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There are many software reliability models which try to predict future 
performance of software based on data generated by the debugging pro
cess. Unfortunately, the models appear to be unable to account for the ran
dom nature of the data [8]. If we debug the same code multiple times and 
use one of the models to make predictions, we observe intolerable vari
ance in the resulting reliability predictions. We believe that data replica
tion can remove this variance in laboratory type situations and that it is 
less than scientific to talk about validating a software reliability model 
without considering replication. We also believe that data replication may 
prove to be cost effective in the real world, thus our research centers on 
verification of the need for replication and on methodologies for generat
ing replicated data in a cost effective manner. 

We have been pursuing the above in the context of the debugging graph 
[8] by simulation and experimentation. Simulation has been done for the 
Basic model and the Log-Poisson model [4] in a manner similar to that 
previously done for the Jelinski-Moranda and Moranda Geometric models 
[9]. That is reasonable values of the parameters have been assigned and 
used to generate simulated data which is then processed by the models in 
order to determine limitations on their accuracy. The experimentation is a 
continuation of that started by White and Harbison. These experiments 
exploit the existing software and program specimens which are in AIR
LAB to measure the performance of reliability models. 

Keith Lirette conducted the simulation study of the basic model and has 
written a paper for his Master's project under our supervision. His con
clusions were that the model performed well on all but the smallest sets of 
data, that data replication improved the accuracy of the model and that the 
confidence intervals provided by the model were inaccurate. We have en
closed his paper, as well as his data as part of this report but would like 
to add that he is overly generous in his assessment of the models perfor-
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mance without replication. His work on the Log-Poisson model has not yet 
been written up. 

Chris Cowles has conducted an empirical study measuring the perfonnance 
of the Jelinski-Moranda Model and the Moranda Geometric Model using 
data from one of the LIC programs from RTI. He collected replicated data 
along the most probable (approximately) path through the debugging graph 
and fed this data into the two models. His conclusion was that the 
Geometric Model perfonned well when given accurate replicated data. 
This work used an environment at AIRLAB developed by Richard White 
and is based on code developed by Bernice Becher of NASA. His MS 
project paper and data is enclosed. 

We plan to continue this investigation of the potential value of replication 
in the context of the debugging graph. The work so far has shown some 
value in this approach but we have not yet completed our work using the 
LIC programs, in that we have been working with a limited part of the de
bugging graph for one version of the LIC code. The next stage is to com
plete the error graph for this version prior to investigating the other useful 
version of the LIC software available. It is also our hope to apply similar 
techniques to the GCS specimens. 
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ABSTRACT 

Accurate reliability models which predict future failure 

times of software are useful during software development. The 

accuracy of·models is tested by comparing predictions which use 

the MTTFs of i errors with data from a known i+lst error. 

Evaluations of a model's accuracy are found by tracing a path 

through the error graph of an existing piece of software. It is 

noted that a model's performance may be distorted when an 

abnormally large or small error is used in the sequence of 

errors, and that better results may be obtained by starting the 

model's run after the large dominant errors have been removed. 

It is also noted that to increase the accuracy of predictions, a 

sUfficient number of inputs must be used to calculate failure 

rates and MTTFs. 

INTRODUCTION 

In any large software project, it is highly desirable to be 

able to predict the reliability of the software during the 

debugging phase. Only when the software is free (or nearly free 

to within a certain degree of tolerance) of errors is it ready to 

be released. But it is difficult to say exactly when a piece of 

software is nearly free of errors. Latent errors that remain may 

occur later when certain new demands are made on the software 

under untested (but valid) conditions. Reliability predictions 

themselves are at best good estimators of parameters such as the 
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number of initial errors or the expected time lapse until the 

next error. 

Mathematical models of software reliability have been 

proposed in the past.[2][3][4] These may be used to estimate 

and/or predict software reliability. If a piece of software' is 

reliable enough to allow, say, one error in a million runs to 

pass through to the output, it may be deemed acceptable, ie., 

good enough for release. The degree of acceptable reliability 

will vary greatly between software packages: for example, one 

error per year in a database application may be acceptable, but 

not for a real-time aviation application. 

The Jelinski / Moranda and the Moranda Geometric De

Eutrophication models were used in this project. The JM model 

assumes that the errors found in the software are all the same 

size and have an equal probability of occurring. Further, it 

assumes that there are a finite number (N) of bugs to begin with, 

and that bug fixes are perfect, ie., no new errors are introduced 

when others are corrected. Given a sequence of n time intervals 

between n+l successive errors, an estimate can be obtained for N 

by using ma~imum likelihood techniques. 

The Moranda Geometric De-Eutrophication model assumes that 

the detection rate will geometrically decrease as each new error 

is found and removed. Estimates can be found for D (the initial 

failure rate) and for k (the rate at which the failure rate 
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declines when errors are fixed). These values can be used to 

calculate an estimate of the failure rate lambda. Like the JM 

model it assumes perfect fixes, uses maximum likelihood 

techniques and uses the sequence of n inter-failure times as 

input. However, unlike the JM model, the Geometric De

Eutrophication assumes an infinite number of bugs. 

This project uses an existing piece of software that has 

twelve known errors, corrections available for each error, and an 

oracle constructed from a trusted (gold) version of the software. 

Since errors can be arbitrarily removed from the original 

software, their removal can be done in any desired order. Inputs 

can be run on each of the versions, and each result can be judged 

by the oracle as success or failure. After recording the results 

of testing for each software version, a reliability rate, failure 

rate, and MTTF can be found. If all of the known errors are 

removed one at a time (in some order), a complete list of MTTFs 

can be obtained for this simulated debugging process. Once 

completed, a sub-sequence of the MTTFs can then be used as input 

to the two models in this project, and predicted MTTFs can be 

obtained. Since the actual MTTF will already have been 

calculated, the models' predicted MTTFs can be compared to the 

real MTTF. Thus, the accuracy of these two models can be 

studied. 

Because the bugs can be removed selectively from this 

candidate software, comparing an estimated MTTF with an actual 
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MTTF is possible. These steps are not possible with software in 

the development process (normally no oracle exists at that time), 

but it is the performance of the software reliability models that 

is being evaluated here. 

DESCRIPTION OF THE SOFTWARE 

The software used in this project is called the LIC (Launch 

Interceptor Conditions) program. It is a Fortran program which 

simulates the testing of certain conditions, and the results of 

these tests are used to decide whether or not to issue a command 

to launch an interceptor missile. The multiple versions of the 

software, the gold version, the control program, are all written 

in VAX FORTRAN, were produced by the Research Triangle Institute 

[1], and exist at the AIRLAB facility at NASA Langley Research 

Center in Hampton, Virginia. The data collection processes were 

run on DEC VAXs using the VMS operating system. 

The existing LIC software was chosen for this project for 

two reasons. First, work on software's error graph (described 

below) had already begun as part of a Master's project by White & 

Harbison[5] in 1990. This project involved work on the top and 

bottom levels of the error graph and further investigation was 

recommended. Second, most of the support apparatus needed for 

the experiment (gold program, control program, random number 

generator, etc.) already existed at NASA Langley. 
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Further, there were reasons for originally using the LIC 

program in the white / Harbison project. Not only had the errors 

that existed in the program been identified, but the corrections 

for these bugs had already been written. The versions of the 

software used in the White / Harbison work had the original 

errors left in place but commented out, and the inserted 

corrections were all identified with comment-tags. Thus newly 

required versions of the software used in this project (ie., 

versions with correction combinations not previously required) 

could easily be constructed. 

The naming convention for the different software versions 

used in this project is the same as that used by White / 

Harbison. The individual bugs are identified by numbers 1 

through 12. The number of the errors corrected ("fixed") in a 

version are identified in the name of the Fortran program; eg., 

Fix1235_AND~6 has five different bugs removed (namely bugs 1, 2, 

3, 5, and 6), and Fix1 TO 9 has the first nine bugs removed. 

Examples of programs using this naming scheme appear in the 

appendices in this paper. The original oracle is based on a 

trusted program called Gold. 

PREVIOUS WORK ON THE LIC PARTIAL ERROR GRAPH 

A complete error graph is a graph with a single top node, a 

single bottom node, and some intermediate levels between them. 

The top node represents the software in its initial state with N 
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unknown bugs. The bottom node represents the final version of 

the software with all errors removed. Each horizontal level 

(with multiple nodes) between these single nodes represents a 

stage with some number of bugs corrected: the first level below 

the top node contains all software versions with one error 

corrected, tbe second level with all combinations of two errors 

corrected, etc. Between the nodes at each level an edge can be 

drawn to each node on the next level that represents a single 

step in the software debugging process. Hence, if there are N 

errors, level one will contain N nodes, each representing a 

single fix. From each node in level one there will be an edge to 

each of the N-l nodes on the second level. Any walk from the top 

node to the bottom node constitutes a path through the error 

graph and represents a possible debugging sequence. 

Each node can be labeled with its reliability measure, which 

is the ratio of successful runs to total tests for the version 

represented by that node. All inputs are randomly generated 

according to the input distribution and a successful run is 

defined as one where the results of that version of the software 

is the same as that of the gold version. A "delta reliability" 

number can be computed that indicates the percentage of change in 

reliability from the previous node. This delta reliability 

indicates the size of a single error within that previous version 

of the software. 

A partial error graph is suitable to display information 
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about n known fixes. since N > n, the partial error graph will 

be smaller and show only paths involving the known fixes. In the 

White / Harbison project, the levels with one bug corrected and 

n-l bugs corrected were completed. For the one-bug level, the 

initial version of the software was separately fitted with each 

single correction, and the reliability of each such version was 

tested against the gold version. At the (n-l)st level, each 

version was created by installing all but one fix. Again, the 

reliability'of each of these versions was tested against the gold 

version. 

DESCRIPTION OF THE SOFTWARE TESTING PROCESS 

In order to obtain a sequence of MTTFs with which to judge 

the two models, it was decided to follow a single path through 

the error graph. This path was determined by identifying the 

largest error remaining at each level and correcting it to arrive 

at the node on the next level. This process was repeated until 

all of the known bugs had been removed from the LIC software. 

The determination of the size of the twelve errors was made from 

the first level of the White / Harbison paper. The ordering of 

bugs 1 through 12 by decreasing failure rate is: # 1, # 2, # 3, 

# 5, # 6, # 8, # 7, # 4, # 9, # 10, # 11, # 12. 

It was assumed at each stage of this project that the next 

largest error still to be found along the single path would be 

the same as that in the ordered listing of bugs at level one. 
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This decision does not address the question of whether or not the 

removal of bugs one at a time would in any way affect the 

relative size of the remaining bugs. In order to determine the 

largest error of all of those errors left at each stage, it would 

have been necessary at each stage to couple each of the remaining 

errors separately with the corrections done so far along the 

path. Only by trying each possibility could one be sure that the 

identity of the largest error had been found. In this project, 

sixty-six (11 + 10 + ••• + 1) different software versions would 

have been required. since each data point required one million 

random inputs and approximately three days of machine time, the 

time required to test along these lines made it prohibitive. It 

is suggested that there may be a need for further study. 

