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Chapter 1

Introduction

We review here basic concepts and formulas of reliability theory.
The reliability of a component for a stipulated interval of time
T is the probability of continuous satisfactory operation during the
-interval. That is, a component is put into operation for a time T until
it fails. The random variable, T, is called the time to failure or the
life length of a component. It is assumed here that T is defined as a
non-negative real number. Let F(t) designate the probability that the

component will fail in the interval from 0 to t, that is
F(t) = P(T < t).

F(t) is called the cumulative distribution function. The probability

that the component will not fail in time t (the reliability of a com-

ponent) is
R(t) = 1 - F(t) (1.1)

where R(t) is called the reliability function. If F(t) is continuous

and differentiable, the probability density function f(t) is defined by

the relationship

£(t) = F'(t),

so that

t
F(t) = [ £(x)dx (1.2)
0



and

R(t) = [ £(x)dx. (1.3)
t

Using the Mean Value thedrem, it can be proved that the probability
that the component will fail between t and t + At is approximately
f(t)dt.

The distribution of the time to failure of the component can al-

ternatively be described by the instantaneous failure rate (or merely

"failure rate") or the hazard function, Z(t). The hazard function of

a component is the conditional density for the component to fail "at"
time t, given that the component is functioning satisfactorily at time

t. Thus, the formula of the hazard function is

F'(t) _ £(t) _ _f(t)
R(t)  R(t) 1-F(t) ° (1.4)

Z(t) =

The failure density can be obtained if the hazard function is knownm,

by means of the relationship

t .
—f Z(x)dx .
£(t) = z(t) e © (1.5)

This is true because the relationship (1.1),

R(t) - 1 - F(t),

when differentiated with respect to t, yields
R'(t) = - F'(t) = - £(t).

Thus, from (1.4)



£(t) _ -R'(t)
R(t) R(t) °

Z(t) =

Solving this differential equation by separation of variables and definite

integration gives

t t . t
- [ zeax = - [ -2 ax - fa R | = Lar(o),
0 0 0
since
£n R(0) = 0.
Hence
t
-[ zZ(x)ax
e‘En R(t) = R(t) = e 0 g
Thus
t
-/ zZ(x)dx
£(t) = Z(t) R(t) = Z(t) e ° :

Therefore the failure rate determines the failure density.

Some components fail due to wearout only. A common model to use
for this type of failure is the normal or Gaussian distribution. The
normal probability density is:

2
1rt=
-3E9

exp . —w <t <>,

£(t) =
2r o

where M is the mean failure time, ¢ is the standard deviation of the

normal distribution and t is the operation time. The cumulative distribution



function, the reliability function, and the hazard function of the normal

failure law are:

2
1 rx—
K Ly - 765
F(t) = f(x)dx = e dx,
b V2% g —o
2
]_ -]
NS o
R(t) = 1 - F(t) = e dx,
f Y27 ¢ {
and
2
l-t-
- 2659
z(ty = <48 . ¢ ;

RO ", Lam?
I e 2 Gu]dx

t

No convenient closed form is available for these functions.
Probably due to the inconvenience of the formulae, the normal failure
law is not as commonly assumed in the reliability literature as is the

exponential failure law, whose density function is

£(t) = ae %%, £>0

where o > 0 is a scale parameter. The cumulative distribution function,
the reliability function, and the hazard function of the exponential dis-

tribution are as follows:



R(t) = 1 -F(t) =1- (L -e 2t -at

and

£(t) _ ae %t

R(t) e*ut

Z(t) = = Q.

Thus if the time to failure distribution is exponential, the component
has a constant failure rate. Conversely, if the failure rate is con-
stant, then the distribution is an exponential distribution. This can
be shown by denoting the constant failure rate by a, where a > 0, and by
substituting a for Z(t) in formula (1.5) yielding

-ftudx

0 ae-ut, t>0.

f(t) = ae

In the case of the normal failure law, the older the component,
the greater the probability of its failing. But in the exponential case
a component can be considered new until it fails. In other words, age

does not affect its performance and the failures are described as random.



Chapter II

Bazovsky's Example

Igor Bazovsky, in his book, Reliability Theory and Practice, used

an example to show graphically what happens in a system containing a
large number of components operating simultaneously when components

aré replaced immediately upon failure. Herassumed that the components

can fail only by wearout; random failures are excluded. He assumed that
the failure.time of the individual components is N(H,az), that is,
normally distributed with mean time to failure M and standard deviation

o. His system contained 10,000 lamps with M equal to 7200 hours and ¢
equal to 600 hours. His graphs showed the number of lamps failing per
day (failure density) plotted against the time in hours. In his systenm,
when the first generation of components failed, the second generation
started to come into service. Since the second generation lamps do not
begin operation simultaneously like the first generation, he asserted

that the peak of the number of lamps failing in the secbnd generation
will not be as high as the peak of the first generation. And that the
peak of each succeeding generation will be lower than that of the previous
one. He stated that the wearout peak (mean life) for the Kth generation
occurred at time KM with standard deviation was equal to Ko. He plotted
the superimposed failure frequéﬁcy curves for several generations, showing
the increasing spread and the shift to the right on the time axis for
succeeding generations. (The failure frequency curve is the failure

density curve with a vertical scale change, so that the area under each



curve is N = 10,000). His graph is reproduced here as Figure 1. After
a certain period of time has elapsed, the failures which occur in a given
interval may represent several generations. For example, a bulb failing
at the end of 20,000 hours may be a second generation failure, if the
first generation lamp in that socket lasted 12,000 hours and its replace-
ment lasted 8,000 hours. Or it might be a fourth generation failure, if
the initial bulb in that socket lasted 4,000 hours, the first replacement
lasted 5,000 hours, the second replacement lasted 9,000 hours, and the
3rd replacement lasted 2,000 hours. The total number of failures in a
given interval is therefore the sum of all the failure frequency curves.
Bazovsky asserted that this sum smooths out to a constant level by about
the fourth generation. His argument was presented graphically and is
reproduced here as Figure 2. He also stated that -this system would
stabilize and the failure rate would become constant at time T = nM,
where n is the number of generations to achieve stability and M is the

mean life. He used the formula

n = M/30

to calculate n, giving n =-§%%%gy = 4., His assertion is that the graph

in Figure 2 shows a constant failure rate after the fourth generation.
This constant failure rate implies that the system behaved exponentially.
It was felt that his heuristic method, although appealing, was incorrect,
(in essence his graphs showed a superposition of normal failure densities)
and that the leveling off process, if it does occur, should refer to the

instantaneous failure rate curve rather than the density curve.
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It was felt that Bazovsky's information was correct -- that a lafge
complex system of identical components failing (with replacement) ac-
cording to the normal law -- might indeed exhibit the failure pattern he
suggests, but that his reasoning was based more on wishful thinking than
on rigor. One difficulty encountered was the problem of how to define
the hazard function (instantaneous failure rate) in the problem at hand.

The usual definition of hazard function

f£(t)

2(2) = 1% ey

can be approximated over the interval Ati by an empirical hazard function

Ze(t) defined as (see [5, p. 161])

n(ti) - n(ti + Ati)
Ati n(ti) .

Ze(t) =

where N items are placed on test at time t = 0, and n(t) is the number of
survivors remaining at time t. Inrthe current problem, since items are
replaced as they fail, the usual concept of survivors does not apply, nor
does it appear possible to make a meaningful definition of hazard function.
However if the process does approach the behavior postulated by Bazovsky,
the failures occur as if they were generated with exponential inter-
arrival times (with mean 1/A, say) and hence the number of failure for

a constant interval length wili be a Poisson random variate with parameter
At, where t is the length of the interval and X is the "intensity" of the
Poisson process. To test if this is a valid assumption the Chi-square

goodness of fit test can be used when the number of failures starts to
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stabilize. The value of A can be estimated by the fact that the mean
number of failures for fixed interval length t is a maximum likelihood
estimator of At. Equating At to the observed average number £, the

estimate of A is obtained, A ='§

. The theoretical value of A of the
limiting process as pointed out by Bazovsky, is N, the number of com-
ponents of the first generation, divided by the mean life, M. This is
because for a single component with mean life M hours the expected number
of failures per hour is 1/M. Then for N components, the expected number
of failures per hour is N/M. A "running estimate" of A, designated as
A*, can be obtained from the generated data from the beginning to see
how the system behaves and to help decide when the system approaches
stability. Although it makes no sense to talk about failure rate or
hazard function for the replacement system, still the population of ex-
ponential interarrival times corresponding to the stabilized system does
have a constant hazard function Z(t) = A. In a sense, then, any sensibly
chosen set of estimates of A can be considered as an indicator of system
stability. We use the phrase pseudo-hazard rate to indicate A*, a cumu-
lative estimate of A based on all observation up to the time of calculation.
The statistical properties of A¥* are not known, since it represents a
transient phase. As soon as the number of failures (for a fixed inter-
val of time) starts to stabilize, an unbiased estimate of lambda, say i,
will be calculated based on the steady state observations. If the system

does behave exponentially, then A should approximate closely the theo-

retical A given by N/M.
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David K. Lloyd and Myron Lipow in Appendix 9B of their book, Re-

liability: Management, Methods and Mathematics, treated a more general

problem. Instead of using a heuristic graphical approach they used
mathematical methods to show what happens to a complex system when com—
ponents are replaced immediately upon failure. They showed that the
reliability of a complex system tends to approach that which corresponds
to the exponential failure law. That is, the failure density of the
system becomes exponential and hence the instanfaneous failure rate or
hazard function becomes constant. Lloyd and Lipow did not state at what
time or in what generation the hazard function would become constant;
their theorem was the result of a limiting process where the age of the
system is allowed to become infinite. Their derivation is summarized in
Appendix 1.

The purpose of this report is to examine Bazovsky's assertion that
the failure rate becomes constant and at what time or in what generation
will this occur. A Fortran based computer program was used to simulate

the complex system which he discussed.
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Chapter III
Procedure

A Fortran based computer program was used to simulate Bazavsky's
example as well as the others. (See Appendix 2 for print—out of the
program.) He treated a complex system with 10,000 components each of
which is immediately replaced upon failure. The time to failure of each
component was assumed to be normally distributed with mean life M equal
to 7200 hours and with a standard deviation o equal to 600 hours. Im
the program scientific subroutines or generators for the IBM 360/50 were
used to generate a normally distributed random failure time of the com-
ponents with the given mean and standard deviation. The generated data
was depicted as a histogram by dimensioning the cells of the histogram
in the storage area of the computer. One cell represented 24 hours or
one day. The computer program was made general enough so that any number
of components (subject to computer storage) of the complex system can be
run for any length of time or for any number of generations. When a com-
ponent is replaced by another component upon failure, a string of com~
ponent replacements is formed. The length of the string is the number of
generations. Thus, the total number of components in the system is the
product of the original number of components and the number of generations
of replacement. The parametérsﬁof the system, (namely the number of com-
ponents in a generation, the number of gemerations desired, the desired
number of cells for the histograms and the cell index to start printing

the output) need to be read in as input data. All variables were initialized
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in order to simulaté the system. The failure time of a component was
generated. To make the system continuous, the failure time of a par-
ticular component in one generation was added to the failure time of the
component it replaced. From this new time the appropriate cell of the
histogram was determined and one was added to the cell frequency count.
This process was repeated until the desired number of generations for
each string of component replacement was achieved. At this point the
cell count showed the number of failures that occurred for the day.

(Note that a cell may contain observations from different generations.

