690 

ll60 

PIJ 
3720 
3730 

3740 

3750 

3760 

3770 

3780 

3790 

3800 

3810 

3820 

3830 

3840 

3850 

3860 

3870 

3880 

3890 

3900 

3910 

3920 

3930 

3940 

NEXT D 

A1 = D1 + 4 

B1 = D1 + 3 
C1 = D1 + 2 

D1 = D1 + 1 

iaXT E 

A1 = El + 5 

Bi = El + 4 

C1 = El + 3 

D1 = El + 2 

EL = El + 1 

IffiXT F 

A1 = F1 + 6 

Bl = F1 + 5 

C1 = F1 + 4 

D1 = n + 3 

El = n + 2 

F1 = F1 + 1 

NEXT G 

IF Y > 7 THEM 3630 
GO TO 1200 
j j 

]1 

HI = 1 

G1 = 2 

n = 3 

El = 4 

D1 = 5 

C1 = 6 

Bl = 7 

A1 = 8 

FC® H = HI TO Y-7 
FC« G G1 TO Y-6 

EX® F = F1 TO Y-5 
EX® E = El TO Y-4 

FOR D = D1 TO Y-3 
FC® C = C1 TO Y-2 
EX® B = Bl TO Y-1 

PC® A = A1 TO Y 
T9 = -1 

K = K + 1 

BS(K)=A$(H)+A$(G)+A$ 
GOSUB 700 

LffiXT A 

A1 = A1 + 1 

NEXT B 

A1 = Bl + 2 

Bl = Bl + 1 

NEXT C 

A1 = C1 + 3 

Bl = C1 + 2 

C1 = C1 + 1 

NEXT D 

A1 = D1 + 4 

Bl = D1 + 3 
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3950 C1 = D1 + 2 
3960 D1 = D1 + 1 

3970 NEXT E 

3980 A1 = El + 5 
3990 B1 = El + 4 
4000 C1 = El + 3 
4010 D1 = El + 2 

4020 El = El + 1 

4030 NEXT F 

4040 A1 = F1 + 6 
4050 B1 = F1 + 5 
4060 C1 = n + 4 
4070 D1 = F1 + 3 
4080 El = n + 2 
4090 F1 = F1 + 1 
4100 NEXT G 

4110 U = G1 + 7 
4120 B1 = G1 + 6 
4130 C1 = G1 + 5 
4140 D1 = G1 + 4 
4150 El = G1 + 3 
4160 F1 = G1 + 2 
4170 G1 = G1 + 1 

4180 NEXT H 

4190 IF Y > 8 "raEM 4230 
4200 GO TO 1200 

4210 1 [ 

4220 1 1 

4230 11 = 1 

4240 ;ii - 2 

4250 G1 3 

4260 F1 

4270 El " 

4280 D1 = 6 

4290 C1 = 7 

4300 B1 = 8 

4310 A1 = 9 

4320 FOR I = 11 TO Y-8 
4330 PC« H = HI TO Y-7 
4340 PC« G = G1 TO Y-6 
4350 FC» F = F1 TO Y-5 
4360 Ft« E = El TO Y-4 
4370 FC« D = D1 TO Y-3 
4380 FC« C = C1 TO Y-2 
4390 FC» B = B1 TO Y-1 
4400 TOR A = A1 TO Y 
4410 T9 = 1 