Initially, one million random inputs were done on each 

software version being tested on the VAX and comparisons were 

made against the gold version. The results were categorized by 

the control program as success, abort, or failure; since both 

aborts and failures are disagreements with the results of the 

oracle, they are summed as "Total Failures" in Appendix A. For 

each group of runs, a corresponding second chart in the appendix 

shows the calculated reliability (number of successes divided by 

number of runs), failure rate (one minus reliability), and MTTF 

(the inverse of the failure rate). 

Both reliability models were then checked using the 

empirical data. Appendix B lists the results of the JM model 
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using the data from one million runs. Estimates were derived 

from every possible sequence of two or more consecutive 

interfailure times which began with the MTTF for error #1. Also 

used were smaller sequences of consecutive fixes in the amounts 

of 3, 5 and 7 fixes. 

In the JM model the actual value of N must, by definition, 

be larger than n, the number of errors used to predict N, since 

each of the n known errors is one of the N original errors. If, 

for example, the first six inter-time failures are used to find 

N, then the prediction of N includes these six errors. A 

predicted value of N = 20 in this case would indicate that 14 (20 

- 6) errors remain. Also, when using any sub-sequence that does 

not include some of the initial errors, those errors must be 

excluded in determining the number of errors that remain. For 

example, suppose that when using the sub-sequence of MTTFs #5, #6 

and #7 that N is predicted to be ten. This indicates that the 

total error content is ten beginning at error #5, ie., error #5 

is considered to be the first error, since it was the first one 

used in this particular sub-sequence. Previous errors are not 

taken into account here. Since three MTTFs were used to make 

this prediction, seven errors (10 - 3) now remain. 

The results of a typical removal of bugs in the JM model is 

shown in Figure 1 (next page). The graph approaches the x-axis 

in a step-wise manner; correcting each bug brings the otherwise 

horizontal graph closer by a step toward that axis. It is 
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possible for one of two things to happen: If the step-decreases 
. 

were small enough each time, then the graph would not cross the 

axis on the next step and the prediction would be that the 

software still contains some number of errors. Otherwise, if the 

step sizes were large enough so that the next step would force 

the graph to be below the axis, then one would surmise that the 

software was now perfect (ie., free of errors). 

ERROR 

CONTENT 

1-----1--------1--------------------
~ ~ ~ 

SEQUENCE OF FAILURE TIMES AS TIME 
INCREASES IN JELINSKI / MORANDA 

FIGURE 1. 

This last case is a common occurrence with the JM 

predictions of N (the number of initial errors in the software) 

in this project. In Appendices Band D listing the results of 

the JM model, the software generally appears to be perfect. 

(Appendix D is the results without the large error #1. More is 

said below about the influence of the size of this error.) In 

Appendix B, because of the large size and subsequent impact of 
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correcting error #1, the next correction would be expected to 

produce an improvement on the same scale. It then appears as if 

the software has improved so much as to now be free of errors. 

The data from the one million random inputs was next used on 

the Moranda Geometric De-Eutrophication model. It was decided to 

also run random inputs in the amounts of one, ten, one hundred, 

one thousand, ten thousand and one hundred thousand in order to 

be able to check the robustness of this model on data with 

varying quality. As a hypotheses, it was thought that more and 

more accurate predictions would be produced as the number of runs 

increased. All of these results are listed in Appendix C. As in 

the JM modei, predictions are also made without using the 

influential error #1. These are listed in Appendix E. Finally, 

also included is Appendix F, listing the two Pascal programs used 

to run the reliability models. 

RESULTS OF THE MODELS 

The candidate software used in this project contained an 

extremely large and influential first error. The last four or 

five errors could all be classified as very small, with little 

effect on the predictability of the two models. In fact, even at 

runs of 100,000, the last four errors do not appear. Aside from 

these errors, the other corrections seem to improve the software 

in a steady, uniform manner. 
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Because of the influence of the first error, computations by 

each of the two models were repeated by first correcting error #1 

and then using the resulting software version as the initial 

version. Hence data and consequently the models' predictions 

were calculated as if this large bug did not exist. In the JM 

model, checked again with the data from one million inputs, only 

the first X consecutive MTTF numbers (from 2 to 11 in this case, 

not 2 to 12 when error #1 was included) were used. Attempting 

the sequences of 3, 5, and 7 again would only shift the answers 

already obtained and listed in Appendix B. (For example, the JM 

result with error #1 on error sequence 4, 5, and 6 would be the 

same as the JM result without error #1 on error sequence 3, 4, 

and 5.) These new results are listed in Appendix D. The data 

from excluding error #1 and using inputs of one, ten, one 

hundred, etc. runs was also checked in the Geometric De

Eutrophication model. These new results are listed in Appendix 

E. The discussion of the results of all of the runs follows. 

THE JELINSKI / MORANDA MODEL 

The JM model predictions are not always accurate and often 

indicate perfect software when more errors were known to exist. 

The predictions sometimes vacillate with the correction of a 

single additional error. For example, when using a sequence of 3 

MTTFs (Appendix B), the predicted N at one point shows 4, then 

perfect twice in a row, then 4, then 18. The number of remaining 

errors in these predictions is, respectively, 1, 0, 0, 1, 15. 
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The predicted initial error content of 4, when using corrections 

#5 - #7 or #8 - #10, seems to be good, as this indicates one 

error left. (The LIC program at these points has, respectively, 

five and then two more known errors.) Generally, the JM model is 

not this accurate. 

The overall weakness of this model is possibly the result of 

the existence of the large and small error(s) mentioned above, 

and the relatively small number of known errors (twelve) in the 

software. It should be noted that, in Appendices Band D, when 

sequences of the first X calculated MTTFs are used, the software 

is generally deemed to be free of any more errors. In real 

testing, these are the sequences of inter-time failures most 

likely to be used. 

THE GEOMETRIC DE-EUTROPHICATION MODEL 

The Moranda Geometric De-Eutrophication model performed 

better. Also, as might be expected, increasing the number of 

test cases used to establish the MTTF sequence greatly effects 

the results and the accuracy of the predictions. 

In Appendix C, which inclUdes error #1, the effect of the 

large first error is paramount. Initially for one million runs 

(with only two MTTFs used as input) a MTTF is predicted that is 

5.29 times as great as the actual number derived emperically. 

This ratio of estimated MTTF and actual MTTF declines as more 
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data is used; this can be partly accounted for by the uniformity 

of the rate at which the software is improved. The closest this 

model comes to matching the estimated MTTF to the actual MTTF is 

when eight data points are entered (ie., when nine errors have 

been removed). This ratio is 0.861. Thereafter, near the end of 

the input of available data, the predictions are again skewed 

upward, when data from consecutive very small errors is used in 

the predictions. 

Upon removing the effects of error #1 entirely from the 

initial software, the Geometric De-Eutrophication predictions of 

MTTF (found in Appendix E) improve greatly. Even runs consisting 

of only ten thousand inputs show rather remarkable estimates. 

The more accurate results obtained at one million inputs are used 

to calculate the numbers below. Prior to inserting the 

corrections of the last four small errors, the prediction is 

never wrong by more than 27 percent. (It predicts 127 percent of 

the actual MTTF at 5 data points.) The one poor prediction in 

this range is the .0151 ratio (1159 / 76,923) at 6 inputs. The 

next paragraph explains why it is not accurate in this case. The 

most accurate prediction is actually made with just the first two 

MTTFs: this ratio is just 1.0247 (63.95 / 62.41). 

The De-Eutrophication model at one point seems to "correct 

itself". Note first, using the failure numbers from Appendix A 

under one million runs, that from Fix1 to 2 to Fix1 to 3 the 

correction is 47 percent ((56,927 - 29,833) / 56,927). The 
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succeeding corrections in percents are 46, 60, 52, 37 and then 
. 

99. This 99 percent correction is measured from 1966 failures at 

Fix123567 and 8 to 13 failures at Fix1 to 8 (ie., (1966 - 13) / 

1966). The model misses this great correction (at 6 MTTFs 

entered) when it predicts a MTTF of 1,159 and the actual value is 

76,923. However, its next prediction at 7 MTTFs, which now 

includes the seventh value (ie., the failure of only 13 times at 

Fix1_to_8), is much better. The model has gotten back on track 

with the additional input of the first of the very small errors, 

and the ratio of estimated MTTF and actual MTTF is .8369 (104,612 

/ 125,000). The remaining errors are small and the predictions 

for the rest of the figures are skewed upward a great deal, 

making their ratios very much larger than one. 

The overall stability of the measure of failure rates 

against the gold version improves as the number of randomly 

generated inputs increases. This is not surprising; however, 

even between 100,000 and 1,000,000 runs, the difference in MTTF 

at Fix12356 And 8 (six errors taken out) is still greater than 

one. (It changes from 319.49 to 322.48.) The other five MTTFs 

before Fix12356 And 8 are at least stable to within plus or minus 

one. The failure rate of Fix1 (which will eventually stabilize 

at about 57.6%) moves from 100% to 40% to 60% from using one, ten 

and then one hundred inputs. Ten thousand runs are required to 

get this to stabilize to within one percentage point. And even 

the last 4 errors only begin to show up at one million runs. 

These changing MTTFs, which are as accurate as the number of runs 
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that were made, must have a degrading effect on the prediction of 

the Geometric De-Eutrophication model. 

CONCLUSIONS 

The Geometric De-Eutrophication model seems more adept at 

predicting the time to the next error, if it exists. The 

Jelinski / Moranda model did not perform well. Given the 

software used in this project, with only twelve known errors, the 

predictions were accurate in the Geometric model and might be 

acceptable in a real application. The small number of bugs with 

which to derive data and the results from that data is a credit 

to the Geometric De-Eutrophication model, but may have been a 

factor in hindering the ability of the JM model. 

The elimination of a single abnormally large bug greatly 

improved the Geometric De-Eutrophication predictions. 

Predictions were skewed when this type of error was part of the 

set producing the MTTF data. When this software's large first 

error was removed, and the resulting version was used as the 

initial version, the predicted results were very good. It is 

easy to say that the De-Eutrophication model is more accurate 

when errors of irregular size are ignored, but it is difficult to 

determine when the software is ready to begin being predicted. 

Who is to say when abnormally large errors have ceased and those 

that will follow are decreasing at a uniform rate? If an error 

is classified as large, this does not say anything about the 



, . .0 

errors that follow; they may all be "large", but decreasing at a 

uniform rate, as is desired for this model. Perhaps one should 

look for abrupt changes in the rate of increasing MTTFs as 

corrections are made. 