It is reasonable to describe a cell as within the Kth generation if it

is within three standard deviations of KM, the mean life of the Kth
generation.) To help determine if the failure density was approaching
the exponential, a cumulative running estimate of A was calculated from
the data. Because the histograms were printed in rows of 24 cells, for
format convenience, the estimator A* was calculated from row to row in-
stead of from cell to cell. The calculation of A% was determined by the
following rule: The cell counts were summed up by rows, from the begin-
ning to the end of the current row (where the cell index number is a
multiple of 24). Since the first few generations, as indicated by
Bazovsky, do not behave exponentially, and hence are of little interest,

a row in the "middle" of the histogram could be picked to start calculating
the estimator A%, Since a céll represented the number of failures per day,
the row total'was divided by the time t corresponding to the row (24 days)
to get the current estimator A*, The new current A* was calculated by

adding the following row count to the previous row total and by dividing
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the new accumulated row total, CM, by the product of t and R, where R

is the number of rows that has been accumulated. Then, using the formula,

o
t'R°?

rk =
the current estimation of A, was determined from row to row. These A%
values are not true estimates of the parameter A of an exponential dis-
tribution because a true estimator of A should not be attempted until the
system starts to stabilize, i.e. until the number of failures in a standard
interval appears to reach uniformity. This procedure was repeated until
the input number of cells of the histogram was reached (this also being
a multiple of 24). The output of the program contained the following
information: echo checks of the number of components contained in one
generation, the number of generations, and the index cell number. Following
this, headings were printed for the row total frequency count, the accumu-
lated frequency count (total number of failures), and the estimator A¥*.

The data were printed in columns under the appropriate headings. Table 1

shows an example of the output of the program.
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ROW TOTAL

1.00000
§.00000
10.00000
17.00000
11.00000
1.00000
2.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.00000
4.00000
12.00000
16.00000
8.00000
7.00000
1.00000
1.00000

FAILURES CUM. SUM

1.00000

9.00000
19.00000
36.00000
47.00000
48.00000
50.00000
50.00000
50.00000
50.00000
50.00000
50.00000
51.00000
55.00000
67.00000
83.00000
91.00000
98. 00000
99.00000
100,00000

TABLE 1 OUTPUT OF COMPUTER PROGRAM

CURRENT EST.

0.00007
0.00033
0.00046
0.00065
0.00068
0.00058
0.00052
0.00045
0.00040
0.00036
0.00033
0.00030
0.00028
0.00028
0.00032
0.00038
0.00039
0. 00039
0.00038
0.00036

16
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Chapter IV

Results and Conclusion

The computer program of a complex system was run varying the number
of components and the number of generations. See Table 2 for the dif-
ferent runs and Appendices 3-8 for the print-out of the output for each
run. By inspecting the row total column (which represents the number of
failures for a 24 day period) it was soon discovered that basically the
shape of the histogram remained the same for each run, but the frequency
of each row Increased as the number of the components increased. This
implied that the number of components in the system did not substantially
affect the stabilization of the system. (See Figure 6.) Using 200 com—
ponents the system was simulated to see if the system's behavior could
be described as exponential, to see if the number of failures stabilized
and to see if the pseudo-hazard function became constant. The simulation
of the complex system with 200 components was finally run with 50 gener-
ations. In terms of time, this corresponds to total system operating time
of 450,000 hours. Appendix 7 shows the print-out of the output of this
run. Graphs were made of the number of failures listed in the column
labeled under ROW TOTAL to see if the number of failures approached un-
iformity. (See Figure 3.) Figure 3a shows the first 120 row totals from
time 0 (cell 1) to time 74,204 hours (cell 3,096). Figure 3b shows the
number of faillures per 24 days from 141,696 hours (cell 5,904) to 210,816
hours (cell 8784) and Figure 3c shows the number of failures from 245,400

hours (cell 10,225) to 314,496 hours (cell 13,104). Figure 3a shows that



Case Appendix No. No. of Components No. of Generations Page No.

1 3 50 7 34
2 4 850 8 2
3 5 1000 20 40
4 6 200 20 46
5 7 200 50 52
6 8 10,000 7 64

TABLE 2 CASES INVESTIGATED IN THIS REPORT
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the number of fallures per row of the system was vefy unstable, while
Figures 3b & 3c shows that the number of failures per row had started
to stabilize. Thus, the system was assumed to be approaching exponenti-
ality. Assuming that the system did approach exponentiality, the number
of failures for a constant time interval was recognized to be a Poisson
random variate with parameter At where t was the length of the interval
(row) and A was the intensity of the system. To test this assumption a
Chi-square goodness of fit test was made on the number of failures starting
at time 141,696 hours (cell 5904 or within the 19th generation) and ending
at time 245,376 hours (cell 10224, or within the 34th generatiomn). Ap-
pendix 7 shows the raw data that was used. The assumed value of the
Poisson parameter was At = 16, This is because, for a single component
with mean life M hours, the expected number of failures per hour is 1/M.
Then for N components, the expected number of failures per hour is N/M."
For a system with 200 components with a mean life of 7200 hours, the
theoretical A was 200/72ﬁ0 = .0277. The value t = 576 results from the
fact that each row contains 24 cells, each representing 24 hours. The
Poisson probabilities were obtained from Molina's table [4]. In order
to have larger degrees of freedom for the test 60 row totals were added
tﬁ the 120 row totals that were used to make the graphs (Figure 3b and
3c). The observations were grouped into 16 classes as shown in Table 3.
The critical value of Chi—sqﬁaré with 15 degrees of freedom with o = .05
is 25.0. The hypothesis of the Chi-square test (set up more formally)
is

H: The distribution is Poisson with At = 16.

H,: The distribution is not Poisson with it = 16.

lo
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The critical value of Chi-square for this test was 26.51. Thus, the
Chi-square test rejected the hypothesis Ho that the parameter of this
set of data does arise from a Poisson distribution with parameter 16.

A second Chi-square goodness of fit test was made on the number of
failures starting at time 245,400 hours (cell 10225, or within the 34th
generation) and ending at time 349,056 hours (cell 14544 or within the
48th generation). The value of the Chi-square on this data was 9.76.
Thus, the second Chi-square test accepted the pypothesis Ho' This means
that the data generated from time before 245,376 hours still behaved some-
what normally, but as time went bn {after the 34th generation) the gen-
erated data approached exponentiality. (See Table 3 for the computation
of Chi-square). |

The cumulative estimator A¥* shown ﬁn the third column of output under
A* CURRENT EST. in Appendix 7, showed in another form the stabilization
of the process because the estimations decrease very little from one
row to the next. A true unbiased estimator of A, designated i, was cal-
culated for the interval where the data behaved exponentially (from 245,400
hours to 349,056 hours). The value of X can be estimated by the fact that
the average number of failures per row is a maximum likelihood estimator
of At. The estimate of ) was calculated by equating At to the obtained
average of féilures for thé interval, i.e. setting At = f. Thus, i = f/t.
The average number of failures for the interval was calculated by adding
the 180 rows of data, by dividing the sum by 180 and then by dividing the
quotient by the time of the interval of a row which was 24 days. The
result was of i = ,02790. The theoretical limiting value of X was A = N/M =

.02777. This was considered good agreement. This also was taken as good
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supporting evidence for the contention that the system had become expon-
ential.

Finally, Bazovsky's example with 10,000 components was run for 7
generations; the output can be seen in Appendix 8. A graph was made by
plotting the number of failures per row, (given by the first column of
the output under ROW TOTAL), against time. See Figure 4 for this graph.
Inspection of the graph indicates that the number of failures per row
of the system did not stabilize in the 4th generation or anytime after-
wards as Bazovsky asserted. Next, a graph was made of A%, the pseudo-
hazard function (the 3rd column of output labeled A* CURRENT EST.) plotted
against time. (See Figure 5). This graph was compared with Bazovsky's
graph, reproduced here as Figure 2. The curves showed similarity and
the psuedo-hazard functionrappears to stabilize within the 4th generation.
Referring to Bazovsky's graphs (reproduced here as Figures 1 and 2) it
appears that he confused the number of failures (the failure density) with
the failure rate. By changing the dimensioning of the vertical axis, the
curve of his graph would correspond to the output of this report or Figure 5.

In general terms, Bazovsky stated that the mean life and the standard
deviation of the Kth generation were KM and Ko, where M was the mean life
of the basic distribution and ¢ is the standard deviation of the basic
distribution. The assertion deut mean life is true because of the fol-
lowing: Let t, be the length of life of the 1*M component, and t = t, +

t, + +:0 + = be the length of life of a string of k components repre-

2

senting successive replacements. Then, since E(ti) = M and Var(ti) = 02

and the ti are assumed to be independent,
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E(t)

E(t1+t + 0 + t

2 k) = E(tl) + o0 + E(tk) = KM

and

- L B - 2
+ oo + tk) = Var(tl) + + Var(tk) Ko“.

Var(t) Var(t1 +t

2

This implies that the standard deviation of the Kth generation is K o
and not K 0 as Bazovsky stated.

In addition, Bazovsky stated that the type of complex system dis-
cussed in this paper would stabilize and the failure rate would become
constant within the nth generation, where n is obtained from the formula
n = M/3c. For his example this would given n = 7200/3(660) = 4. Bazovsky
does not give any reference or reasoning for this formula, and this report

showed that it is defective.
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APPENDIX 1

"Reliability of a System With Component Replacement"

by
David K. Lloyd and Myron Lipow

Lloyd and Lipow [2, p. 271] showed by using mathematical methods
that the reliability of a complex system tends to approach that corres-
ponding to the exponential failure law., They assumed a series system
containing a large number of components operating simultaneously where
a failed component is immediately replaced by a new one. The same failure
distribution function F(t) and the probability demsity function f(t) are
assumed for each component of the complex system. They defined the re-
liability (survival probability) of the system as a function of time t
to be R(t) = [1 - F(t)]N where N is the number of components. Given the
ages of N components, Xl, s wwwy XN’ the conditional probability of

surviving from time ty (the beginning of the "mission") to time t is

N 1-F(xi+t)

R(EEQ|X) Ty, -oen B = T TR

Given the probability density function of the ages Xi as g(xi,to), the

absolute reliability from to to t is

N

R(t,ty) = S(X,to) dX

I” 1-F(X+t)
0 1-F(X)



It is proved that lim g(x,to) = l—.‘.ﬁiﬁl where U is the mean time to

t, o

0

failure and uFu& is a probability density function of the system. Thus,

oo N

R(t,») = -l—N- ( f [1-F(X+t)] dX| . Now, consider the reliability R for a
] 0
= ”
single component R = [R(t,m)]H =R= f l_FuX+t) dX. Lettingy =X+ t
0
and dy = dX, i{=f ﬂ)Q-dy.
t H
or
i hd t
S LEG g p LEQ) gl By B 4
where
[ LED 4y -,
0 H

Assuming the variance 02 of failure distribution exists, then for y < u,

2
g

F(y) & p)
o + (u-y)

Now, considering only the term f

t
ﬂ%l dy, we see that
0

By letting
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7 = B=Y)

[9)
we get
YFy) .. o wlo 4z
J T hair / 2
0 n-t 142
o

= |a

[arctan (%) - arctan <E§t-)].