4420 K = K + 1 
4430 B$(K)=A$(I)+A$(H)+A3(G)+i 
4440 GOSUB 700 

4450 r®cr A 

4460 A1 = A1 + 1 
4470 lEXT B 

4480 A1 = B1 + 2 
4490 B1 = B1 + 1 
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4500 

4510 

4520 

4530 

4540 

4550 

4560 

4570 

4580 

4590 

4600 

4610 

4620 

4630 

4640 

4650 
4660 

4670 

4680 

4690 

4700 

4710 

4720 

4730 

4740 

4750 

4760 

4770 

4780 

4790 

4800 

4810 

4820 

4830 

4840 

4850 

4860 

4870 

4880 

4890 

4900 

4910 

4920 

4930 

4940 

4950 

4960 

4970 

4980 

4990 

5000 

5010 

5020 

5030 

5040 

NEXT C 

A1 = C1 + 3 

B1 = C1 + 2 

C1 = C1 + 1 

NEXT D 

A1 = D1 + 4 

B1 = D1 + 3 

C1 = D1 + 2 

D1 = D1 + 1 

NEXT E 

A1 = El + 5 

B1 = El + 4 

C1 = El + 3 

D1 = El + 2 

El = El + 1 

NEXT F 
A1 = F1 + 6 

B1 = n + 5 

C1 = n + 4 

D1 = F1 + 3 

El = F1 + 2 

n = n +1 

NEXT G 

A1 = G1 + 7 

B1 = G1 + 6 

C1 = G1 + 5 

D1 = G1 + 4 

El = G1 + 3 

n = G1 + 2 

G1 = G1 + 1 

NEXT H 

A1 = HI + 8 

B1 = HI + 7 

C1 = HI + 6 

D1 = HI + 5 

El = HI + 4 

n = HI + 3 

G1 = HI + 2 

HI = HI + 1 

NEXT I 

IF Y > 9 ram 4940 
GO TO 1200 
1 1 

1 1 

J1 = 1 

11 = 2 

HI = 3 

G1 = 4 

F1 = 5 

El = 6 

D1 = 7 

C1 = 8 

B1 = 9 

A1 = 10 

FOR J = J1 TO Y-9 
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5050 FOR I 
5060 FOR H 
5070 FC« G 
5080 F 
5090 FOR E 
5100 FOR D 
5110 FCR C 
5120 FOR B 
5130 FC» A 

= 

= 

= 

= 

= 

= 

= 

= 

= 

11 TO Y-8 

HI TO Y-7 

G1 TO Y-6 

F1 TO Y-5 

El TO Y-4 

D1 TO Y-3 

C1 TO Y-2 

B1 TO Y-1 

A1 TO Y 
5140 T9 = -1 
5150 K = K + 1 
5160 BS(K) = A$(J)+A${I)+A$ 
5170 GOSUB 700 
5180 i®rr A 

5190 A1 = A1 + 
5200 ICXT B 

5210 A1 = B1 + 
5220 B1 = B1 + 
5230 rJEXT C 

5240 A1 = C1 + 
5250 B1 = C1 + 
5260 C1 = C1 + 
5270 NEXT D 

5280 A1 = D1 + 
5290 B1 = D1 + 
5300 C1 = D1 + 
5310 D1 = D1 + 
5320 fJEXT E 

5330 A1 = El + 
5340 B1 = El + 
5350 C1 = El + 
5360 D1 = El + 
5370 El = El + 
5380 IiIEXT F 

5390 A1 = F1 + 
5400 B1 = F1 + 
5410 C1 = F1 + 
5420 D1 = F1 + 
5430 El = n + 
5440 F1 = F1 + 
5450 fffiXT G 

5460 A1 = 
5470 B1 = 
5480 C1 = 
5490 D1 = 
5500 El = 
5510 F1 = 
5520 G1 = 

G1 + 

G1 + 

G1 + 

G1 + 

G1 + 

G1 + 

G1 + 
5530 t®JT H 

5540 A1 = 
5550 B1 = 

5560 C1 = 
5570 B1 = 
5580 El = 
5590 F1 = 

HI + 

HI + 

HI + 

HI + 

HI + 

HI + 

1 

6 

5 

4 

3 

2 

1 

7 

6 

5 

4 

3 

2 
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2 
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3 

2 

1 

5 

4 
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5600 

5610 

5620 

5630 

5640 

5650 

5660 

5670 

5680 

5690 

5700 

5710 

5720 

5730 

5740 

7000 

G1 = HI 

HI = HI 

NEXT 

A1 = 

B1 = 

C1 = 

D1 = 

El = 

F1 = 

G1 = II 

HI = II 

II = II 

NEXT J 

GO TO 1200 

GO TO 7000 

END 

81 



VITA 

Mary Karen Lyle was born in 3ohnson City, Tennessee on 

June 8, 196^^. She attended high school at University 

High in Johnson City and after graduating in June of 

1981, she entered college at East Tennessee State 

University. In January of 1983 she transfered to the 

University of Tennessee at Knoxville and received her 

Bachelors degree of Industrial Engineering in June of 

1985. Karen started the master's program inmedlately 

after graduation and will receive her masters degree in 

December of 1987. 
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