Finally, it is generally true that the greater the number of 

inputs used in order to produce MTTF data, the more accurate the 

predictions will be. This is true throughout the different 

stages of the De-Eutrophication model as shown by the 

increasingly accurate MTTF predictions. The MTTFs used from 

Appendix A are, in some cases, only beginning to stabilize even 

at one million runs. In real-time testing, runs of over one 

million may be desirable. The number of inputs used to predict 

MTTFs might depend on the degree of accuracy needed in the 

application, and on the ability to continue to collect the next 

failure point and introduce it into the data set. At some point, 

comparing past predictions of MTTF (gained from software versions 

with fewer fixes) with those produced using the most current data 

available may help to determine when the predictions are accurate 

enough and the number of inputs used in finding the predictions 

is sufficiently high. 
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********************* 
* 
* 
* 

APPENDIX A * 
* 
* 

********************* 

Results of random inputs on all software versions; 
runs of 1; 10; 100; 1,000; 10,000; 100,000; 1,000,000. 



SUCCESS TOTAL FAILURES TOTALS 
------- ============== ====== -------

Fix1 0 1 1 

Fix1 TO 2 0 1 1 

Fix1 TO 3 0 1 1 

Fix123 AND 5 0 1 1 

Fix1235 AND 6 0 1 1 

Fix12356 AND 8 1 0 1 

Fix123567 AND 8 1 0 1 

Fix1 TO 8 1 0 1 

Fix1 TO 9 1 0 1 

Fix1 TO 10 1 0 1 

Fix1 TO 11 1 0 1 

Fix1 TO 12 1 0 1 

All Gold version results were 100% successful. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FAILURE 

VERSION RELIABILITY RATE MTTF 
------- ----------- ------- ==== ------- ----------- -------

Fix1 0.0000% 100.0000% 1.00 
Fix1 And 2 0.0000% 100.0000% 1.00 
Fix1-To 3' 0.0000% 100.0000% 1. 00 
Fix123 And 5 0.0000% 100.0000% 1.00 
Fix1235 And 6 0.0000% 100.0000% 1.00 
Fix12356 And 8 100.0000% 0.0000% N/A 
Fix123567 And 8 100.0000% 0.0000% N/A 
Fix1 To 8 100.0000% 0.0000% N/A 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-To-10 100.0000% 0.0000% N/A 
Fix1-TO-11 100.0000% 0.0000% N/A 
Fix1-To - 12 100.0000% 0.0000% N/A 

RESULTS OF 1 RANDOM INPUT 
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SUCCESS TOTAL FAILURES TOTALS 
------- -------------- ------------- -------------- ------

Fix1 6 4 10 

Fix1 TO 2 9 1 10 -
< Fix1 TO 3 9 1 10 

Fix123 AND 5 9 1 10 

Fix1235 AND 6 9 1 10 

Fix12356 AND 8 10 0 10 

Fix123567 AND 8 10 0 10 

Fix1 TO 8 10 0 10 

Fix1 TO 9 10 0 10 

Fix1 TO 10 10 0 10 

Fix1 TO 11 10 0 10 

Fix1 TO 12 10 0 10 

All Gold version results were 100% successful. 

FAILURE 
VERSION RELIABILITY RATE MTTF 
------- ----------- -------------- ----------- ------- ----

Fix1 60.0000% 40.0000% 2.50 
Fix1 And 2 90.0000% 10.0000% 10.00 
Fix1-To '3 90.0000% 10.0000% 10.00 
Fix123 And 5 90.0000% 10.0000% 10.00 
Fix1235 And 6 90.0000% 10.0000% 10.00 
Fix12356 And 8 100.0000% 0.0000% N/A 
Fix123567 And 8 100.0000% 0.0000% N/A 
Fix1 To 8 100.0000% 0.0000% N/A 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-To-10 100.0000% 0.0000% N/A 
Fix1-To-11 100.0000% 0.0000% N/A 
Fix1-To-12 100.0000% 0.0000% N/A 

RESULTS OF 10 RANDOM INPUTS 
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SUCCESS TOTAL FAILURES TOTALS 
------- ============== ------------- ------

Fix1 39 61 100 

Fix1 TO 2 96 4 100 

Fix1 TO 3 97 3 100 

Fix123 AND 5 99 1 100 

Fix1235 AND 6 99 1 100 

Fix12356 AND 8 100 0 100 

Fix123567 AND 8 100 0 100 

Fix1 TO 8 100 0 100 

Fix1 TO 9 100 0 100 

Fix1 TO 10 100 0 100 

Fix1 TO 11 100 0 100 

Fix1 TO 12 100 0 100 

All Gold version results were 100% successful. 

FAILURE 
VERSION RELIABILITY RATE MTTF 
------- ----------- ------- ----------- ----------- -------

Fix1 39.0000% 61.0000% 1. 64 
Fix1 And 2 96.0000% 4.0000% 25.00 
Fix1-To '3 97.0000% 3.0000% 33.33 
Fix123 And 5 99.0000% 1.0000% 100.00 
Fix1235 And 6 99.0000% 1.0000% 100.00 
Fix12356 And 8 100.0000% 0.0000% N/A 
Fix123567 And 8 100.0000% 0.0000% N/A 
Fix1 To 8 100.0000% 0.0000% N/A 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-TO-10 100.0000% 0.0000% N/A 
Fix1-To-11 100.0000% 0.0000% N/A 
Fix1-To-12 100.0000% 0.0000% N/A 

RESULTS OF 100 RANDOM INPUTS 
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SUCCESS TOTAL FAILURES TOTALS 
------- ============== ------------- ------

Fix1 430 570 1,000 

Fix1 TO 2 947 53 1,000 

Fix1 TO 3 968 32 1,000 

Fix123 AND 5 989 11 1,000 

Fix1235 AND 6 996 4 1,000 

Fix12356 AND 8 999 1 1,000 

Fix123567 AND 8 1,000 0 1,000 

Fix1 TO 8 1,000 0 1,000 

Fix1 TO 9 1,000 0 1,000 

Fix1 TO 10 1,000 0 1,000 

Fix1 TO 11 1,000 0 1,000 

Fix1 TO 12 1,000 0 1,000 

All Gold version results were 100% successful. 

FAILURE 
VERSION RELIABILITY RATE MTTF 
------- ----------- -------------- ----------- ------- ----

Fix1 43.0000% 57.0000% 1. 75 
Fix1 And 2 94.7000% 5.3000% 18.87 
Fix1-To "3 96.8000% 3.2000% 31.25 
Fix123 And 5 98.9000% 1.1000% 90.91 
Fix1235 And 6 99.6000% 0.4000% 250.00 
Fix12356 And 8 99.9000% 0.1000% 1,000.00 
Fix123567 And 8 100.0000% 0.0000% N/A 
Fix1 To 8 100.0000% 0.0000% N/A 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-To-10 100.0000% 0.0000% N/A 
Fix1-To-11 100.0000% 0.0000% N/A 
Fix1-To-12 100.0000% 0.0000% N/A 

RESULTS OF 1,000 RANDOM INPUTS 
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SUCCESS TOTAL FAILURES TOTALS 
======= ============== ====== 

Fix1 4,269 5,731 10,000 

Fix1 TO 2 9,450 550 10,000 

Fix1 TO 3 9,711 189 10,000 

Fix123 AND 5 9,850 150 10,000 

Fix1235 AND 6 9,945 55 10,000 

Fix12356 AND 8 9,978 22 10,000 

Fix123567 AND 8 9,986 14 10,000 

Fix1 TO 8 10,000 0 10,000 

Fix1 TO 9 10,000 0 10,000 

Fix1 TO 10 10,000 0 10,000 -
Fix1 TO 11 10,000 0 10,000 

Fix1 TO 12 10,000 0 10,000 

All Gold version results were 100% successful. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FAILURE 

VERSION RELIABILITY RATE MTTF 
======= =========== ------- -----------

Fix1 42.6900% 57.3100% 1. 74 
Fix1 And 2 94.5000% 5.5000% 18.18 
Fix1-To '3 97.1100% 2.8900% 34.60 
Fix123 And 5 98.5000% 1. 5000% 66.67 
Fix1235 And 6 99.4500% 0.5500% 181. 82 

" Fix12356 And 8 99.7800% 0.2200% 454.55 
Fix123567 And 8 99.8600% 0.1400% 714.29 -Fix1 To 8 100.0000% 0.0000% N/A 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-To-10 100.0000% 0.0000% N/A 
Fix1-To-11 100.0000% 0.0000% N/A 
Fix1-To-12 - 100.0000% 0.0000% N/A 

RESULTS OF 10,000 RANDOM INPUTS 
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SUCCESS TOTAL FAILURES TOTALS 
======= ============== ====== 

Fix1 42,342 57,658 100,000 

Fix1 TO 2 94,258 5,742 100,000 

Fix1 TO 3 97,011 2,989 100,000 

Fix123 AND 5 98,414 1,586 100,000 

Fix1235 AND 6 99,352 648 100,000 

Fix12356 AND 8 99,687 313 100,000 

Fix123567 AND 8 99,809 191 100,000 

Fix1 TO 8 99,999 1 100,000 

Fix1 TO 9 100,000 0 100,000 

Fix1 TO 10 100,000 0 100,000 

Fix1 TO 11 100,000 0 100,000 

Fix1 TO 12 100,000 0 100,000 

All Gold version results were 100% successful. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FAILURE 

VERSION RELIABILITY RATE MTTF 
======= =========== ------- -----------

Fix1 42.3420% 57.6580% 1.73 
Fix1 And 2 94.2580% 5.7420% 17.42 
Fix1-To 3" 97.0110% 2.9890% 33.46 
Fix123 And 5 98.4140% 1. 5860% 63.05 
Fix1235 And 6 99.3520% 0.6480% 154.32 
Fix12356 And. 8 99.6870% 0.3130% 319.49 
Fix123567 And 8 99.8090% 0.1910% 523.56 
Fix1 To 8 99.9990% 0.0010% 100,000.00 
Fix1-To-9 100.0000% 0.0000% N/A 
Fix1-To-10 100.0000% 0.0000% N/A 
Fix1-To-11 100.0000% 0.0000% N/A 
Fix1-To-12 100.0000% 0.0000% N/A 

RESULTS OF 100,000 RANDOM INPUTS 
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SUCCESS TOTAL FAILURES TOTALS 
------- -------------- --------------- -------------- --------

Fix1 424,327 575,673 1,000,000 

Fix1 TO 2 943,073 56,927 1,000,000 

Fix1 TO 3 970,167 29,833 1,000,000 

Fix123 AND 5 983,977 16,023 1,000,000 

Fix1235 AND 6 993,522 6,478 1,000,000 

Fix12356 AND 8 996,899 3,101 1,000,000 

Fix123567 AND 8 998,035 1,966 1,000,001 

Fix1 TO B 999,988 13 1,000,001 

Fix1 TO 9 999,992 B 1,000,000 

Fix1 TO 10 999,994 6 1,000,000 

Fix1 TO 11 999,993 7 1,000,000 

Fix1 TO 12 999,994 6 1,000,000 

All Gold version results were 100% successful. 
(Runs of one million one are not misprints.) 