Using the identity tan (A-B) = tan A-tan B

1+ tan A tan B *

Bo_ Bt
4 2] s} (¢}
the previous expression becomes — arctan

1+ &) &5

ot BE
5 u2 - 2
=E arctan 2 _<_F arctan [_E—t-] .
a t 1 =
— +1_.-.
{(u) A u
: i
Since arctan Z < Z, then f EG) dy _i——u—- 5
o * E-a
t
) . &’
Thus, R=1-—+H where H < —F—
u -k _ 4
t

For a fixed t

g = oN and a = O(N), which implies

H

1

0 &
, 1

Since D(E) is

very small, then

t
N N - =
R(t,®) * [L-—=+0@] *[1-51 »e °

as N » o=,



Thus for large, but fixed N

R(t,=) = e = e

Therefore, the reliability of a complex system temds to approach the

same form as that of an exponential distribution.
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APPENDIX 2

The print-out of the computer program contained the following vari-

ables:
N = number of components in a generation
NG = number of generations
M = number of desired cells of histogram
MM = middle cell number of cell index to start calculating the
the estimate of A%,
IX = geed value of Gauss and random generators
S = the standard deviation for the Gauss generator
AM = mean time to failure of the distribution for the Gauss generator

TI(J) = the failure time of a component occurring in the Jth string
L = cell index of the histogram which represents one day

NC(L) = the count of the number of failures in the Lth cell of the

histogram
C = number of failures in a row of cells
cM = accumulation of failures in the system
R = number of rows of failures that have been added to calculate

the estimator, lambda

A% = estimation of lambda



(@]

coOoOcOOO

aCn

s leR =R Tl &

34

MAIN

SIMULATION OF BAZOVSKY'S EXAMPLE
DIMENSION TI(10000),NC(16200)
INITIALIZE VARIABLES
N=NO. OF COMPONENTS,M=NO. OF CELLS OF HISTOGRAM
NG=NO. OF GENFRATIONS, MM=CELL NO. TO CALCULATING
OUTPUT, IX=SEED VALUE FOR GENERATOR, S=STANDARD
DEVIATION, AM=MEAN TIME TO FAILURE, A CELL REPRESENTS
24 HOURS OR 1 DAY.
READ4 ,N,NG ,M,MM
FORMAT (415)
TIME=0.
1X=40001
S=600.
AM=7200.
DO10I=1,N
TI(I)=0.
10 CONTINUE
© poll L=1,M
11 NC(L)=0
FAILURE TIME FOR N COMPONENTS WILL BE NORMALLY
GENERATED FOR NG GENEPATIONS.
DO 100 I=1,NG
D020 J=1,N
CALL GAUSS(IX,S,AM,V)
FAILURE TIME OF J COMPONENT IS ADDED TO PREVIOUS
TIME AND CELL OF THE HISTOGRAM 1S DETERMINED AND ONE
1S ADDED TO CELL.
TI) = TIP) + V
TIME= ((TI (J)/24.)-216.)
L=TIME
NC(L)=NC(L)+1
20 CONTINUE
100 CONTINUE
THE OUTPUT OF PROGRAM
THE NUMBER OF COMPONENTS AND GENERATIONS AND
STARTING PRINTOUT CELL ARE ECHO CHECKED
PRINT7,N,NG,MM
FORMAT (315)
HEADING OF OUTPUT
PRINT 8
FORMAT (6X, OHROW TOTAL, 181 FAILURES CUM. SUM,3X,14HA¥CURRENT EST.)
THE ESTIMATION OF LAMBDA OF TiE DIST. IS CALCULATED
BY DIVIDING CM BY THE MULTIPLE OF T AND R WIERE-
CM=CUMMULATION OF FAILURES,T=TIME OF ONE ROW,
R=NUMBER OF ROWS
A*=ESTIMATION OF LAMBDA
1=0 :
M=M-MM
T=24.
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QM=0.

M=M-24

I=1+MM
MM=MM+24

C=0.

DO 5 L=I,MM
R=R+1,
C=NC(L)+C
CM=CM+C

A*=CM/ (T*2)
PRINT 6,C,CM,A*
FORMAT(3F15.5)
IF(M) 3,3,2
CONTINUE

STOP

END

NORMAL GENERATOR
SUBROUTINE GAUSS(IX,S,AM,V)
A=0.0

DO 50 I=1,12

CALL RANDU(IX,IY,Y)

IX=1Y

A=A+Y

V=(A-6.0)*S+AM

RETURN

END

RANDOM NUMBER GENERATOR
SUBROUTINE RANDU(IX,IY,YFL)
IY=IX*65539

IF(IY) 5,6,6
IY=1Y+2147483647+1

YFL=IY

YFL=YFL*. 465661 3E-9

RETURN

END

35



36

APPENDIX 3

Print-out of the output for a system containing 50 components with 7 gener-

ations of replacement where the first 216 cells of the histogram were

truncated.



5C 7T Y]

ROW NO. RCW TOTAL FAILURES CUV,
1l 1,CCCC0 l.G0CO0
8.0CC00 2.00000
1C.CCCCQ 19,0000C0
17.CCCCO 16,09C0C0C
11.7CC00 47.,00000
1.CCCC0 48.00G00
2.0CCC0 £C.00C00
Ce? 5C.GoCOC
C.0 S0,00C00
10 0.0 £0.00000
Cel SC.00000
Cef $C,0CC00
1.00€00 51.00C00
440CCCO £5.000C0
12,00000 ET.CCONQ0
1£,0CC00 83,00000
840CCCO 91.00C00
7. NCCCO S8.000090
1.0CCCO $9,0CC0Q0
20 1.0CC00 ° 1CG.00000
0.0 1CC.0G000
C.0 1C0.CCCO0
0.0 1CC,0CC00
1.,70Ca0 1C1,0GC000
2,00CCO 1€3.00000
1.CCCCQ 1C4.00000
B.0CCO0 112,00000
15.0CC00 127.,00000
13,0CCC0 140G, 0CC0O0
30 5.0CC00 145,000C0
3.9CC00 148,00000
1.,0CCCO 149.00G00
1l.CCCCO 1£0.0CC00
Ce0 18C.0CC00
0.0 126.00000
0s0 1S0.06GQ0
0.0 150 GCC00
4,0CCO0 124.C0CCO
4,0CC00 158,00C00
40 13.0CC00 171.00000C
9.CCC00 180.0GC00
9.0C (00 1€9.00C00
9.,0CC00 168.0G6000
1.0CCCO 159,0GC0C
1.0CCa0 2CG.CCQa0
Qa0 2CCsC0CO0
C.0 2C0.00C0C
0.0 2C0aCCQ00
1.€0C00 éC1l.00C00
50 2.,00C00 2C3,0C000
T7.0CCCO 210.CG000
5.CCCLGC 215.0C0C0C
10.,0CC00 £25.,00C00
13.03C00 236.20000
T.0NCLCO 245.C0000
3.0CCCO 248,00000
l.0CCO0 249.00000

Sum

A* CURRENT EST.
000174
0.00781
04011C0
0.01563
0.0163Z:
0.01389
040124C
0.01085
0.009¢5
0.00868
0.00789
0,0C723
¢.00681
0400682
0.00775
0+009C1
0.00928
0400945
Ga009C5
0.008¢8
0.00827
0.00789
0.00755
0,00731
0.00715
0400654
0.0072C
0.00787
0.00838
0.00836
0.,00829
0.00808
0.00789
0400766
0400744
0.00723
0.007C4
0.007C4
0e007C32
000742
0.00762
0.00781
0400799
6.00785.
0.00772
0.0C755
0.00739
000723
0.06712
0.007C5
0.00715
0.00718
CaCO737
04007¢5
0.00773
0.00765
0400758
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70

1.0CC00
N."

Ce 0

C.0

Q.0
5.00CLCH
.CCCCO
11.0CCG0
BesCCCCC
6e1CC00
8.0CCCO
3,0CC0C
1.0CCOG
CeC

0.0

CeC
2.00C00
3,0CCCO
Se7CCCC
540CC00
13,0C(00
3.,0CCCO
8,00CC0o
3.0CC00
2.0CC00
0.0

Ce0

0.0

0.0

C.C

0.0

Caf)

0.0

C.0

0.0
0.0
Ce

0.0

Qe N

0.0

0«0

CaN

0.0

CeC

CaC

C."

0.0

C.0

C.0

Ce

C.D

C.0

Ce 0

CaN

CaD

0.0

CaC

C.0

Ce0

0.0

ZE0.00C20
250.00000
250,05090
250.0CCO0
256, 0CCO0
2E5,00000
2¢€3,00000
274.0CC00
ZPz.00C00
2EB-00NN00
256400000
269.00000
3C0.00000
3CG.00C0N0
2C0.00000
3CC.00000
3C2,00C00
3C5.C0000
210.C0C00
215,00600
328,00090
137.,0C000
3455,00C00
348,00000
350.060000
350,00000
250.0CC00
250,00000
350400000
2£0,0CC00
25C.0C0C00
250,00C00
3E6,00000
350.CCCOC
315G, 00800
250,00000
350,0C000
25¢,00000
250,0CC00
35G.C00N0
356, 00000
350,06C0CC
250.00090
350,00000
35G.0CC0O0
250,00000
3£0.00000
250,00000
350.0CNC0O
150,00000
350.00000
35c,.Co0000
2£0.0C00Q0
350.000C0
3150,00000
280,00000C
150.0CC00
3150,00000
350.00000
1E0.0CCC0

000748
C.CCT2¢&
0.00723
G.00712
0.C07CC
G.007C3
0.,00713
C.COT732
(00742
0.0C74¢€
0.00756
000752
0.00744
C.00734
G.COT723
0.00713
J.007C9
C.007Cs
0.007C8
C.0CT7iC
0.0073C
0.00T4l
0.C0749
Ca00746
CaC0T41
0,00732
0.,G07&3
0.C0715
0.007C7
G.00658
C.0069C
C.00683
0.,006175
6. 00668
C.0066C
0.00653
0.00646
(. 00640
Ga00633
0.00626
0.0062C
0.00614
C.0C6CE
C.006C2
0,00596
0.C055C
C.0G0584
0.00579
C.00573
0. 00568
0.,005¢&3
0.00557
0.00552
0400547
0.005413
C.00538
C,00533
C.005z8
G.00524
C.00519
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APPENDIX 4

Print-out of the output for a system containing 850 components with 8 gener-

ations of replacement where the first 216 cells of the histogram were

truncated.



850

ROW NO. ROW TOTAL FAILURES CUM. SUM

1

10

20

40

a 0

6.00000
82.00C00
215.00000
323,00000
187.00000
31.00C00
&. 00000
0.0
0.0
0.0
0.0
3.00000
15.,00000
664 00C00
147.00C00
224.00000
199.00C00
142.00000
39,00000
12.00000
3.00C00
0.0
1.00C00
5.00000
19, 00C00
52.00C00
124.00000
148.00000
185.00C00
156.00000
97.00000
46,00000
15.00C00
2.00000
0.0
500000
2T.00C00
39.00C00
82,00000
123,00000
151.00€00
155.,00000
122.00000
81.00C00
46.00000
16,00000
4,00000
7. 00000
16,00C00
33.00000
61,00000
104.00C00
143.00C00
124.00000
140, 00C00
101,00C00
66.00C00

6.00000
88.,00000
303, 00000
626.,00000
813,00000
844.00000
850, 00000
850.00000
850.00000
850.00000
850.,00000
853,00000
868.00000
934,00000
1081.00000
1305.,00000
1504.00000
1646.,00000
1685,00000
1697.00000
1700.00000
1700.00000
1701.,00000
1706.00000
1725,00000
1777.00000
1901.00000
2049,00000
2234.,00000
2390, 00000
2487.00000
2533,00000
2548.00000
2550.00000
2550.00000
2555.,00000
2582,00000
2621.00000
2703,00000
2826.00000
2977.00000
3132.00000
32564.00000
3335,00000
3381.00000
3397.,00000
3401,00000
3408.00000
3424,00000
3457.00000
3518,00000
3622.00000
3765,00000
3889,00000
4029.00000
4130,00000
4196.,00000

*

A CURRENT ESTe
001042
0.07639
0.17535
027170
0.28229
0e24421
0.21081
0. 18446
0416397
Q014757
013415
0.12341
0.11592
0a11582
0.12512
014160
0.15359
0,15876
015397
0.14731
014054
0el3415
0.12840
Oe12341
011979
0.11866
012224
0412705
Oel33dT4
0.13831
0.13928
0.13742
0.13405
0.13021
0.12649
De12322
0.12115
0.11975
0.12033
0.12266
0.12606
012946
D.13138
0.13159
0a13044%
0.12821
0.12563
Da12326
0.12132
0.12003
011976
0.12093
0.12333
012503
Del12718
0,12804
0.12780
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70

20

100

32,00000
20,00C00
11.00000
12.00C00
28.00C00
59,00€00
73.00000
116,00C00

122,00C00.