VERSION 
======= 

Fix1 
Fix1 And 2 
Fix1-To "3 
Fix123 And 5 
Fix1235 And.6 
Fix12356 And 8 
Fix123567 And 8 
Fix1 To 8 
Fix1-To-9 
Fix1-To-10 
Fix1-To-11 
Fix1 To 12 

RELIABILITY 
----------------------

42.4327% 
94.3073% 
97.0167% 
98.3977% 
99.3522% 
99.6899% 
99.8034% 
99.9987% 
99.9992% 
99.9994% 
99.9993% 
99.9994% 

FAILURE 
RATE 

--------------
57.5673% 

5.6927% 
2.9833% 
1. 6023% 
0.6478% 
0.3101% 
0.1966% 
0.0013% 
0.0008% 
0.0006% 
0.0007% 
0.0006% 

MTTF 

1. 74\ / 
17.57 
33.52 
62.41 

154.37 
322.48 
508.65 

76,923.15 
125,000.00 
166,666.67 
142,857.14 
166,666.67 

RESULTS OF 1,000,000 RANDOM INPUTS 
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********************* 
* 
* 
* 

APPENDIX B * 
* 
* ********************* 

Jelinski / Moranda results. 
One million inputs. 
Includes error #1. 



< • 

Inter-time Predicted initial 
failures entered error content 

==================== ----------------------------------

first 2 Software now perfect. 
first 3 Software now perfect. 
first 4 Software now perfect. 
first 5 Software now perfect. 
first 6 Software now perfect. 
first 7 Software now perfect. 
first a Software now perfect. 
first 9 Software now perfect. 
first 10 Software now perfect. 
first 11 Software now perfect. 
first 12 25 

Values tested: first X calculated MTTFs. 

Inter-time Predicted initial 
failures entered error content 

==================== ----------------------------------
1 - 3 Software now perfect. 
2 - 4 Software now perfect. 
3 - 5 Software now perfect. 
4 - 6 Software now perfect. 
5 - 7 4 
6 - a Software now perfect. 
7 - 9 Software now perfect. 
a - 10 4 . 
9 - 11 1a 
10 - 12 Software now perfect. 

Values tested: sequences of 3 MTTF. 

Inter-time 
failures entered 

----------------------------------------
1 - 5 
2 - 6 
3 - 7 
4 - a 
5 - 9 
6 - 10 
7 - 11 
a - 12 

Predicted initial 
error content 

----------------------------------
Software now perfect. 
Software now perfect. 
Software now perfect. 
Software now perfect. 
Software now perfect. 
Software now perfect. 
6 
10 

Values tested: sequences of 5 MTTF. 
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********************* 
* * 
* 
* 

APPENDIX C * 
* ********************* 

Moranda Geometric De-Eutrophication results. 
Includes error #1. 
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Inter-time 
failures entered 

==================== 
1 - 7 
2 - a 
3 - 9 
4 - 10 
5 - 11 
6 - 12 

Predicted initial 
error content 

----------------------------------
Software now perfect. 
Software now perfect. 
Software now perfect. 
Software now perfect. 
Software now perfect. 
a 

Values tested: sequences of 7 MTTF. 
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Number of random inputs: 1 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ----- ======== ====== ------ ------------- ------ --------

2 .9994 1.000031 .999909 1 1 
3 .9994 1. 000061 .99988 1 1 
4 .9994 1. 000092 .99985 1 1 
5 .9994 1.000122 .99982 1 * 

( * Did not fail in next 1 case.) 

Number of random inputs: 10 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ----- ======== ------ ------ ------------- ------ ------ --------

2 .25001 .399989 .02500 40 10 
3 .49999 .300007 .03750 26.67 10 
4 .68527 .231659 .05109 19.57 10 
5 .79366 .194533 .06126 16.32 * 

( * Did not fail in next 10 cases.) 

Number of random inputs: 100 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
---------- ===== -------- ------ ------ ------------------ -------- ------ ------ --------

2 .06558 .609830 .00262 381. 24 33.33 
3 .22182 .339927 .00371 269.54 100 
4 .31629 .249286 .00249 400.82 100 
5 .42163 .173845 .00232 431. 71 * 

( * Did not fail in next 100 cases. ) 
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Number of random inputs: 1,000 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ----- -------- ------ ------ ------------- -------- ------ ------ --------

2 .09268 .571610 .00491 203.67 31.25 
3 .23659 .376715 .00499 200.45 90.91 
4 .30970 .300937 .00277 361. 21 250 
5 .33619 .273620 .00118 851. 03 1,000 
6 .32740 .284330 .00035 2,855.71 * 

( * Did not fail in next 1,000 cases.) 

Number of random inputs: 10,000 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
---------- ----- -------- ------ ------ ------------------ ----- -------- ------ ------ --------

2 .09573 .574644 .00527 189.88 34.60 
3 .22426 .396975 .00448 223.35 66.67 
4 .33375 .282887 .00351 284.92 181. 82 
5 .37012 .249989 .00174 575.93 454.55 
6 .38440 .236102 .00076 1,312.81 714.29 
7 .41040 .208959 .00041 2,440.62 * 

( * Did not fail in next 10,000 cases.) 

Number of random inputs: 100,000 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ----- -------- ------ ====== ------------- -------- ------ --------

2 .09927 .578148 .00570 175.51 33.46 
3 .22743 .404169 .00475 210.32 63.05 
4 .33729 .289201 .00374 267.18 154.32 
5 .38232 .248733 .00203 492.16 319.49 
6 .40918 .224134 .00105 950.65 523.56 
7 .43725 .197623 .00060 1,655.95 100,000.00 
8 .24635 .516901 .000007 142,606.96 * 

( * Did not fail in next 100,000 cases. ) 
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Number of random inputs: 1,000,000 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ===== ======== ====== ------ -------------- --------

2 .09903 .574725 .00564 177.43 33.52 
3 .22780 .400969 .00474 210.98 62.41 
4 .33948 .285518 .00379 263.69 154.37 
5 .38379 .246333 .00205 487.54 322.48 
6 .40954 .223023 .00105 950.27 508.65 
7 .43872 .195770 .00061 1,632.95 76,923.15 
8 .25709 .486989 .0000093 107,585.69 125,000.00 
9 .25502 .494283 .0000023 443,487.55 166,666.67 
10 .25783 .527950 .0000007 1,459,303.34 142,857.14 
11 .27052 .457094 .0000003 3,853,062.31 166,666.67 
12 .28529 .375454 .0000001 9,162,777.37 * 

( * Did not fail in next 1,000,000 cases. ) 



********************* 
* 
* 
* 

APPENDIX D 
* 
* 
* 

********************* 

Jelinski I Maranda results. 
One million inputs. 
Excludes error #1. 
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Inter-time Predicted initial 
failures entered error content 

==================== ================= 

first 2 3 
first 3 Software now perfect. 
first 4 Software now perfect. 
first 5 Software now perfect. 
first 6 Software now perfect. 
first 7 Software now perfect. 
first 8 Software now perfect. 
first 9 Software now perfect. 
first 10 software now perfect. 
first 11 Software now perfect. 

Values tested: first X calculated MTTFs. 

I~ 
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********************* 
* 
* 
* 

APPENDIX E * 
* 
* ********************* 

Moranda Geometric De-Eutrophication results. 
Excludes error #1. 
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Number of random inputs: 1 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ===== ======== ------ ------ -------------- ------ --------

2 .9994 1.000031 .99991 1 1 
3 .9994 1.000061 .99988 1 1 
4 .9994 1.000092 .99985 1 * 

( * Did not fail in next 1 case.) 

Number of random inputs: 10 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ===== ======== ====== ------ ======== ------

2 .99994 .100003 .09999 10 10 
3 .99994 .100006 .09999 10 10 
4 .99994 .100009 .09998 10 * 

( * Did not fail in next 10 cases.) 

Number of random inputs: 100 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est.) (est. ) (actual) 
========== ----- ======== ------ ------ ------------- ------ ------ --------

2 .75009 .040000 .02250 44.43 100 
3 .49999 .045002 .00562 177.78 100 
4 .58555 .040453 .00476 210.28 * 

( * Did not fail in next 100 cases. ) 



Number of random inputs: 1,000 

First n 
calculated lambda MTTF 

MTTFs k D (est. ) (est. ) 
---------- ===== ======== ====== ====== ----------

2 .60386 .052993 .01932 51.75 
3 .45556 .057722 .00546 183.24 
4 .41577 .061026 .00182 548.37 
5 .• 36817 .067984 .00046 2,174.56 

( * Did not fail in next 1,000 cases.) 

Number of random inputs: 10,000 

First n 
calculated lambda MTTF 

MTTFs k D (est. ) (est. ) 
========== ----- -------- ====== ----------- -------- ------

2 .52538 .055008 .01518 65.86 
3 .52220 .055118 .00785 127.41 
4 .46862 .059044 .00285 351.19 
5 .44518 .061963 .00108 922.92 
6 .46032 .059323 .00056 1,771.8 

( * Did not fail in next 10,000 cases.) 

Number of random inputs: 100,000 

First n 
calculated lambda MTTF 

MTTFs k D (est. ) (est. ) 
========== ----- ======== ====== ----------- ------

2 .52062 .057406 .01556 64.27 
3 .52562 .057223 .00831 120.34 
4 .48742 .060080 .00339 294.90 
5 .47973 .061020 .00155 645.00 
6 .49352 .058754 .00085 1,177.97 
7 .24843 .122359 .00001 139,949.23 

( * Did not fail in next 100,000 cases. ) 

MTTF 
(actual) 
======== 

90.91 
250.00 

1,000.00 

* 

MTTF 
(actual) 
======== 

66.67 
181. 82 
454.55 
714.29 

* 

MTTF 
(actual) 
======== 

63.05 
154.32 
319.49 
523.56 

100,000.00 

* 
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Number of random inputs: 1,000,000 

First n 
calculated lambda MTTF MTTF 

MTTFs k D (est. ) (est. ) (actual) 
========== ----- ======== ------ ------ ------------- ------ ------ --------

2 .52416 .056916 .01564 63.95 62.41 
3 .53063 .056680 .00847 118.09 154.37 
4 .48913 .059736 .00342 292.47 322.48 
5 .47973 .060875 .00155 646.53 508.65 
6 .49547 .058309 .00086 1,159.16 76,923.15 
7 .26027 .118164 .0000096 104,612.75 125,000.00 
8 .25758 .119670 .0000023 431,217.65 166,666.67 
9 .26661 .112449 .0000008 1,306,476.59 142,857,14 
10 .28004 .100866 .0000003 3,342,340.95 166,666.67 
11 .29774 .082426 .0000001 7,442,966.15 * 

( * Did not fail in next 1,000,000 cases. ) 
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********************* 
* * * APPENDIX F * 
* * 
********************* 

Two pascal programs. 
Jelinski / Moranda reliability model. 

Moranda De-Eutrophication reliability model. 
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{*****~********************************** 
Christopher Cowles 
ODU Master's project 
Summer, 1991 
Reliability model by Jelinski & Moranda 

*****************************************} 
program jm (input, output); 

~ 
I 

const max try = 1000; 
data_points = 11; 

{try this many points beyond N} 
{max points for this model} 

var N, {initial error content} 
m {number of inter-failure times entered} 

integer; 

Time array [l .. data-points] of real; {time intervals between 
successive errors} 

T, {sum of the elements of array Time} 
RHS, {current value of right hand side} 
LHS, {current value of left hand side} 
sigma {sum from i=l to m of (i-1) * Time sub i} 

real; -

lhs greater, 
rhs-greater, 
crossed : 

boolean; 

{set true if LHS is greater} 
{set true if RHS is greater} 
{initialized to false; ends loop if set to true} 

{****************************************************** 
Function find sigma 
- This procedure calculates the value of the constant (i-1) 

times Time sub i. 
*******************************************************} 
function find_sigma : real; 

var i : integer; 
temp : real; 

begin 
temp := 0.0; 
for i := 1 to m do 

temp := temp + ({i-1) * (Time[i]»; 
find sigma := temp; 

end; -
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{******~*********************************************** 
Procedure Init 
- This procedure reads in the values from the keyboard, 

sets the value of T, sigma, and the 3 booleans. 
*******************************************************} 
procedure init; 

var i: integer; 

begin 
writeln ('How many different time intervals to be entered?'); 
readln (m); 
writeln ('Enter the', m:3, ' values, pressing <ENTER> each time.'); 
for i := 1 to m do 

readln (Time[i]); {read data into Time array} 

N := m; 
lhs greater := false; 
rhs-greater := false; 
crossed := false; 
sigma := find_sigma; 

T := 0.0; 
for i := 1 to m do 

T := T + Time[i); 
end; 

{sum the elements of array Time} 

{****************************************************** 
Function get left side 
- This procedure calculates the value of the left hand 

side of the equation. 
*******************************************************} 
function get_left_side : real; 

var i : integer; 
temp : real; 

begin 
temp := 0.0; 
for i := 1 to m do 

temp := temp + (l/(N-(i-l»); 

get left side := temp; 
end;- -
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{****************************************************** 
Function get right side 
- This procedure calculates the value of the right hand 

side of the equation. 
*******************************************************} 
function get_right_side : real; 

begin 
get right side := m/(N - «lIT) * sigma»; 

end;- -

{****************************************************** 
Procedure Compare 
- This procedure determines if the two values (RHS & LHS) 

have crossed in value. 
*******************************************************} 
procedure compare; 

begin 
if rhs greater and (LHS >= RHS) 
then crossed := true 

else if lhs greater and (RHS >= LHS) 
then crossed := true; 

if crossed then writeln ('The values have crossed at' N:5); 
end; 

{****************************************************** 
Procedure do first compare 
- This procedure does the first comparison of LHS & RHS 

at the first value of N. 
*******************************************************} 
procedure do_first_compare; 

begin 
LHS := get left side; 
RHS := get-right side; 
if LHS > RHS then lhs greater := true 
else if RHS > LHS then rhs greater := true 
else begin -

crossed := true; 
writeln ('Values are initially equal at' N:4)i 

end; 
end; 



· .. 

{******.*************** 
MAIN MODULE 

***********************} 

begin 
init; 
do first compare; 
whIle (N-< max try) and (not(crossed» do 

begin -
N := N + 1; 
LHS := get left side; 
RHS := get-right_side; 
compare; 

end; 
if not (crossed) 
then writeln ('Values never cross up to " max try:5); 

end. 

Pascal program for Jelinski I Moranda model 
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{**************************************** 
Christopher Cowles 
aDU Master's Project 
Summer, 1991 
Geometric De-Eutrophication reliability 
model by Moranda 
************~****************************} 
program de eutrophication (input, output); 

const 
step = 0.0001; 
data points = 11; 
max_right = 1. 0; 

{get this accurate} 

{maximum value of k} 

var 
m : integer; 

RHS, 
LHS, 
test point, 
left-; 
right: 

real; 

{successive number of failures} 

{current value of right hand side} 
{current value of left hand side} 
{test this value, between 0 and 1} 
{value of left border} 
{value of right border} 

LHS greater on left, 
RHS-greater-on-right, 
LHS-greater-on-right, 
RHS-greater-on-left: 

boolean; - -

Time: array [l •• data_points] of real; 

{****************************************************** 
Function power 
- This function calculates x to the n power. 

*******************************************************} 
function power (x, n : real) : real; 

begin 
power := exp (n * (In(x))); 

end; 

{****************************************************** 
Function get test point 
- This functIon sends back a point midway between the 

current values of left and right. 
*******************************************************} 

function get_test_point : real; 
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begin 
get_test-point := 

end; 
«right - left)/2) + left; 

{****************************************************** 
Procedure reassign boundary 
- This procedure determines if the left or right hand side should be 

set equal to the current test~oint. Boundary should not cross 
over the point where the LHS and RHS themselves cross between 0 
and 1. 

*******************************************************} 
procedure reassign boundary; 

begin 
if LHS greater on left and (LHS > RHS) 

then left :~ test point 
else if RHS greater on left and (RHS > LHS) 

then left := test point 
else if LHS greater on right and (LHS > RHS) 

then right := test~oint 
else if RHS greater on right and (RHS > LHS) 

then right := test point 
else write1n ('ERROR In reassign boundary at " test point:5:4); 

- {this last stmt. is a flag} 
end; 

{****************************************************** 
Procedure Evaluate 
- This procedure evaluates LHS and RHS with the value 

of k (between 0 and 1) that is sent to it. 
*******************************************************} 
procedure evaluate (k:rea1); 

var i: integer; 
numerator, 
denominator real; 

begin 
LHS := (m+l) / 2; 
numerator := 0.0; 
for i := 1 to m do 

numerator := numerator + (i * (power(k,i» * Time[i]); 

denominator := 0.0; 
for i := 1 to m do 

denominator := denominator + «power(k,i» * Time[i]); 
RHS := numerator/denominator; 

end; 



{****************************************************** 
Procedure Init 
- This procedure reads in the values from the keyboard, 

sets the value of T, sigma, and the 3 booleans. 
*******************************************************} 
procedure init; 

var i: integer; 

begin 
writeln ('How many different values to be entered?'); 
readln (m); 
writeln ('Enter the', m:3, ' values, pressing <RETURN> each time.'); 
for i := 1 to m do 

readln (Time[i]); 

LHS greater on left := false; 
RHs-greater-on-right := false; 
LHs-greater-on-right := false; 
RHs-greater-on-left := false; 
left := step; - {start at min value of k} 
right := max_right; {start at max value of k} 

evaluate (left); 
if LHS > RHS then LHS greater on left := true 

else RHS greater on-left :=-true; 
evaluate (right); - -
if RHS > LHS then RHS greater on right := true 

else LHS greater on-right :~ true; 
end; - - -

{****************************************************** 
Procedure do report 
- This procedure prints out the desired results. 

*******************************************************} 
procedure do_report; 

var D, 
lambda, 
denominator 

: real; 
i : int~ger; 

begin 

{failure rate} 
{denominator of fraction to find D} 

writeln ('The value of k is' test_point:6:5); 
denominator := 0.0; 
for i := 1 to m do 

denominator := denominator + «power(test_point, (i-l») * 
Time[i); 

D := m / denominator; 
writeln ('The value of D is' D:8:6); 



lambda.:= (0 * power(test point, m»; 
writeln ('The failure rate lambda is estimated at " 

lambda:6:7);{6:5);} 
writeln ('The MTTF is estimated at " (1/lambda):lO:2); 

end; 

{********************** 
MAIN MODULE 

***********************} 

begin 
init; 
while «right - left) > step) do 

begin 
test~oint := getTtest_point; 
evaluate (test~o1nt); 
reassign_boundary; 

end; 
do report; 

end:-

{get new mid-point} 
{evaluate LHS and RHS} 
{set either left or right to 
test_point} 

Pascal program for Moranda Geometric De-Eutrophication model 
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Simulation Studies of The Basic Execution Time Model 

by Keith J. Lirette 

Abstract 

The Basic Execution Time software reliability model was tested 
for reliability parameter estimation accuracy on simulated data 
from the distribution it is based on. The model performed well on 
all but the smallest sets of test data generated. Data replicat~on 
was tested and proved to increase the accuracy of parameter 
estimations. Confidence intervals generated proved to be 
ineffective in providing an accurate range for estimates. 

O. Introduction 

Software reliability is the probability that a computer 
program will operate failure-free for a particular period of time 
in a particular environment [1]. A large portion of software 
reliability literature is aimed at reliability estimation. 
Mathematical software reliability models have been developed which 
attempt to provide estimations of software reliability via 
statistical methods. Generally, these models use failure time data 
of the software in question and make estimations of the total fault 
content of the software and the current software failure rate. The 
difference between models lies in the assumptions made about the 
probability distribution of program failure times and the relative 
effect each fault has on the total failure rate of the software. 

This paper is devoted to the study of one software reliability 
model. The focus of the study is to determine how well the model 
estimates reliability parameters from data generated according to 
the assumptions made by the model (distribution of faults, ... ). 
If the model makes accurate estimates, then it is up to the 
potential model user to determine if the assumptions made by the 
model are reasonable for the software in question. If the model 
fails to make accurate predictions, then the internal consistency 
of the model should be questioned. 

The paper continues on to study the effect of data replication 
on estimates and the use of confidence intervals as a way of 
providing a probable range rather than a single point estimate. 

1. The Model 

The model studied is the Basic Execution Time Model developed 
by John Musa. According to Musa, this model "is the most 
thoroughly developed and has been most widely applied to actual 
projects." The model is characterized by an exponential failure 
intensity (with respect to time) and a non-homogeneous poisson 
failure distribution [1]. 
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The model is based on the assumptions [1]: 

1) failures occur as a random process, which is a non
homogeneous poisson process, 

2) a fixed failure intensity per fault (i. e. all faults 
contribute equally to the overall failure intensity), 

3) fault corrections are immediate upon detection and 
perfect. 

The failure intensity as a function of the number of faults 
removed is given by the function [1]: 

A (~) = Ao [i - fa] 
~ equals failures experienced, .1.0 is the initial 
failure intensity, and Yo total faults in the system. 

The graph below shows the effect of removing faults on the failure 
intensity [1]. 

~------------------------------------------------------. 

Failare In1ensi~ 

initial 
Failure 
Intensity 

Faults Removed 
Tol~1 System F~ults 

The failure intensity as a function of time is given by the 
exponential equation [1]: 

).0 
A (t) = Aoexp [--- t] 

Yo 

-2-
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For generalization purposes, Musa reparameterizes this equation to 
[1 ] 

l (t) =pop~exp (-P~ t) 

whe:re Po = Yo' estimated total failures.and 

l 
p~ = 2, estimated failu:re :rate pe:r fault. 

Yo 

The graph below shows an example of passing execution time on the 
failure intensity [1]. 