140,00000
109,00000
82.00000
47.00000
38,00000
17.00C00
12.00000
23,00000
47.,00000
T76.00C00
88,00C00
115.00000
122.00C00
113.00C00
88.,00000
T1,00000
57.00000
24,00000
28,00000
13,00000
37.,00C00
56,00C00
79.00000
108.00000
100.00C00
114,00000
97.00C00
93,00000
5500000
40.00C00
25.00C00
14,00000
2.00C00
0.0
1.,00000
0,0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
Qe 0
0.0
0.0
0.0
0.0
0.0
0.0

4228.00000
42648.,00000
4259,00000
4271.00000
4299, 00000
4358.00000
4431.00000
4547.00000
4669.00000
4809, 00000
4918.00000
500000000
5047.00000
5085, 00000
5102.00000
5114,00000
5137.00000
5184.00000
5260,00000
5348, 00000
5463,00000
5585.00000
5698.00000
5786400000
585700000
5914.00000
5938,00000
59664 00000
5979.00000
6016400000
6072,00000
6151.00000
6259.00000
6359.00000
6473.00000
6570400000
6663400000
6718.00000
6758, 00000
6783, 00000
6797.00000
6799. 00000
6799. 00000
6800.00000
6800400000
6800.,00000
6800400000
6800.00000
6800.00000
6800400000
6800400000
6800.00000
6800.00000
6800,00000
6800.00000
6800.00000
6800400000
6800, 00000
6800.00000
6800,0G000

012656
0.12500
0.12323
0.12156
0.12038
0.12069
0,12020
0.12145
0.12282
0e 12461
0. 12556
0.12581
0.12517
De 12434
0.12302
0.12162
0.12052
0. 12000
0,12016
0.12058
0.12159
0612274
012365
0.12401
0.125400
0.12370
0.12273
0.12185
0.12070
0.12005
0.11979
0.11999
0.12074%
0.,12132
D.12215
D.12265
0.12306
0.12277
0.12221
0.12140
De12041
0.11923
0.11804
0.11689
0.11574
De11462
0.11351
011243
0.11137
0.11033
010931
0.10831
0.,10732
0.10636
0.10541
010447
010356
0.10266
010177
010090
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APPENDIX 5

Print-out of the output for a system containing 1000 components with 20
generations of replacement where the first 216 cells of the histogram

were truncated.
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ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
COPY AVAILABLE



1999
ROW NO.
1

10

20

40

Y s}

ANW TOTAL FATLLAZS CLi.

5200030
Gla M. D))
256 2GUIN
175« 200D
2eledC IO
AR Ve
T« 20530
0.7
(s IRl
L0
2= HGUOO
el 0JU
19400000
65 70029
11 9.0 227
Se4e N L)
Ter(e 00D
146 NC4I0
TRLDGTIG
18 LU0
2e 200
Ce D
200G
ReILTJD
230000
52« DLLOC
120900y
145 J0L)
2ige noudd
1Ta: 0
1r9.00997
4€a P0LAT
ZRe 1L 12
170049
3o HIUID
L2 IR o1 S 1]
156 N U0
ES. U]
G DU
1€Fe JLLTD)
LEZe 00D

G oCl
13300000
I3mL.00UCO
F RS s TN s
5. .l)')'.;ﬂ-)
$9:% 293D

LLCDo.CO0GC
1CCueCCI6C
100000600
:LCQ-’J el
10074 G0000
JCC e COUCO
16 24 00009
Ve S N1V R
1e T2 Lt
1540 .0000
TR 0000 )
L6I2.Cuung
LEH L CIS05
1993,0.°320
LD sed0DD
CCNL.LB0SG6
cCTzeCcCaul
2027005000
2U3A.00000
eCF54C30LD
2213.00L0C00
RIS VIR )
CEAlLTOALG
221600003
29254302070
2?71-0UJUJ
15%9.007300
sCTN0. 303006
300320309
VR P EA VTS
IL25.00000
3Cuaediun
3.73.90%)
3210700000
ECL.eCiZ0C

who

Ly

*

A CTLRi:HT 5T
Jeuline
Jeunbiel
Je2douL2
e 21727
2. 330586
Je23733
Qectbu?
Je 2170l
D+ 13299
Qeils6l
Js i 3BLE
Je 14540
0413675
PERS LS
De 14772
Je L6T3L
1}e 15299
Us.d338
3- lE'qu
Je. 17344
D .0534
025783
Je15112
Js 14540
Delwaanld
Jadvzd
Qe luwch3
Daid9au3
Jeliold
Je 16290
0416381
0-1&119
De:3778
Je 15519
) 14896
Veltsd25
Jelar0b
0. 14045
Jainli2b
e 1405
Jeincd?
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100

110

¢leaCLun
PRV S
14.0C099
L TeuClL0OD
ZEeauCLn
Te00.000
9320029
11330000
146, JCG0OD
17720000
131.0C000
G99, GG
€2.000AC
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2T 920000
12.2050C
EDFUITIR
£9,2Cw30
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14590000
1i2. 0060000
£9.,90G03
£1.20008
2Ge Ll
¢5e3C0NN
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£8..020509
12Ce DCLIN
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13290000
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9Ce ML IV
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290000
20.,Q0uDD
36« JL U
£30000U0
S [V I
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112.00LC00
115.0C03D
124-DEUUO
leda3LLOC
1iCeIL0IC
Q0. LN
tha 00D
sbee D0 IO
Flautar
LN TR UV D ]
29,3 0
FTe JLLDD
Faa N
J1le0t00"
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1i&s 0CCCT

LYTs ez
4866, s LT WCL
SCCo 0l
SU2Z UL UIY
SCEU.Cu0DL
3117T.C0CCLO
3216.03009
52270200320
536716.C200C
SESZL.CCOG0
53784 ,00L090
3a82e000d0
EC4(e CLUDO
397%,023330
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9373 0000
9e3+. COOCY
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Qe ibet 2
Uelacgyd
Qe.w169
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Jelbz. 8
Qe 4404
O L4E48
DeiaT67
Jelanid
Je 1474T
JelubCB
JelaaTO
Je i%9303
Q. 14280
Je 14127
Ueliailld
Deix:?7
Ue 14303
Je 14608
Jeld542
.) . '.""609
J.15619
Qs .&550
Js 14037
D.14318
Delbzeéh
Qs !la_40
g.14108
00141L1
Je14196
Qei%cTb
Q. 14372
DaiH473
JeLB4ES
Qeiéacl
Je 19401
Jelzd
Delaeite
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0.i4.20
Jel4ils
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APPENDIX 6

Print-out of the output for a system containing 200 components with 20
generations of replacement where the first 216 cells of the histogram were

truncated.
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200
ROW NO.
1

10

20

30

40

20 0
A0W TOTAL FAILURES CUM.
2400700 2.00000
18,00700 22.2C000
51.0C"00 71.00000
80,00"00 151,00000
41,20700 192,0G000
500700 . 197,00000
3.00°00 200.,00000
0.0 200,0C000
0.0 200.00000
0.0 200.00000
0.0 200.00000
1.,00700 201.00000
3.,00700 2C4.,00000
13.00700 217.00000
35,00700 252.00000
69,00700 321.,00000
44,00700 365.00000
2600700 391.00000
7.00700 398.00000
2.00700 400.0C000
0.0 400,00000
0.0 400.00000
0.0 400.00000
0.0 400,00000
4,00700 404,00000
13.00700 417,00000
33,00700 450.00000
47.00700 497.00000
52.06"00 54%9.00000
26.00700 575.,00000
18.00"00 593,00000
6.00"700 599.00000
1,00700 600.00000
0.0 660.00000
0.0 600.00000
0.0 600, 00000
3.00700 603.00000
8,00700 611.00000
25.00700 636,00000
39,00700 675,00000
42,0000 717.00000
33.00700 750.00C00
29.00700 779.00000
12.00700 791,00000
600700 797.00000
3.00700 800,00000
1.00700 801.00000
1.00700 802.,00000
4,00700 806.00000
6,00700 B812.00000
21.0GC"00 833,00000
27.00700 860.00000
43,00700 903,00000
39,0000 942.00000
24.00700 966.,00000
14.00700 980,000Q0
11.00700 991.00000

SUM

*

A CURRENT EST,
0e 00347
0.01736
0.04109
0.06554
0.06667
0.05700
0.04960
0. 04340
0.03858
0.03472
0403157
0.02908
0.02724
De 02691
0.029L7
0.03483
0.03728
003771
0.03637
003472
003307
0.03157
0.03019
0.02894%
0.02806
0.02784
0.02894
0.03082
G.03287
0.03328
0.03321
0.03250
0.03157
0.03064
0402976
D.02894
0.02829
0.02791
0.02831
0.02930
0.030356
0.03100
D.03145
0.03121
C.03075
0.03019
0.02959
0.02901
0.02856
0.02819
0.02836
0.02871
0.02958
0.,030:9
0.03049
0.03038
0.03018
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70

80

90

100

110

5.00"00
5400700
1.00700
2400700
4,00700
18,00700
22.,90700
28,00700
39,00700
29,0000
25.00"00
18.,00"00
6.,00700
T.00700
1.00700
5,00"00
4,00700
9.00"700
18.,00°00
33,0000
30,00700
31.00700
27.00700
17.00700
16,00700
56,0000
4,00700
3,.,00700
3,00"00
12.00700
13,00700
21,00"00
32,00700
31.00700
21.00700
2%.00700
17.00700
12,00700
3,00700
6,00700
5,00"00
T.00700
12,0000
20.,00700
21,0000
26,0000
31.00™00
244,00"00
18,00700
16,0000
12.00"00
4,00700
5007030
T+00700
12,00700
13.00700
19,0000
33,008700
22400700
25.00700

996,00000
1001.00000
1002,00000

1004,00000

1008.00000
1026400000
1048,00000
1076, 00000
1115.00000
1144,00000
116%.000600
11a7.00000
1193,00000
1200.00000
1201.00000
1206,00000
1210,00000
1219,00000
1237,00000
1270.00000
1300.00000
1331,00000
1358.00000
1375.00000
1391.,00000
1397.00000
1401.00000
1404,00000
1407.00000
1419,00000
1432,00000
1453.00000
1485.00000
1516.00000
1537.,00000
15656.00000
1583.00000
1595.00000
1598.00000
1604.00000
1609.,C0000
1616,00000
1628.,00000
1648,00000
1669,00000
1695,00000
1726.00000
1750.00000
1768.00000
1784,00000
1796.00000
1800.00000
1805.,00000
1812,00000
1824,00000
1837.00000
1856. 00000
188%9.00000
1911,0000C
1936.00000

0.02981
Ce 02946
0.02899
002857
0.,02823
0.02827
0.02843
0.02874
0.02933
0. 02964
0.02985
0.02987
0.02959
0.,02934
0.02896
0,02868
0.02839
0.02822
0.02826
0.02863
0.,02694
0.02925
0,02947
0.02947
0.02945
0.02922
0.02898%
0.02868
C.02840
0,02832
0.02825
0.,02834%
G.02865
0.02892
0.02900
Ces 02923
002924
002915
0.02890
0.02871
002850
0.02834%
0,02826
0.02833
0.02841
0.02857
G.02881
0.0289%
0.02890
0.02895
G.02887
0.028067
0.,02849
0.02834
0.02827
002822
0.02827
0.,02852
0.02860
0.02873
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120

130

140

150

160

170

21,00700
16400700
16.00700
9.00700
10,0000
3.00700
500700
15.00700
15,0000
30,00700
16.00700
26400700
2T.00700
19, 00700
16.00700
13,00700Q
8400700
8.00700
6.00700
9,00700
13.,00700
21.00700
21,0000
30.00700
21,00"00
23.00700
17.00700
15.00700
15.00700
5.00700
440000
13.00"700
10.00700
15.,00700
27.00700
24,00700
23,0000
15,00"00
26409700
18.00700
15.00"00
8.00700
6.00"00
50000
15.00700
10.00700
21,0000
19.00700
23.00700
29.00700
13.00700
24,0000
17.00700
14.00700
3,00"00
10.00700
10.00700
12.00700
18,00700
16.00700