Failife Intensity 

I."tlal 
Failure 
intenSIty 

~--------------... _----
Exccubon TIme 

Parameter estimate equations are derived by the use of maximum 
likelihood techniques. Maximum likelihood can be used when the 
underlying distribution of the data is known. Maximum likelihood 
yields parameter estimates that make it most likely that the 
collected data occurred [1]. The mathematics is detailed in 
Appendix F. The maximum likelihood equations for Bo and Bl are 
given by [1]: 

tI. _ ms 
"'0 - 1 - exp (~~ te) 

and [1] 

where me is the number of faults found and fixed, 
te is the time to end of testing, and 
ti's are the times to failure for each fault found. 

-3-
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2. Data Simulation and Estimation 

The equations described in Section 1 provide the theory to 
base an estimation program upon. The first step in testing the 
model is the simulation of failure data. This was accomplished by 
using the distribution function of faults [1]: 

....... 
- f l(x) dx 

F(t) = 1 - e .... 

where t = time, and tsum is the sum of all 
previous failure times. 

The model assumes that failures occur randomly. Thus we can 
randomly generate values between 0 and 1 for F(t} and solve the 
right hand side of the distribution function for t (which is a 
simulated interfailure time). Repeating this, we can generate a 
set of failure times. The time variable t is solved for as 

t= -10 In (1 + In(l-r) ) 
Ao Yo e - (lo/To) CSUlII 

where, r is the randomly generated value for F(t}. 

Implementing program solutions for the maximum likelihood 
equations covered in Section 1, estimates for the Bo and Bl 
parameters can be found for generated failure time sets. The 
program "BASIC .P" contained in Appendix G takes inputs for the 
total number of program faults, the failure rate per fault, the 
number of failure times to simulate, and the number of failure time 
sets to generate (50 was used throughout). The program generates 
the desired number of failure time sets and makes estimates for Bo 
and B1 • 

3. Modeling Results 

Parameters were chosen to produce failure data with. Three 
different values for the total number of program faults were 
used: 50, 100, and 200. A series of trials were run with each 
total fault count. The number of failure times generated started 
at 10% of the total fault count and was increased in 10% increments 
until 90% of the total program faults were generated (e.g. for 100 
total program faults, 10,20, ... , 90 trial sizes were used). Each 
trial consisted of estimates based on each of 50 failure time set 
generations (50 for 10 failures, 50 for 20 failures, etc.). The 
same per fault failure rate was used throughout, 0.001. Scatter 
plots were produced showing the difference between the estimates 
and the actual parameter value. Additionally, summary graphs were 
generated to allow for the detection of trends. 

Appendix A contains the scatter plots and summary graphs for 
each of the trials. The scatter plots show the percent difference 
of each of the 50 calculated estimates of total program faults, Bo, 
from the actual parameter value. An entry in a particular column 
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indicates that an estimate was within plus or minus 5% of that 
amount off of the actual parameter (e.g. an entry in the 10 column 
indicates that a particular estimate was between 5% and 15% off 
from the actual parameter). The summary graphs show the percentage 
off of the mean of the 50 calculated estimates from the actual 
parameter for each of the trials run for a particular total fault 
count. 

For purpose of analysis I needed to define a measure of 
acceptability for the estimates. I chose to use this criteria: a 
set of estimates are acceptable if a significant majority of the 
estimates (2/3) are within plus or minus 30% of the actual 
parameter. The closer the estimates to the actual parameter, the 
better the estimates. This measure was arbitrarily chosen, but is 
illustrative of other possible criteria. 

Using the criteria defined above, only when 90% of the total 
faults were generated was an acceptable set of estimates calculated 
for the 50 total fault size trials. The 100 fault trials reached 
acceptability at 60% of total faults generated, and estimates 
continued to improve with greater number of faults generated. The 
200 fault trials also reached acceptability at 60% of total faults 
generated. 

The 50 total fault size appears to provide too small of an 
event space to allow accurate estimation. Comparison of the space 
sizes for the 100 and 200 fault trials reveals that the estimates 
of the 200 fault case are more accurate. It is hypothesized that 
this is due to the larger number of failure times generated. For 
example, a 50% trial size for 100 total faults is 50 failure times, 
where a 50% trial size for 200 total faults is 100 failure times. 
Note that the expected time to find 50% of the faults is equal for 
all trial sizes (see te mean in summary plots Appendix A). With 
the same per fault failure rate, a program with 200 faults will 
fail at double the frequency of a program with 100 faults. Thus, 
twice the number of failures are experienced in the same span of 
time. 

It was also observed that with the same number of failure 
times generated, estimation for the smaller total fault count is 
more accurate. It is hypothesized that this is due to fact that 
removal of faults in the program with the smaller fault count has 
a larger effect on the residual program failure intensity, causing 
greater times between failure, and allowing for better statistical 
analysis. 

Sample tests were performed with different per fault failure 
rates. The results scaled perfectly. That is, if 0.002 was used 
instead of 0.001, estimates for Bl were exactly double, and 
estimates for Bo were exactly the same. 

-5-



4. Data Replication 

Nagel [2] introduced the idea of data replication as a means 
to more accurately study the assumption that all faults have the 
same failure rate. Shen and Wilson [3] used data replication to 
test its effects on the accuracy of parameter estimation by the 
Jelinski-Moranda and Moranda Geometric reliability models. I also 
used it to test its effect on the accuracy of reliability parameter 
estimation. Instead of producing a single set of failure data, r 
replicates are made. This is synonymous with debugging the same 
program from its initial version r times. The correspondi{lg 
failure times are averaged to obtain a single set of failure times. 
This average of the replicates is then used to estimate the 
reliability parameters. 

Trials were run, each consisting of 50 separate failure time 
generations as before, but with each time set consisting of 2, 3, 
4, 5, 10, 20, 30, ... , or 100 replications. Appendix B contains 
scatter plots and summary graphs like those in Appendix A, but for 
the 30 replicate data trials. Comparison of the scatter plots for 
no replication in Appendlx A with those with 30 replications in 
Appendix B, displays the sharp improvement in estimation. For the 
50 total fault trials, estimations become "acceptable" with 70% of 
faults generated and 30 replications versus 90% with no 
replication. For the 100 total fault trials, acceptability is 
reached with 50% of faults generated versus 60% without 
replication. And, for the 200 total fault trials, acceptability is 
reached with 40% of faults generated versus 60% without 
replication. 

Appendix C contains summary graphs which show the effect of 
increasing the number of replications for a given number of failure 
times with each total fault count used. Each Appendix C graph 
shows the change in the Bo parameter estimation for one trial size 
with the different number of data replications used. Study of the 
summary graphs shows that for the 50 total fault trials, parameter 
estimation improvement begins at 25 failure times produced and 20 
data replications. Review of all the summary graphs indicates that 
parameter estimation improvement is minimal after 30 replications. 
The summary graphs behave asymptotically starting at 30 
replications and continuing onto 100 replications. Replication 
does provide greater estimation improvement for smaller total fault 
counts. This is because smaller total fault counts provide less 
accurate estimations and thus have greater room for improvement. 
Still, with the same amount of replication and percentage of total 
faults produced, larger total fault counts yield more accurate 
estimates than smaller total fault counts. 

What does replication provide? It removes some of the 
randomness of fault occurrence and provides a truer picture of the 
distribution of program faults. The figures contained in Appendix 
D, illustrate the gains from replication. It is shown that by 
increasing replication, fewer faults need to be located to achieve 
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the same accuracy of estimation as for fewer replications. 

5. Confidence Intervals 

Confidence intervals allow for generation of a range of 
parameter estimates that explain the data collected with some level 
of confidence. Musa provides the equations required to generate 
confidence intervals for Bo and B1 • Once a confidence interval is 
obtained for B1 , the endpoints of its confidence interval can be 
substituted into the equation for Bo to obtain a corresponding 
confidence interval for Bo [1]. 

The uppe:r/lowe:r limits of an app:roximate 
100 (l-a) percent CI for 13 1 are g~ven by 

~ ± 1<;-11/2 

1 iI(~l) 

where K1 - a / 2 ~s the app:ropr~ate no:rmal deviate, and 

~s the expected o:r Fisher ~nfo:rmation g~ven by: 

[ 
1 t;exp (P1 t e) ] 

= me P~ - [exp (P
1

t.,) -1]2 

One problem encountered was that the offset for the confidence 
interval around Bl was often larger than the estimate for B1 • Thus, 
the lower bound of the Bl confidence interval was truncated at 0. 
But, this value was needed to calculate the upper bound of the 
confidence interval around Bo. Zero could not be used in the 
equation to solve for Bo (this would cause a zero divide). 
Additionally, testing showed that confidence intervals calculated 
with larger percents of the total faults generated (70, 80, 90%) 
did not provide the required confidence. 

Appendix E contains summary graphs of 50,55 , ... ,95 percent 
confidence interval tests for the 3 total fault count sizes 
(50,100,200). Data was generated in the same manner as for the 
point estimation graphs: starting at 10% of the total faults and 
increasing by 10% until 90% of total faults were generated. 200 
runs were made on each trial size and an appropriate confidence 
interval calculated for each. For each of the 200 confidence 
intervals calculated, it was determined whether the actual 
parameter value used to generate the estimate fell within it. The 
summary graphs show the percent of the 200 runs whose confidence 
interval contained the actual parameter value. 

The accuracy of the confidence intervals, in relation to how 
many contained the actual parameter value, remained fairly constant 
between the different size total fault count trials. With smaller 
numbers of faults generated, parameter estimates were less accurate 
and confidence intervals were extremely large and useless. As 
parameter estimates improved with a greater number of total faults 
generated, confidence intervals tightened to a useable size. But, 
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these confidence intervals did not contain the required percentage 
of the actual parameters, and thus do not provide the expected 
confidence. As seen in the scatter plots of Bo in Appendix A, the 
"acceptable" estimates tended to be greater than the actual 
parameter. Thus, confidence intervals around these greater values 
tended to miss high (i.e. the lower bound of the confidence 
interval was greater than the actual parameter) . 

6. Conclusion 

The Basic Execution Time Model generally performed well on 
test data generated from the distribution it is based on. The 
exception was when a smaller number (50) of program faults were 
used, estimations were less accurate. Other total fault sizes 
performed well when at least 60% of the ·total faults were 
generated. Replication was found to be a means of increasing the 
accuracy of parameter estimations. With replication fewer faults 
needed to be found to get estimations as accurate as those 
estimated without replication. Finally, confidence intervals 
proved to be ineffective in providing a probable range for the 
estimated parameters. 
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Appendix A 

This appendix contains two types of graphs showing the modeling results for 
single repetitions. The first graphs are scatter plot of trials for the 
different total fault counts used and number of failures generated. Each scatter 
plot graph shows how much the each of the 50 generated estimates for BO' total 
program faults, differ (within plus or minus 5%) from the actual parameter 
GammaO' n indicates the number of failures times produced, and phi is the per 
fault failure rate used. 

The second graphs are summary graphs of the scatter plot graphs. Each 
summary graph shows how much the mean of the 50 calculated estimates for Do 
differs from the actual parameter Gamm~ for the different number of failures 
generated. 