1957.00000
1973.00000
1989.00000
1998.00000
2008,00000
2011,00000
2016400000
2031.,00000
2046.,00000
2076400000
2092.00000
2118.00000
2145,30000
2164,00000
2180.00000
2193.00000
2291,00000
2209.00000
2215.00000
2224.0C000
2237.,00000
2258. 00000
2279.00000
2309,30000
2330.00000
2353.00000
2370.0C000
2385,00000
2400.00000
2405. 00000
2409.00000
2422.,00000
2432.00000
2447.00000
2474,000600
2498.00000
2521.00000
2536.00000
2562.,00000
2580, 00000
2595,00000
2603400000
2609.00000
2615.00000
2630.00000
2640.00000
2661.,00000
2680,00000
2703.,00000
2732.00000
2745.00000
2769.00000

'2786,00000

2800.00000
2803,00000
2813.60000
2823,00000
2835,00000
2853.,00000
2869.,00000

0.,02879
0.02878
0.02878
0.02867
0.02857
0.02838
0,02823
0.02821
0.02819
0.02838
0.02837
0.02850
0.02865
0.,02868
0.02867
0,02863
0.02852
0,02841
0.02828
0.02818
D.02814%
0.02820
0.,02826
0.02843
0.02849
0.02857
0.02857
0.02856
0.02854
002840
0.,02826
0.,02822
0.02815
0.02813
0.02826
0.02835
Da02842
0.02841
0,02851
0.02853
0.02851
0.02842
0.02831
D.02820
0.02819
0.02812
0.02817
D.02820
C.02827
0.02840
0.02837
0.02845
0.02845
0.02843
0.02829
0.02823
0.02817
0.02812
0.02814
0.0281%
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180

190

200

210

220

230

29.00700
20.00700
15.00700
20.00700
20,00700
17,0000
10.,0070C
12,00700

5.00700
13,0000
13,00700
21.00700
23.00700
18.,093"00
1800700
14,00700
21.00700
21.00700
15.00700

9.00700
11.00700

9.00700
12.00700
17.00"700
22.,00700
16.00700
17.00700
19,00700
1800700
21.00700
25.00700

9.00700

5.00700
14,00"00

 9,00700

18.,00700
20.00700
16.,00"00
21.00700
17.00700
23.00700
17.,00700
18,00700
16.00700
10.00700
12.00700

7.00700

12,0000
22,00700
17.00"00
17.00700
17.00700
21.00700
20400700
15.0C"00
16.00700
13,00700
17,00"700
12,0000
14,00700

2898.0000C
2918,00000
2933,00000
2953.00000
2973.00000
299C.00000
3000.,20000
3012.000060
3017.0G000
3030.,00000
3043.060000
3064.,00000
3087.,00000
3105.,00000
3123.,00000
3137.00000
3158,00000
3179.00000
3194.,00000
3203,00090
3214.00000
3223,00000
3235,00000
3252,00000
3274.00000
3290.00000
3307.00000
3326.00000
3344,00000
3365.00000
3390.0C000
3399,00000
3404400000
3418,00000
3427,00000
3445,00000
3465.00000
3481,00000
3502.00000
3519,00000
3542,00000
3559.00000
3577.00000
3593.00000
3603,00000
3615,00000
3622.00000
3634,00000
3656,00000
3673.00000
3690. 000900
3707.00000
3728,00000

3748,00000.

3763.00000
3779.00000
3792.00000
3809.00000
3821.,00000
3835,00000

0.02827
0.028B30
0.02829
0.02832
0.,02836
0,02837
0.02831
0.,02827
0.02818
0.02813
0.,02810
0.02815
0.02821
D.02822
0.02824%
0.02822
0.02826
0.02830
0.,02829
0.02823
0.02818
0.02812
0,02808
0.,02809
0.02814
0.02814
0.02814
0.02817
0.02818
0,02822
0,02830
0.02823
D.02814%4
0.02812
002806
D.02808
0.02811
0.,02811
0.02815
0.02815
0,02821
0.02821
0.02823
0.02823
0.02818
0.0281%
0.02807
D.02804
0,02809
0.,02809
D.02810
0.02810
0.02814%
0,02817
0.02816
0.02816
0.02813
0.0281l4

-0.02811

0.02809
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240

250

14,00700
16,00700
17.00700
12,00700
18.,00"00
19, 00700
15.00700
14,00700
11.00700
14,00"00
6.00700
3,00700
3.00"00
0e 9
1,00"00
1.00"00
1.00700
0.0

3849,00000
386%.C00000
3882,00000
3894,00000
3912,00000
3931.,00090
3946, 00000
3960,00000
3971.00000
3985,00000
3991,00000
3994,00000
3997.00000
3997.00090
3998,00000
3999,00000
4000,00000
4000,00000

0.02808
D.02808
0.02808
0.,02805
0.,02806
0.02808
0.02808
0.02806
0.02802
0,02801
0.02794
0.02785
0.02776
0.02765
0.02754
0602744
0.,02734
0.02723
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APPENDIX 7

Print-out of the output for a system containing 200 components with 50
generations of replacement where the first 216 cells of the histograﬁ are
truncated.

Fig. 3(a) shows the ROW TOTAL from row 1 to row 60

Fig. 3(b) shows the ROW TOTAL from row 238 to row 357

Fig. 3(c) shows that ROW TOTAL from row 400 to row 537

The data summarized as 0l in the x2 test of the Table 3 start at row 238

and go to row 417.

The data summarized as 02 in the xz test of the Table 3 start at row 418

to row 597.



20C

ROW RO.ROW TOTA

1

10

20

30

40

50

200C00
18.GCCU0
51.0CCCO
B0.0NCCND
41,00C00
5.0CCCO
3.00CN0
0.0

Ne0

C.0

Jde0
1.0CCOC
3,0CC30
13.,0CCCO
35,7CCOC
£9,0CC120
44,0CC00
2640CCCO
T.0CCOC
2.00C20
C.0

Ce

Oe0

CeD
4,0CC00
13,0CCQ0
33,00C00
47.00CC0
5240CC00
26.00CGC0
18.,0CCOC
6,0CC00
1.00C20
0a0

0.1

0.0
3.G0C20C
8,0CC20
25.0CCOC
39,0CCC0
42.,0CC00
33,0CC0C
29,0GC00
12.,0CC0G
6.,00C0C
3,00C00
l1.00CCO
1. 0GCCO
40CCOC
6.0CCAC
21.0C(00
2T.0CC00
43,CCCC0
39,0CC00
24,70 (CCO
14,00C00
11.00C00

0
L FAILURES CUM, SUM

2.00C00
2C.0000C
71.CoCe0
151.00G0C
162,00600
157.C0060
206,00C00
2€0C,0GC00
2C0.0C000
2€C.CCCNO
2CCLCCCO0
Ci,00cco
2C4,0C000
217,GCGR0
252,02C00
321.,0000C
3€S,C0CCT0
3161.00CCQ
352,00C00
4CN,0CCGC
4CCL.00CO0
4CC,CCCTa0
400,000C0
4C50.0CC90
404.00600
417,.CCCA0
450.0GC00
467,00GC00
£49,00GC0
575.0CCC0C
593,C0C0C
569.,0C00C
&CC.00030
6CC.0C0CC
&CC.00CC0
&6CC,0C090
£C3,00C0C
&61.,0CC00
636,00000
€75,0000C
117,0CCGC0
15G,00QC00
719,C0000
751.,00C00C
757.CC000
8CC,00020
€C1.00000
BC2.00C0C
8C6.000CC0C
812.,0000C
8%3.0C090
geca.CcCeona
§C3,.C000C
942,0000C
G€¢,00C00
SPC.00C2C
991.,00C00

*

A CURRENT 25T«
Co00347 =~— FIG. 3(a) STARTS HERE
C.01736
C.041C9
0.06554
0,066E&7
C.057CC
Ge 0496C
G,0434C
0.03858
0.03472
Ca03157
0.029C8
Ce02724
C.D2691
Ge 02917
0.,03483
0.03728
Ca03771
0103637
0203472
C.033C7
0.03157
0,0301%
0,028%94
0.028C6
0e.02TE4
0.02864
0.03082
0.03287
0.03328
0.03321
0.03250
0.03157
0,03064
0.,0297¢
0.02894
0,028B29
0.02791
0,02831
C.0293¢C
003036
Ge031CC
Ce03145
Cel3121
0.03075
0.03019
Ga02959
C.029C1
C.02856
0.,02819
0.02836
C.02871
0.02958
C.03029
0.03049
0,Q3¢38
0,03G18
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60

70

80

90

100

110

S.NC(CO
S«0CCCO
1.06C00
2.0CC00
4.0CC00
1R.2CCON0
22.0CC00
28.0CC00
39,00CC0
2940CC00
25.00C00
18.CCCC0
6.0C(C0O
Te.20CCC
1.C0CCO
S5.0CC00
4400000
9,0CCOC
18.00CC0
23,06CC0
30.0GC00
31.M0C00
27.00CC0O
17.N00CC0O
16.0CC00
6.0CCOC
4,0CC00
3,0CCAC
3. 0CC00
12.0CCC0
13.,0CC00
21.nCC00
32.0CC00
31.0CCC0
21.0CCJC
29.00CG0
17,0CCQ0G
12.0CCC0
3.0CCCO
6.0CCOGC
5.0CCCO
T.NCCO0
12.0CC00
2C.0CC00
2l.0CC0C
26.00CC0
31.0CC00
24,0CC0C
18.0CCCO
16.C0CC00
12.0CC00
4.70C00
S.FCCOO
TeNCCCO
12.0CCQ0
12,2C{CO
19.,7CCCO
33,0CC0C
22.06C00
254CCCCO

996406000
19C1, 00000
1¢Cc.GCO00
1¢C4,0C000
1¢C8,0CC00
1026,0G00C
1G48,0000C
107600000
1115.0000C
1144,00000
11£9.G0000
11°P7.0G000
1163.0GC00
12C0.,0GCO0C
12C1.0CC00
12C6.,0C000
121000000
1219,00000
1227,C0C00
127C.00CCC
12€6,0C000
1331.00G00
1358,0C000C
1375.0CC00
1391,C0C00
1367.0C010
14C1.00CAOGC
14C4,000CC
1407.C0000
1419.00000
1422,00C00
1453,00C00
1485,0000C0
1516.00000
1527.C0CC0
15¢6.00G00
1583,00000
1565.0000C
1558.00C0C
16C4,00C00
16C9.00000C
1£16.0GC00
1628,00C00
1648,0CC00
1€6€69.00C00
1£55,06CC20
172&,C0000
175C.00G00
17¢£,0C000
1784,0CC00
1766,006020
18CC,C0N00
LBC5,0C000
1812.0CC00
1824,00000
1827.60000
1856,C500C
1809,00000
1911.00C00
193(..00000

0,02981
0.02946
0,02859%
0.02857
0.02823
002827
0.,02843
0.02874
0.02933
002964
0,02985
0.02987
0.02959
0.02934
0.028%6
C.028¢8
0.02839
0.,02822
0.02826
0.02863
0.02854
G.02925
0.02947
0,02947
002945
0.,02922
C.02856
G, 02868
0.02840
0.02832
0.02825
0.02834
0.028€5
0.,02892
0. 029CC
G.02923
0.02924
0.02915
0. 028SC
0,02871
0«0285C
002834
Ge02826
0,02833
0.02841
002857
0.028E1
0.0285%4
0.02896
0.02895
CG.0z887
Ca028€7
0.02849
G.02834%
0.02827
0.02822
0.,02827
0.02852
0.028¢&C
0,02873
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120

130

140

150

160

170

21.NCCCO
16.00COC
1¢6,00CCC
F.00C00
10.2CC0OGC
3.00€C00
5.0CC00
15,0CC00
15.CCC00
36.0CCC0O
1&40CCCO
26+0CC00
27«60CCOC
19.00CCO
1£.0C(CO
13.00C00C
8.00C00
B8.0CCO0
6.0CC00
9.00C0C
13.0CC00
21.00CC0
21,00C00C
3c.C0C00
21.0CCG0
23.,0CC00
17.0CC00
15.0CCO0
15.0CC00
5.C0C20
4.NCCO0
13.0CC00
10.0CCCO
15.0CC00
27.00CN0
24.0CCCO
23.0¢C(C0
15.,0CC00
26400C0C
18,0CC00
15.0CC00
B,00COC
&sNCCOQ
6.CCCCO
15.0CC00
10.0CC0O0
2l,00CCC
19,0CC00
23,0C(C0
Z9.,0{COC
13,0CC00
24,00C00
17.00C0C
14,0CC00
2.0CC0C
1C,CCCCO
L000C00
12.0CCCO
1R, 0C(CO
16.0CCOC

1657.000GC
1973.0CGC0C
16£9,0G0CC0O
1358,00C20
20086,06000
2011,C0000
2016.00000
2€31,000C0
2C46-0C000
2€76,00GC0
2C092.,00000
2118,00000
2145,0C0C20
21¢4.00000
218C.0CG00
2153.00000
2201,00000
22C9,00000
2215.000C0
2224,00000
221317.06000
2258,00000
ZZ279.00C0C
2309,CC000
2320.0G6000
23E3.0GCCAC
237C,0000C
21£5.000C0
24CC,0CC00
24C5.50000
24C9,0C600
Z427,0000C
2432.,C0C00
2447,CCCO0
2474.0CC00C
2458.00C00
2521,0CC00
2516.00000
25€2,00000
25FC.00CN0
2555.CCC20
2&C13.CCCQC
26C9.CC0C0
2615.0CC0C
2€30.CCC00
2640,GC0CC
26€1,03500C
2&6RC,00C00
21€3.06C00C
272Za.0CCCO
2745,00C00
27€9,CC000
2186,0C0CC
Z8C0.CJ006
28C3,000C0
2813,0CL00
283.C0C0C
2515,000C0C
2853.0CCCO
268€3.NCCI0

C,02879
0.02878
0.02878<— END OF FIG. 3(a) HERE
C+ 02867
0.,02857
0,02838
c.028213
C.02821
C.02819
0.02838
C. 02837
0.0285C
G.02865
C.02868
0.,02867
0.02863
0.02852
0.02841
0.02828
0.02818
0.02814
0.,02820
0,02826
0.,02843
0.02849
0.02857
002857
0.02856
0.02854%
Ga02840
0,028Z6
0.02822
0.02815
C-02813
0.02826
0.02835
0,02842
0.02841
0.02851
0.02853
C.02851
0. 02842
0.02831
0.0282C
C.0281%
0.02812
0.02817
0.02820
C.02827
G.0284C
C.02837
Ce 02845
€.02845
0.02843
C.02829
C.02823
0,02817
0.02412
C.02814
0,02814
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180

190

200

210

220

230

29.NCCO0
20,0CC0O0
150CC00
2C,0CCO0
20.0CC00
17.00C00
10.00C00
12,00C00

S5.0CCCC
13.0C0C00
13.0CC0OGC
21.0CC0O0
23.0CC00
18.0CCOC
18.0CC00
14,0CC0O0
2l.0CCCO
21.00C00
15.0CC0C

9,NCCO0
11.,0CC00

9,0CCOC
12.0CC00
17.0CC00
22.00C00
16.0G6C00
17.0CCOC
19.0CCCO
18,0CC00

. 21.0CC00

25.CCC0O0

9,0CCCC

5.0CC090
14,0CC00

3.00C00
18,CCCO0
2C.N0CO0
16,0CC00
21.0C(CO
17,0CC00
23,0CC00
17.C0C0N
18,0CC00
16.CCCO0
10.,00C00
12.N0C00

T-0CCCO
12.0CCI0
2?72.00CC0
17.0CC50
17.0CC00
17.0CCO0
21.0CC00C
2C.0CCCO
15.0CCC0O
16.,035C90
13.7€CJ0
17.0CCCC
12.,0CC30
14,NGCA0

£858,00C0C
2916.G0C00
2973,60C00
2953.0000Q0
2573,00090
295C.NCCA0
3CCC.COC00
3ciz.Go00C
2017,00000
202G,0002C
3C43.,00600
3C&4,00000

3Ce7.00000

21C5.00C00
3123,00C90
3137.0C000
21£6,00C00
3179,CC000
3194.060000
2ZC3.,C0C00
3214,C0G20
1223.,00600
3225,00000
2252.06C00
1274,00000
3z50,C0000
33C7.07000
3326.00000
2344,0C000
32£5,00G00
2360,0000C
21359,000C0
34G4,00CN0
2418,0000C
2427,0000C
2445,0CC0C
24¢5,0CCN0
3ag],C0000C
315€2.00000
21819,CCC0C
354z.0GC00
3559,GL02¢C
31577,00000
2553,G60CCC
36C3,00C800
2¢15.0C00C
3£22.0CC2C
3624,00000
3g56.C0000
3£73.,0000C
2£90,0CC00
27CT-COGCO
377H,00000
2748,00000
27¢1,0C000
2779.0C00C
2792,0000C
230 9.0C000
38721.00020
21425,00000

v.02827
C.0283C
0.02829
0.02832
C.02836
0.02837
0.0z831
Ca02827
0.02816
002813
0.0281C
C.02815
0l.02821
0.02822
0.02824
0.02822
0.02826
0.0283C
0.02829
0.02823
C.02818
Co.02812
0.02808
C.02809
0.02814
0.02814
0.02814
0.02817
0.02818
0.02822
0.02830
0.02823
Ca.02814
0.02812
0.028Cé
0,028C8
0.G2811
0.02811
0.02815
0.,02815
0.02821
0.02821
C.02823
0.02823
c.02818
0.02814
Ce028C7
C.028C4
C.028C9
0.028C9
0.0281C
C.028iC
C.02814
0.02817
C.02816
0.02816
0.02813
c.02814
L.02811
0.02809
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240

250

260

270

280

290

14,0CC00
16.7CCO0
17.0CCA0
12,0CC00
21.CCCOO0
21.0CCCG
1540CCOT
1£,00C00
l14,0CCaC
19.0CCGC
14,0GCGC0
1€.0CCCC
15.,0CCIC
6.00C3C
15.00CC0C
15.0CC00
23.0CC00
18.0CCAC
21,0CCGCO
12.00€00
15.0CCOC
17.0CC00
13,0C000
19.0€C320
13,00C0C
204,9CCO0
15.,0CCCO
9,00CIC
18,00C00
18.0CCCO
19.0CCCO
14,0CCOC
18.0CCJ0
1R,0CCO0
1£.0CC00
94NCCOC
24.0GCCCO
19.0C(00
13.,0CC00
6,00009
17.00C00
16.,0CCCO
13.00C2C0
21l.0CCCC
20.0CC00
15,7CC00
16,0CCOC
14.,0CCOC
17.0CC0C
20.00C00
20,GCCGC
12.00C0C

g.,nCcCCcC
1£,00C0C
12.00C0C
23, NCCCe
19,0C(00
14,0CCCu
12,C0C00
15.0CC00

2849,00010
19£5,0CC00
3g82.0000C
3854,00C0C
3915,0CC00C
3936.CC000
3952.,0C000
1G£2,00000
3se2.CcCoC
40C1,C0C00
4915,6GC00C
4021.G0C00
4046,C0000
4C5Z,CNC00
4C€E7.0C000
4CB2.0C000
431C5,00000
4123,00000
4144,G0000
4156,00C00
4171,06000
41F8.00000
42Cl.GCCO0
4220.CCC00
4233,00C00
4253.,C2000
42EE,0C000
4217.0CCOC
4255.0C000
4213,0CC00
4332,00000C
4348,GCC00
43€6,CC000
4284,0C000
44C0,00000
44€9,0C000
4433,00020
4452,00000
44€5,CG6000
4471,0C0900
4488,00000
45C4,0C000
4517.CCCCO
4538.00000
4558.00C0O0
4573,C0C0C
45E89,0CC00
4&C3.0C200
462C.CC000
4E40,0CCC0
4e€C,0CCO0
4672.C0C0C
4¢EGL 00000
4€S0a.00CC0
4708,C0CGC
4721,07000
47%C,0G000
47€4,0C0C00
417b6,0000C
4751.00C0C

0.028€8 <— FIG. 3(b) AND 0l COUNTS START
0.028Ce HERE
C.028C8
0.02805
0,028C9
0.02812
0.02812
C.02812
0.0281C
G.02812
0,02811
0.02811
0.0281C
0.028C3
0.028C2
C.028C1
0. 028C6°
G.028C7
0.02810
G.028C8
C.028C7
G.028C7
G.028C5
0.028C7
C.028C5
0.02807
C.028GC7
C.028C2

- 0e02803

0.02804
G.028C6
0.028C6
0.02807
C.02809
C.0zZ8C8
0.028C4
0.028C9
C.02811
0.028C9
0,C28Cz
C.028C3
0.02803
0.028C1
0.028C4
0.028C6
G.028C5
G.,028C5
G.02804
(.028C4%
0.G28C7
C.C2BCY
0.,028C7
0.02802
C.028C2
G.02799
0.028C3
0.028C5
C.02ECH
0.028C1
G.028C1

29



300

310

320

330

340

350

19.0C(G0
22.00(C0
19.0C(C0O
1€42CCCO
9.0CCOG
15.05¢Q0C
9.00000
22.00C03C
156,0C(C0O
20, 0GCC0
13.0CCCO
laaGCCO0
16.0CC00
12.,0C(CO
25.0C(00
18.00C00
10.0CC00
10.0CCCQ
17.0C(0Q0
2CeNQCI0
15.,0GC00
16,0CC00
14.CCC00
15,0CC00
16.CCCO0
23.,0¢CC00
10.00CGC
23.0CC00
15.6GCCCO
To.TCLCO
19.0CCCO
13,230C00
20.,0CCCO
9.NCC00
27.0CC00
14,0CC00
19,0C(0170
15.0CCC0
21.,CCLA0
17.00CC0
5.CCCC0
16,00C0C
9,0CCCO
19.0CCO0
18.0CC20
12.0CCCC
23,0CCo0
1B.0CCCC
16,0CCCO
I0.006C00
14,0CC00
20.C0CCO
T.0CC00
12.0CC00
15.,0GC00
13.C0CC0
17.,0CC00
19.CCCCD
18,CGCCCO
22.0CCC0O

4B810.00CO0
4812,00000
4851,00000
48&1-0[‘03(-‘
4876,00C0C
4891,00000
490G6,0GC00
492Z.C0OCCO
4938,00C00
4958,00000
4971.C0000
4987,00C00
50C3,00C00
5015.0C000
EG40,.0CCC00C
5C58.C0C00
SCEB,0NCOG
5078,CCC00
E£55.00600
5115.50000
513C,00C20
5146,00000
E1£0,0CCCO
5115,0C0C0
5191.,06000
%214,0CC20
52:4,000600
£247,G0000
52£2,000C0
E2&9.,0CC0C
5288,00000
5301.C0000C
5321.00090C
£23¢,00000
5357,CCC0C
5371,0000C
5390,00CN0
£4C5,00C00
E426.00GCG
£443.00000
£449,0CC0
54¢£5,00000
5474,00C0C
£453,0C000
S511.00C00
£523,000700
£546,00000
5564,00G0C
EE8(, 00000
SECGL0CCO0
S614,0C000C
€£24,0GC00
£e41,0C000
=£53,06000
SEEP,0CC00
Se£1,0C0C0
S&SE,QCCO0
E717.,0CCO0
£735,00C00
57E7.CGCCC