APPENDIX A INDEX 

A1-1 Scatter Plots for 50 total faults 
A2-1 Scatter Plots for 100 total faults 
A3-1 Scatter Plots for 200 total faults 
M-1 Summary Graph for 50 total faults 
A5-1 Summary Graph for 100 total faults 
A6-1 Summary Graph for 200 total faults 
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Chart of Estimates of BO with : 
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Chart of Estimates of BO with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of 80 with : 
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n = 40 
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Chart of Estimates of BO with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of BO with : 
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Chart of Estimates of BO with ; 
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Chart of Estimates of 80 with : 

GammaO = 200 Phi = 0.001 Source : 200outOl 
11 = 80 output File : 200outOl. his 
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Chart of Estimates of BO with : 
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Chart of Estimates of BO with : 
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Chart of Estimates of 80 with : 
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Chart of Estimates of BO with : 
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Chart of Estimates of BO with : 
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Summary Graph of % Mean BO Estimate differs from GammaO 

Gamma_O = 50 Phi = 0.001 Source 50out01 
Output 50out01.gph 
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5 0.00136750 0.00367522 1248.42 1488.88 304.5 

10 0.00147675 0.00279149 884.04 829.23 1207.7 
15 0.00100312 0.00165105 1453.48 1894.83 2763.1 
20 0.00087137 0.00109232 1168.41 1885.41 4986.2 
25 0.00088919 0.00105804 874.91 1593.78 8082.6 
30 0.00081481 0.00076650 776.62 1784.15 12200.0 
35 0.00075247 0.00057464 757.89 2031.99 17490.5 
40 0.00070886 0.00045880 294.65 934.83 24372.6 
45 0.00075474- 0.00031450 349.03 1699.32 34147.7 
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Summary Graph of % Mean 80 Estimate differs from GammaO 

Gamma_O = 100 Phi.= 0.001 Source 100outOl 
Output 100outOl.gph 
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10 0.00191850 0.00379749 1591. 31 1327.52 557.6 
20 0.00137475 0.00226914 1784.37 1646.17 2216.1 
30 0.00117525 0.00159097 2846.65 3694.71 5069.6 
40 0.00093056 0.00100241 2846.53 4418.66 9329.6 
50 0.00086156 0.00062904 987.87 2807.85 15242.3 
60 0.00086331 0.00047275 758.97 2445.93 23107.9 
70 0.00096375 0.00034101 117.09 52.26 33483.8 
80 0.00093484 0.00025343 112.07 23.46 47245.8 
90 0.00091808 0.00021738 111.31 20.98 66033.2 
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Summary Graph of 7. Mean Su EstImate dIffers from Gammao 

Gamma 0 = 200 PhI = 0.001 Source 200out01 
Output 200out01.gph 
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# FaIlures Generated 

----------------------------------------------------------------------------------------
B1 Bo tsum te 

Me Mean Std Mean std Mean Mean 
----------------------- ----------------- -------- ------

20 0.00139100 0.00297119 3209.80 2438.08 1119.1 105.4 
40 0.00109850 0.00153999 5692.62 7112.14 4411.5 219.6 
60 0.00077250 0.00079156 6097.46 10594.21 10159.8 348.5 
80 0.00080875 0.00067817 3285.72 6909.38 18675.1 498.5 

100 0.00091416 0.00054024 2645.41 9549.14 30494.9 681.8 
120 0.00094406 0.00040844 272.89 222.85 46400.6 903.9 
140 0.00094550 0.00024369 221. 66 50.05 67287.9 1184.3 
160 0.00097852 0.00015416 207.87 19.91 94830.3 1583.9 
180 0.00094485 0.00012528 210.78 19.99 132685.0 2217.5 
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This appendix contains two types of graphs showing the modeling results for 
thirty replications. The first graphs are scatter plot of trials for the 
different total fault counts used and number of failures generated with 30 
replications. Each scatter plot graph shows how much each of the 50 generated 
estimates for 80, total program faults, differ (within plus or minus 5%) from the 
actual parameter Gamma. n indicates the number of failures times produced, r 
indicates the number o? replications (30), and phi is the per fault failure rate 
used. 

The second graphs are summary graphs of the scatter plot graphs. Each 
summary graph shows how much the mean of the 50 calculated estimates for 80 
differs from the actual parameter GammaO for the different number of failures 
generated using 30 repetitions. 

APPENDIX B INDEX 

81-1 Scatter Plots for 50 total faults 
82-1 Scatter Plots for 100 total faults 
83-1 Scatter Plots for 200 total faults 
84-1 Summary Graph for 50 total faults 
85-1 Summary Graph for 100 total faults 
136-1 Summary Graph for 200 total faults 
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Chart of Estimowcs of 80 with : 
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Chart of Estim~~cs of 80 with: 
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n = 15 r = 30 
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Chart of Estimates of 80 with : 

Gammao = 50 Phi = 0.001 
n.= 30 r = 30 
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Chart of Estimates of 80 with : 
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:: 50 Phi:: 0.001 Source : 50out3 
n':: 45 r :: 30 Output File : 50out3.his 
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Chart of Estimates of 80 with : 

Source : 100out30 Gammao = 100 Phi = 0.001 
n = 10 r = 30 Output File : 100out30.his 
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Chart of Estimates of Bo with : 

Source : 100out30 Gammao = 100 Phi = 0.001 
n = 20 r = 30 Output File : 100out30.his 
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Chart of Estimates of 80 with : 

Source : 100out30 Gammao = 100 Phi = 0.001 
~ = 30 r = 30 Output File : 100out30.his 
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Chart of Estimates of 80 with : 

Gammao • = 100 
n = 40 

Phi = 0.001 
r = 30 

Source : 100out30 
Output File : 100out30.his 
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Chart of Estimates of BO with : 

Gammao .= 100 Phi = 0.001 Source : 100out30 
Output File : 100out30.his 
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Chart of Estimates of BO with : 

Gammao = 100 Phi = 0.001 Source . 100out30 . . 
n = 70 r = 30 Output File : 100out30.his 
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Chart of Estimates of 80 with : 

Gammao 
.;:, 100 Phi = 0.001 
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Chart of Estimates of 80 with : 

Gammao . = 100 Phi = 0.001 
n = 90 r = 30 

Source : 100out30 
Output File : 100out30.his 
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Chart of Estimates of BO with : 

Gammao = 200 Phi = 0.001 
n'= 20 r = 30 

Source : 200out30 
Output File : 200out30.his 

47 · 
46 
45 · * 44 · * 43 · * 42 · * 41 · * 40 · * 39 · * 38 · * 37 · * 36 · * 35 · * 
34 · * 33 · * 32 · * 31 · * 30 · * 29 · * 28 · * 27 · * 26 · * 25 * 24 * 23 · * 22 * 21 · * 20 * 19 * 18 · * 
17 * 
16 · * 15 * 14 · * 
13 · * 
12 · * 
11 · * 
10 · * 9 · * 8 · * 7 · * 6 · * 

5 · * 4 · * 3 * 2 · * * 
1 · * * * * * 

-90 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90 100+ 

% 80 Differs from Gammao 

83-J 



r~ 

Chart of Estimates of BO with : 

Gammao -= 200 Phi = 0.001 
n = 40 r = 30 

Source : 200out30 
Output File : 200out30.his 
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Chart of Estimates of BO with : 

Gammao • = 200 
n = 60 
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Chart of Estimates of 80 with : 
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Chart of Estimates of BO with : 
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Chart of Estimates of BO with : 

Gammao = 200 Phi = 0.001 
n = 120 r = 30 

Source : 200out30 
Output File : 200out30.his 
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Chart of Estimates of 80 with : 

Gammao = 20d Phi = 0.001 
n = 140 r = 30 
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Chart of Estimates of 80 with : 

Gammao • = 200 Phi = 0.001 Source : 200out30 
n = 160 r = 30 Output File : 200out30.his 
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Chart of Estimates of 80 with : 

GammaO • = 200 Phi = 0.001 Source : 200out30 
n = 180 r = 30 Output File : 200out30.his 
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Summary Graph of % Mean 80 Estimate differs from GammaO 

Gammao = 50. Phi = 0.001 
r = 30 
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# Failures Generated 

----------------------------------------------------------------------------------------
b1 80 tsum te 

Me Mean Std Mean Std Mean Mean 
----------------------- ----------------- -------- ------

5 0.00005000 0.00000000 970.76 68.93 308.0 103.8 
10 0.00005000 0.00000000 935.34 57.75 1156.7 215.8 
15 0.00010950 0.00010987 712.30 352.01 2611.2 343.0 
20 0.00036750 0.00024379 292.73 316.88 4756.1 489.5 
25 0.00060250 0.00019558 84.39 27.36 7703.6 660.1 
30 0.00073825 0.00012294 65.02 8.55 11602.5 865.2 
35 0.00082400 0.00009308 58.58 5.12 16680.4 1125.0 
40 0.00089909 0.00007681 54.53 3.19 23350.8 1494.7 
45 0.00097758 0.00008922 51.57 3.21 32898.0 2334.7 
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Summary Graph of % Hean 80 Estimate differs from GammaO 

Gammao = 100· Phi = 0.001 
r = 30 
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# Failures Generated 

---------------------------------------------------------------------------------------
bl 80 tsum te 

He Hean Std Hean Std Hean Hean 
----------------------- ----------------- -------- ------

10 0.00005000 0.00000000 1951. 87 115.25 556.0 103.1 
20 0.00010800 0.00016624 1616.19 579.77 2202.1 216.7 
30 0.00045300 0.00030223 454.98 645.05 5072.1 346.8 
40 0.00071300 0.00016591 141.31 32.89 9353.7 497.0 
50 0.00083275 0.00010148 117.93 11.56 15274.8 673.8 
60 0.00089131 0.00007702 110.48 7.36 23148.6 887.7 
70 0.00092544 0.00005295 106.71 4.87 33470.5 1160.7 
80 0.00095044 0.00004071 104.41 4.02 47042.0 1541.2 
90 0.00101808 0.00010291 99.78 5.79 68463.0 3621.2 
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Summary Graph of % Mean BO Estimate differs from GammaO 

Gammao = 200· Phi = 0.001 
r = 30 
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# Failures Generated 

---------------------------------------------------------------------------------------
bl BO tsum te 

Me Mean Std Mean Std Mean Mean 
----------------------- ----------------- -------- ------

20 0.00016200 0.00033205 3429.13 1189.48 1068.5 104.0 
40 0.00048050 0.00040888 1431.32 1536.65 4350.3 220.5 
60 0.00072600 0.00021572 310.90 185.42 10113.2 352.1 
80 0.00087312 0.00014022 229.90 34.92 18719.8 504.9 

100 0.00091719 0.00008909 216.31 16.76 30642.0 683.9 
120 0.00093897 0.00006673 211.06 10.22 46510.1 900.8 
140 0.00096191 0.00004103 206.53 5.69 67333.1 1180.9 
160 0.00097996 0.00003572 203.67 4.69 94830.9 1576.5 
180 0.00104322 0.00008510 196.57 8.29 135774.6 3681.0 
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Append i ~"~ C 

Appendl:: C contains summary graphs which show the affect of IncreasIng 
the number of repllcatlons for a given number of failure times with each total 
fault count used. An Append1:: C summary graph shows the change 1n the mean of 
50 BO parameter estImations for one trIal S1:e w1th the d1fferent number of 
data repllcat10ns used. 