Co028Cc
Ga028CH
0.02807
0,028C7
Ca02BC3
0.02802
0.02798
£.02802
0.028C2
0.028C4
C.,02802
C.028C2
C.028C2
0.,02800
D.02804%
C.028C6
0.02802
C.02799
002799
002801
C.028C1
0.02801
C.0279%
0.,02759
C+02799
C.028C3
0.02799
0.02803
C.02802
002797
0,0279S
0.,02797
Ca02799
002796
O0.,028C1
0.,028C0
0.02802
Ce028C1
0.02804
Q.028G4
0,02799
0,027399
G«02795
0,02797
0,02758
0. 0D27S5S
002759
0.028CC
G.028C0
0.028C2
0,028C1
G.028C3
0.02758
C.02796
G.02796
0.02794
Ca 02794
002796
CeQ2797

00 028C0 . END OF FIG. 3(b)
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360

370

380

390

400

410

13,2CC0C
19.,2CC20
14.0CCC0O
17.0CCCG
1£.0CC00C
10.0CCCC
14,0CCCO
13.0CCQ0
19.0CCCO
10,0CCCC
16.00C00
26.0QCC0
21.0CCCO
12.0CCCO
19.2CC00
15.20C00
18.0CCCO
14,0CCC0
10.0CC00
12,70C0C
17.0CCCC
15.00C00
1£.0CCCO
24,00C00
20.,0CCCO
14,0G6CC0
15.70CGCO
14,0CCCO
19,.0CC0C
11.0CC20
23.0CC0C
15.,0CC0C
7.0CC00
18.720C30
7.0C0CC0
20.00C00
2l.0CC0C
24400CG0
15.0CCCC
16472CCC0O
15,0CCCO
15.00C07
B, 0CCOO

24,0CC00

16.0CCOQ
10,0CC00
15.0CCCO
10.0CCG0
2Z40CC0C
18,17CC00
21.7CCCC
19,00C00
12.CCCA0
16.,0CCCO
16.0CCCO
18.C0C00
16.GCCCC

T«CCCCC
13.00CC0O
14,0CC00

577C.00C00
£789.00C00C
£8C3,0000C
SezCaCCCNC
SB36.00CH0
£84¢,C0090C
58€0,CCCO0
£81713,0C090
5852.0G0C00
£6C2-C00CGO
5G1F.00C00
5942,.00C00
59£3.0CC00
£G75.,00C0C
5954,G000C
£€0C9.C0000
6C27.0C000
£C41.,0C00C
€Q51,0C09C
&0E£3,C00C0
eCRC.CCCO0
6065.0GC0OC
€111,CGCO0
€£125.,0C000
€155.,CCQCC
6169,0CCA0
6184,0000C
£158.000C0C
£217,0CCOC
622E,00CC0C
6251.0CGG00
62€€,0C00C
£213,0C00C
6252.00C00
6258.,000C0
€218,0CG00
6329,CC00C
63£3,0CCI0
€378.00C00
£3%4,0C0CC
64C9.0CGCGC00
§424.00000
€422,00000
£456,CCCOC
6472,00C0C
£482.C0000
£497.,C0CO0
ESCT.00C00
£529.0000C
£547,00000
ESER,0CCNC
&S5ET7,0C0CC0
£559.00000
£E£15,0GC00
€€e11.,0CC00
6649,CC0C0OC
£E€5,00C°C
§€72,00C00
£e85,00L0C0
£6€9,CCCCO

GeN27S8
0.028CC
Ce02799
0.02759
0,02799
0.0279¢
002795
0402793
0.,02795
CaG2792
002792
C.02756
C.02798
C.02796
C.02757
002797
0,02798
Qe 02797
002794
Ga02792
0402792
0.02792
0s02792
0.02796
C202757
0.027%6
0.,027S¢&
0.02795
C.0279¢
0. 02794
002797
Ca02757
C.02792
0.,02793
0.02789
0.02791
0,02793
0062797
0,02796
0.02756
0,02796
Ge02795
0.,02792
Ge02755
0.02795
0.02792
0.,02792
0. 02TE9
0.02792
002793
G.02795
0027656
0027594
002794
(e 02754
C.027%5
Go02795
002791
Ca.0279C
CaQ278BG < 01 COUNT ENDS HERE
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420

430

440

450

460

470

-

14.0CCCC
25.70CCC
22,0000
184CCC00
12.,0CCC0
19.0CC00
23.0GCGCH
14.0CCO0

g.00C0C
15,CCCOC
17.0CCCC

T-2CC0C
15.00C00
19.0CCCC
19.,0CC00
21.00C00
22.00CC0
12.0CCNC
23.,06C0C
13.20C00
12.0CCQ0
15,0CCCC
14,0CC00
11.0CCCC
19.00CCO
14,0CC00
19.0GC00
18,0CC00
17.,0CC00C
21,0CC00
1é,0CC00
16.0CC0GC
13.00C30
16.00C00
14.0CC00
13.,0CC0C
13,00C3C
14,0€C20
15.0CC00
2340CCC0O
17.0CC3C
15.0CC00
19.,00CG0
19,0CC00
17.0CCI0
13.00€00
15,00CGC
15.0CC00
14,00C30
13.0C(CCO
17.0CCCO
15.0CCI0
18.00CC0O
18,00(50
19,00C20
17.00CO0
18.CCCCU
16.00CC0
14.00C00
12.,0CCa0

6713,00000
€£728,C00C0
67&C.0CCOC
£6778.00C00
£790.0GCN0
&£8C9,00C00
682:.00C00
684600070
6254,00G600
£B£9,G0CAC
6886,0CC00C
£893.C0000
€90B8.0CCO0
6627.00C00
6946,0CC00
69¢7.00000
£9E9.00CCO
70CL.CC0Q0
7C24.0000C
7027.CCC0O0
7C49,C0000
70£4.0CC00
7C78.0000C
70£9,0CC00
TiCa,CcCCOC
7122.0G0C00
7141.06000
T159.,00C00
7176,C0C00
71567.00C00
7213.00C00
71229.00GC00
T242,00000
7258.00000
1272.,00C00
7285,00000
7256,C0000
7312.0CC00
7227.C0000
T35L,CCC00
7367.0GC00
7282.CN000
T4G1.C0CO0
1470,0CC00
T437.C00C0
7450,00C00
T4£5,C6000
T4BGCLCCCCO
T494,60000
75C7.60000
7524,CCC00
7529,CCC00
7557.CCCO0
1575,0CC00
755400000
T611,0CC0O0
1629.06G000
1645,0000C
7€59,00C00
7671,00C00

0.02788.— FIG. 3(c) AND 02 COUNTS START
0. 02752 HERE
G.02794
0402795
0,02793
C,.02795
Ce 02797
0.02797
0.02793
0.02793
0.02793
0.0274G
0.02789
C.02790
0+ CET91
0.02793
002796
C.027G4
Ca02797
0.02796
0.02754
C.02754
0.02793
0.02791
0.02792
G.,02791
0.02792
C.02793
.02793
GaU2795
0,02795
C«02795
0.02754
0,02794%
0.02793
0.02762
002791
G.C279C
0,02790
Co02792
0,02763
0,62792
0.02793
0,02754%
0.,02795
0.02794
C.02753
G.02763
0.02792
C.02791
C.027%1
C.02751
0.02791
Ce02792
C.02793
002794
002754
0.02794
C02793
0.02792
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480

490

500

510

520

530

12.00CC0

22.M0LOC

1440€C00
16420C00
11.0CC00

1.0CL0G
2040CC00

1R.N0CIC

19.0G6CC0
14.0CCC0
13,0CC00
14.,0CC00
11.0CC00
20.,0CC00
12.00C00
18.00C00
16.0CC00
14.,0CC00
16.,0CC00
2GC.0CCO0
24,40CCO0
13.0CC00
13.,0CC00
15.,0CC30
11,0CC00
16.0CCI0
17.0CCA0
16,0CC0Q0
13.00C00
23.0CC00
14.0CC00
21.00C00C
17.,0CCQ0
17.,0CC3C
10.0CCO0
18.0CCY0
16,00C00
10.,00CC0
18,0CC20
13,0CC00
244,0CCCO
15,0CCa0
12.0CC30
18.1CCCO
12.0CC(00
19,00C00
22,0CCAC
17,2C6C00
14.0C0C00
12.0CC00
14,NCCCC
71.0CC00
19.NCCCO
10,00C30
12.€0C00
17.0CC20
14.0CC30
20.0CC00
20,6GCCCO
15.0CC00

7693,00000
77C5.00C00
7719.00C00
71725,00000
7146,0CC00
77£7,0CC00
7787.00000
78C5.00C00
7824,C0600
7828,00C00
7851.00000
78£5.,00C00
T816.CGC00
7856400000
7908.00C00
792£400000
7942200000
7956, 06000
767200000
7952.00C00
2C16.06000
80Z9.0CCH0
8042.,0CC20
BCE7.,0CCO0
BOEE.0CGO0
aces,.g0coce
81C1.,000320
8117.006C00
8130.,0GC0O0
8153.00C00
21&67.,0CCQC
8188,00C00
B2C5.0GC00
RZ22.0GC00
8232,00000
8250.0CC0C
82£6,00000
8276.0C0020
8254.0CC00
83Cr.C0G0D
822:1,00000
8346,0CC00
8356,0C000
8376.CL0C70
p318p,00C00
84C7,0CCG0
84z9,0C000
8446,00C00
B4EZ.CCC00
£412.0CCN0
£2486,0000C0
85C7.0CCA0
R526.00000
B536.00C0C
854B.C0CC00
A5E5. 00000
BE79.00CC0
B3§9,.CGCOC
86£19.00C00
8624.,00C00

0.02790
G.02793
0.02792
0.02792
002790
C.02792
0.02793
C.02794
0.02755
0.02794
Ce02792
Ca02792
C.02791
0.02792
0.02790
002791
0.02791
0.0273C
(.02790
0.02792
0. 02755
G.02793
0.02792
0.02792
002750
0.02790C
0.02791
£.02790
G.021789
G.02792
C.02791
G.02753
0.02793
002793
002791
Ca0D2792
G.02790
0.02791
C.02T79C
0,02792
C.02792
G.0279%C
G.02751
C.0279C
G.02791
0.02793
0.02793
G.02792
G.02791
0.0279C
0.02792
0.,02793
Q. 027451
002796
0.02790
GaD2789
C.G275C
0.02792
C.02791 < END OF FIG. 3(e)
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540

550

560

570

580

590

20.00CC0O
16.0CCOC
14.,0CC0C
15.0CC0C
15.00CC0
18,0CC00
11.6CCCO
11.00€C00
24,0CC00
l2.2CC00
19.720C00
21.2CCN0
15.0CCCO
12.0C(C0
20.0CC00
16.0CC00
12,0CC00
16.,0CC00
14.,0CC0C
15.CCCG0
19,0CCCO
195,0C0CC0
17.0CCOC
17.C0C0C
15.0CC00
18.CCCOO0
17.00C00
16.00C00
12.0CC00
12.00C0¢C
17.0CC00
13.7CC0O0
21.06C00
20.0CC00
17.0CC00C
13.0CC00
15.2CCCO
14.00C00
?C.NCCOC
1£.0CC00
15.0CC00
li.0CC00
18.7CCCYO
19.0CCCO
18.0CC0O0
12.00C00
21.06CQ0
13.00CC0O
13,00CC0
21.00C00
19.00C00
13.0CC00

9.N0CCO

8,0CC0OC
28.0CCCO
l4.0CC00
19,nCCO0
1£.20€00
13.0CCCO
12.7CC00C

8e54,0CC0C
B6TCG.CCOCGT
AER4,GGCN0
8¢59,00CCC
§714.0000C
8712.,0C000G
8743,00C00
B1%4,000C0
E172.0000C
875C.0C0Q0
£8L9.0CCOG
88130,C0000
8845.,00000
8E57.,00C00
B87T7.00000
AB8S3,00000C
8903.0G000
8521.00C0C
£8925,0CG00
8950,C0000
83969,00000
85RE,00C0C
5CC5,C00C00
9022.0G000
3G27.0C0C0O
9L55,00C00
9€7..0C000
9CEBLCCCCO
91C0.00000
9112,00C0GC
9.29,00C0C
9142.06000
9163,00000
9183,000C0
92C0.0CGCO
9213,90€C00
G228.00000
924z.GC000
92£2.00C00
3278.,0CC0Q0
9263,0CCC0
G3C4,L0CO0
9322,0C000
G141 .0CCO0
G259,000C0
9371.C0C00
9392.60C0C
9405.00CCO
9418.C0C00
S439,00C00
9450.CNCO0
9417.0C000
54R6,0GC00
9494 ,00000
3519.6CC00
9533,CCC00
5551.0CCCC
93£Te0Q0GC0
9520,0CC00
9552,0CCC0

0.02793
0.02793
02792
G 02752
0, 02751
0.02792
0.0279C
C.02789
0.G2791
0.02790
Ca 02751
C.02752
0,02792
0.02791
Cea02792
0.02792
0.,02791
0.02791
Ga02790C
CaG279C
Ce02791
0.02791
0.02792
0.02792
0.02792
Ca02792
0.02793
0402753
0.02791
0.0279C
0.0£790C
€.02789
0.02791
0.,02752
0.02792
0.,02791
002791
0.0£790
C.02792
0402792
G 02791
0.,0275C
0.02179C
0.02791
D.02792
0,02791
0L,02752
0,02791
Cs 02750
0,02792
0.02793
Ce 02793
0,02791
C.02789
C.02792
0.02791
G.02792
L.02791

0.02791

0.02785 <— 0, COUNT ENDS HERE
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600

610

620

630

640

19,00CC0
18.7CCCO
21.00C3C
15.0CCCC
19.,0CC0G
T«0CCCO
14.,00C00
219CC00
16.2CCC0
14,0CCOC
11.00CC0O
17.0CCOC
16.0CC0O0
15.0CC00
18.,00CC0
17.03C0C
15.,70C0C
16.7CCCO
T« 00CO0
15,0CC00
13.0CCCO
13.0CC0C
2,7CC00
11.00CCO
9.00C0C
9,00C00
9,0CCCC
440CCCC
te.00CCC
1.00CC0O
3.0CCO0
3.,0CCCO
2.0GCCC0
2.0CCCC
2.0CCCC
Oe0

0eN

Ce0
1.0CC00
Q.0

Ce0
l.CCCO0
0.0

0.0

Ca"

Ce0

Ce0

Ca?

s PR

N0

0.0

Qe 0

(L)

(o PR}

Ce®

Ce0

CeN

Ca0

0.0

0.0

9611.00020
9€£29.0C020
9&££0.000C0
9¢€5.00000
ERL L0000
G€51.0G60N0
97C€5,00000
S726.00C00
9742,06000
9756,00CC0
§TET.CCG00
97H4,00090
9EC0.0CO00
5815,00CC0
9823,0CC00
5850.00C00
GE£5.00000
sBel.CCcCCO
58928.00600
99C€3,0C000
9916.00C00
§529,0C000
9917.00C00
994R,00000
9967.00C00
99£6,00C06
957500000
§$79.,00000
9585.,0C000
§986,00000
95£9,00000
$952,00G00
9554.,0C000
99546.,0C000
9568,C0C00
9958,00000
9¢58,00C00
9958,00000
§5<9,0C000
9959,0GCCC
9959,0CC"10
10GC0.0G000
1CCC0L.006G00
1€CC0.00030
1C6cCC.00000C
1CGCG-000C0
1coco.COCa0
1CCCC,0CCO0
lecco.00G0C
1CCCC.0QCCO
1CCC0.00CCIC
1CaCua02C00
1CCCGa000CC
1CCCO.0CCO0
1cCCo. 00000
1CCCCaGCCN0
1C0ZC,0C00C
1cacc.00C00
1CCC0.GOC00
1CCC0.00C00

Ga0275C
6,02791
Ce02752
Ge02792
G.02793
0.,0279C
Ca0279C
0,02791
0.02791
0.0275C
0.02789
0,02789
0.,027859
C.02789
G. 02789
G.0279C
C.02789
C.02789
C.02787
G,02787
C.02T786
Ca 02785
0.02783
0.,02781
0,02779
0.02717
0.027175
0.02772
0.02T69
0. 02765
002761
0.,02758
0.02754
0.0275C
002746
0. 02742
G. 02738
0.02733
0.02729
G,02725
0.027cl
0.02717
0.02713
0.,027C8
0.,02TC4
0.0270C
Ua 02696
0. 02692
C.02687
0.02683
0.02678
C.026175
0.,02671
0.02667
C.02663
002659
0,02655
6.02651
0a02647
Ce02642
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APPENDIX 8

The output of Bazovsky's Example where the first 216 cells of the histogram

were truncated.



acnc
ROW NO.

1

10

20

40

50

T o

ROW TOTAL FAILURES CuM, SUM

T1.10CO0
T35.7CC0N
2523.,0CC09
344C,0C0CT0
2348,0CCTC
£13,0CCI0
68,0CC00
9.0
G0
Q.0
4,0CCC0
26,0CC00
213,060C00
725.CCCO0
1639, "GCA0
2558,0CCQ0
2500,00CC0
1484,0C000
667,0CC00
154,0CC00C
30, NGCG0
2.N0C00
16.0CC00
59,0CC30
204,0CCA0
590,00C00
1756.0CC00
1314.0CC00
2166,0CC00
1852.NCC00C
1167.00CG0
52540CC00
192,0CCC0
53,0CC40
23.70C00
79,00C00
196.0CC00
499,0CC00
332.00C00C
1530,0C0C00
1862.NCCC0O
1769.0CC00
1481,00C00
r91.,0CC00
437.,0CCCC
20C.NCCOG
78.0CCO0C
97.0CCNC
199.00C0C
419,0GCA0
T48.,0CCO0
1222.,0CCCC
1593.0CCOC¢C
1638,2CC0D
15&R."NCCOG
11844,72CCCO
7C4,N0COGC
397.,00CCC

71.6GC00
B8C6,00G00
3329,0C000
65£9.02000C
93.7.06000
3926,00000
3958,00000
9558,G000C
G9%8.0G0200
9958,00000
1CCC2.00000
10C28,00GC0
10241.09000
109€£,.00000
126C5.N0C00
15163,00090
176£3.00000
19147400000
15814.CC000
195£8.00000
19958.00600
200C0.00C00
2C016.C0CCO
2CG75.06C00
29279.00C00
208£9.0G6000
22125.00C00
240319,00000
26205.,00000
28C57,00000
29224.00C90
29749.00000
25941.G6C10
29954.0CC0C
30C17.60C0C
30C96,00C20
30252.00000
30751.000C00
31723,0659C
33253,00000
35115,00C00
36914,0C000
38395,00000C
392826,00C00
39723,00000
35923,00000
4C00C1.00000
4CCSAR.0CC00
4C29T,0CC00
4C716.,C00C0
414£4,00C90
42686,00000
44279,C0030
45917,0C0100C
47483,CCCAC
48E£T.C0000
49371.00000
497¢68,009090

2" CURRENT ESTe
0412326
C.69965
1.92650
3,02474
3,235C7
2.87326
2.47966
2.1697C
1,92863
1,73576
1.57860
le 45081
1436765
1.35987
145891
1064529
1.80382
1eB46T4
1081049
1.73333
1.65327
1.57828
1.51087
1.45218
1.40826
1.39350
1042265
1.49051
1.56879
1.62367
1.63665
1.61399
1.57518
1.53156
1,48854
1445139
1.42136
1.40675
1.41217
le44327
1448692
1.525€8
1455019
1.55011
1.53252
1250675
147758
145030
1,42776
1.41375
1.41149
1.462515
1<45044
1.47624
1.49883
1.56877
1.50375
1.4897C
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60

70

80

177.0CC0OC
143.0C(C0
194.,0CCAC
348,0CCC0C
646,0CC00
953,09C00
1348.00C00
1501.0CC00G
151440CC00
1329,0CCC0
GhEL0CCO0
604,0CC0O0
346,0CCCH
203.00C00
216.0CCC0O

29640CCCO

53640CC0C
E42.0CC00
1149.0CCI0
1314,0CCC0
1420,00C0C
1264,0CC00
1166.0CC00
£24.,00C00
485.00C00
251.0CC00
134,5CCCC
53,0CCI0
23.0CC00
S.C0COC
Qe
Qe

ODGDO#‘)-‘)DGOKDQOO‘)DO'OOOOF)OOQDDQ
MR EEEEEEREEE RN
OMmMD0O059079500300002000000000090

® ® & & & & & & @

45945.00000
50CC8,00C00
5¢282.00000
5G62C.00000
51276,00000
52279.00600
53577.00000
55(78.0000C
565524C0C00
57931.06G00C
58867,00000
59471.00000
56817,00000
6002000060
6CZ36,00000
6€532,00C0N
61C£6,GC000
61910,00000
62659.00000
64273.CC000
65753,00C00
6705700090
68223,00000
69C47,0CC00
69527 40000C
£9783.00000
69917400600
6997C.00000
69593.00C00
69958400600
£S95E,CCO00C
69552,00C00
6995k ,C0CO0
65558400000
65968406000
69558,00000
6595E,00000
6955£,00000
69958,0000C
65552,9000C
6995840C000
69558.CCC00
69958,0CCO0C
65958,00000
69558400000
69552.0CCI0
69958,00C00
6995H,00000
£955€.00000
65558,00C00
69558,06000
69556200006
£9955,000C0
69658.00000
6995 H000070
65650 00CO0
69958,000C0
65558,0CC00
69958,00000
65558,00C00

la4b90b6
le44931
le431C17
1.41773
l.413C3
1.41680
le431C1
l.46R81
1,46642
1.,47878
l.48115
lo%T437
lehb266
le44Tch
le43255
l.42014
le4l361
1.41424
l.42178
lo4328C
1., 44587
l.45523
la4b226
la461B7
le4544C
144227
1.428C4
1l.41251
1.39673
1.38096
1.36544%
1.35C4T
1233543
1.32092
1, 30671
1.29281
1,2792C
l.26588
1,25283
1.240C4
1.22752
1.21524
1.20321
1.19141
1.17985
1.1685C
1.15737
le 14645
1l«13574
1.12522
1.1245C
le 10477
1.09481
1.085C4
Le 07544
1.066C0
1.056173
ie04TE2
1.038¢&7
1.,02987
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ABSTRACT

Igor Bazovsky, in his book, Reliability Theory and Practice, used an

example to show graphically what happens in a system containing a large
number of components operating simultaneously, when components are re-
placed immediately upon failure. He assumes that the components can fail
only by wearout; early failures and chance failures are excluded. He as-
sumes that the failure time of the individual components is normally dis-
tributed with a mean time to failure, M, and a standard deviation, 0. His
problem was concerned with 10,000 lamps with M equal to 7,200 hours and

o equal to 600 hours. Bazovsky's graph implies that the number of failures
becomes almost constant by the fourth generation. This constant failure
rate implies that the system behaved exponentially.

The purpose of this report is to examine Bazovsky's assertion that
the failure rate becomes constant and at what time or in what generation
will this occur. A Fortran based computer program was used to simulate
the complex system.

The computer program of the complex system was run varying the number
of components and the number of generations. After a number of cases were
run, it was observed that the number of components did not appear to affect
the stabilization of the system. Using 200 components and running through
50 generations of replacement, graphs on the generated data showed the
number of failures for a fixed time interval had started to stabilize.
Thus, the system was assumed to be approaching exponentiality. The Chi-
square goodness of fit test was used, and indicated that the system behaved

exponentially after the 34th generation.



After simulating Bazovsky's example and then graphing the number of
failures and the failure rate of his example against time, it appears that
he confused the number of failures with the failure rate. Also, Bazovsky
stated that this system would stabilize within the nth generation, where
n is obtained from the formula n = M/30, giving n = 7200/3(600) = 4.

Bazovsky does not give any reference or reasoning for this formula, and

this report showed that it is defective.