C1-o1 
C2-1 
C3-1 

APPENDIX C INDEX 

Summary Graphs for 50 total faults 
Summary Graphs for 100 total faults 
Summary Graphs for 200 total faults 
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975.51 46.9:::: 
99'2..'25 56.02 
994.91 48.89 
971. 85 46.4'2 

. , 

6 
o 

7 
o 

8 
o 

tsum 
Mean 

--------

:'04.5 
312.7 
304.1 
292.7 
292.2 
298.1 
:'02.3 
308.0 
296.0 
'297.5 
-::01.4 
:::;05.7 
'298.8 
::::99.3 
3 /)6.7 

9 
o 

te 

1 
o 
o 

Mean 
------

105.9 
104.7 
104.4 
98.8 
98.9 

101. 3 
101. 3 
103.8 
101. 1 
100.3 
101. 7 
103.0 
101. 4 
101. (I 
10:::;.4 

# replIcates 



-/ Suml1~ry Gt-aph of I. Nean 80 Eshate dl Hers from Gamm9) 

Gammao 

I.off 

100 
90 
80 
70 
60 
50 
40 
30 
:0 
10 

5 
4 I -"-' 
2 

= 
n --

50 
10 

Phi = 0.001 

* * * * 

Source 
Output 

* * 

50grpl0 
50grpl0.gph 

* * * * 

1 
o 

-1 
--- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- -

-2 
-3 
-4 
-5 

-10 
-20 
-30 
-40 
-50 
-60 , 
-70 
-80 
-90 

-100 

rep 

1 
'"' ...... 
~ 

"-' 
4 
5 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

. . . . . . . . . . . . . . . 

1 2 

t1ean 

~ 

-' 

bl 

4 c: 
..J 

Std 

1 

-----------------------
0.00147675 0.00:79149 
0.00080875 O. 00228T.:8 
0.00046600 0.00086994 
0.000-:"1800 0.000806:24 
0.00060100 0.00099412 
0.00013900 O. 0(10:'2604 
0.00008600 0.00014664 
0.00005000 0.00000000 
0.00005000 0.00000000 
0.00005400 0.00002800 
0.00005000 o.ooonoooo 
o. 00005(U)0 0.00000000 
0.00005000 O. 1)0000000 
0.00005000 0.00000000 
0.00005000 0.00000000 

(I 

~ 

-' 
o 

/'lean 
bO 

4 
o 

Std 

5 
o 

-----------------
884.04 829.23 

lOr::. :25 69-:".15 
761. 53 49-:".28 
901.14 432.19 
797.03 589.05 
898.1:2 3:'5.0:2 
884.31 213.52 
9-:"5.:'4 57.75 
940.59 4-:".28 
9:28.86 118.95 
9:'6.21 47.6:2 
935.93 32.94 
935.:'1 35.71 
9:'8.68 35.4~ 

911. 10 36.29 

rJ-: 

6 
I) 

7 
o 

tsum 
~lean 

8 
o 

--------
1207.7 
1133.8 
1190.4 
112~.3 

1132.1 
1139.0 
1149.4 
1156.7 
11:'8.7 
1133.7 
1146.1 
1155.3 
1143.7 
1139.6 
1157.4 

9 
o 

te 

1 
o 
o 

Mean 
------

227.1 
208.5 
226.0 
211. 4 
216.8 
214.3 
216.7 
215.8 
214.2 
214.0 
~15.3 

215.1 
215.3 
214.5 
216.3 

# t-epllcates 



~ Sum~~ry Graph of % Mean BO 

Gammao = 50 Phi = 0.001 
n = 15 

1.0H 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
5 
4 
3 
2 
1 

* *" * * * 

-------Es'ate di Hers from GammC\) 

* 

Source 
Output 

* 

50grp15 
50grp15.gph 

* * * * * * * 

o :---.----.----.----.----.----.----.----.----.----.----.----.----.----.----.-
-1 
-2 
-3 
-4 
-5 

-10 
-20 I 

-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

1 2 4 o o 

bl 
rep Mean Std 

-----------------------
1 0.00100312 0.00165105 
" 0.00081550 0.00122681 ..::. 

"' '-' 0.00032825 0.00062636 
4 0.00031550 0.00050965 
5 0.00054850 0.00065419 

10 0.00021950 0.00031262 
20 0.00019550 0.00023631 
30 0.00010950 0.00010987 
40 0.00014600 0.00017772 
50 0.00010000 0.00012042 
60 0.00010800 0.00012975 
70 0.00006600 0.00004176 
80 0.00008600 0.00008663 
90 0.00007400 0.00008139 

100 0.00006000 0.00004583 

3 
o 

bO 
1'1ean 

4 
o 

Std 

5 
o 

-----------------
1453.48 1894.83 
897.07 952.06 

1020.48 945.15 
866.24 737.50 
616.44 726.86 
728.56 518.79 
613.09 382.03 
712.30 352.01 
671. 10 341.21 
751. 41 285.39 
722.39 290.29 
798.30 210.68 
745.93 269.21 
806.93 217.51 
842.95 153.96 

6 
I) 

7 
o 

tsum 
Mean 

8 
o 

---------

2763.1 
2552.4 
2694.0 
2534.5 
2602.0 
2583.7 
2613.6 
2611. 2 
2592.6 
2577.8 
2606.0 
2611.1 
2594.8 
2585.5 
2613.6 

9 
o 

te 

I) 

o 

Mean 
------

359.8 
337.9 
349.7 
331.9 
348.2 
340.1 
346.4 
343.0 
344.1 
340.4 
344.9 
343.4 
342.8 
341.6 
343.5 

# replicates 



,. Summ~ry Graph of ;': t1eCl.n BO 

Gammao 

I.off 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 

5 
4 I 

..,. 
0_' 
2 
1 

= 50 Phi :" O .• U01 
n = 20 

.J(o 

.~ 

Es' :\te eli Hers from G:lmm9) 

C;. 

Source 
Dutout 

50gt-p20 
50grp20.gph 

.j(o * 

o ---.----.----.----.----.----.----.----.----.----.----.----.----.----.----.-
-1 
-2 I 

-3 
-4 
-5 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

1 
1 '"' . ..::. 4 5 6 7 8 9 0 £.:' 

1 2 ..,. 4 c I) 0 (I 0 0 0 \) 0 0 0 0_' ,.J 

bl bO tsum te 
t-ep Mean Std Mean Std Mean Mean 

----------------------- ----------------- -------- ------
1 0.00087137 0.00109232 1168.41 1885.41 4986.2 514.7 
2 0.00070950 0.00092951 825.97 1092.19 4650.6 479.2 ..,. 0.00033900 0.00044347 700.53 755.55 4861. 8 492.3 ..;, 

4 0.00054675 0.00057352 483.90 614.99 4640.9 481.8 
5 0.00065750 0.00057373 394.12 580.91 4794.4 503.1 

10 0.00045050 0.00039365 378.84 410.99 4716.9 487.1 
20 0.00042750 0.00027264 245.49 307.16 4782.3 494.8 
30 0.00036750 0.00024379 292.73 316.88 4756.1 489.5 
40 0.00041650 0.00022724 194.30 222.72 4743.3 491.1 
50 0.00038550 0.00023276 264.27 298.90 4706.8 485.8 
60 0.00040400 0.00020008 181. 56 206.63 4762.6 492.6 
70 0.00034050 0.00017073 201.80 199.26 4758.2 489.5 
80 0.00036900 0.00014548 163.66 145.35 4735.8 488.1 
90 0.00039600 . 0.00016472 157.43 148.34 4724.3 488.3 

100 0.00035600 0.00015553 180.53 170.46 4765.5 490.8 

. - I. 

** 
replicates 



" Summ'~ry Graph of 'l. Mean BO Es~ate dIffers from GammC\) 

Gammao 

'l.off 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
5 
4 -".' 
2 

= 50 PhI = 0.001 
n = 25 

* * * * * 

Source 
Output 

* 

50grp25 
50grp25.gph 

* * * * * 

1 
o 

-1 
--- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- -. . . . . . . . . . . . . . . 

-2 I --,_'t 

-4 
-5 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

1 ... ~ 

'l I:" 6 7 8 9 0 ~ .' ..J 

1 ~. 4 5 0 u 0 0 0 U \) 0 0 0 

bl bO tsum te 
rep ~lean Std Mean Std ~lean Mean 

----------------------- ----------------- -------- ------
1 0.00088919 0.00105804 874.91 159:'.78 8082.6 695.2 
~ 0.0006:::812 0.00068171 714.01 1106.09 7508.7 635.3 
3 0.00063650 0.00049381 51~.5'3 1234.86 7859.6 672.7 
4 0.00059700 0.00043540 271. 57 391.7';}. 7518.8 641.8 
5 0.0006076:2 0.0004:':'77 :'u9. 4-:. 651. 91 7801. 7 668.3 

10 0.00058:275 0.00028:235 1:::6.10 172.63 7647.1 654.4 
20 0.00060125 0.0002"38"32 127.50 229.72 7749.9 664.0 
:'0 0.00060250 0.00019558 84.39 27.36 7703.6 660.1 
40 0.00060875 0.00013206 78.88 15.10 7690.3 659.4 
50 0.0006195C1 0.000141:7 78.30 15.19 7631. 4 654.9 
60 0.00061550 0.0001~939 77.96 16.80 7730.7 663.6 
70 0.00059275 0.00011082 79.76 1"3.49 7708. :3 659.5 
80 0.00060900 0.00012016 78.44 13.92 7676.5 658.1 
90 0.00061025 0.OOOl';}.509 79.32 18.60 7660.4 656.6 

100 0.00061200 n.ou009785 76.84 11.30 7721.1.3 662.2 

, 1 .. 

# repllcates 



: Summ:3ry Graph of I. Mean BO Es0"te dl Hers from Gamm"'o 

Gammao = 
n = 

I.off 

100 * 90 
80 
70 
60 
50 
40 
30 
20 
10 
5 
4 
~ . .., ... 
1 

50 
30 

* 

Phl = 0.001 

* * * 

Source 50grp30 
Output : 50qrp~0.gph 

* * * * * 

o :---.----.----.----.----.----.----.----.----.---- ---- ---- ---- ---- ---- -. . . . . 
-1 I 

-2 
-3 
-4 
-5 

-10 
-20 
-30 
-40 I 

-50 
-60 
-70 
-80 
-90 

-100 

1 2 4 5 I) o 

b1 
rep Mean Std 

-----------------------
1 0.00081481 0.00076650 
2 0.00072681 0.00051628 
3 0.00073987 0.00044300 
4 0.00070494 0.00036349 
5 0.00072750 0.000"39301 

10 0.00072"394 0.000203~3 

20 0.00071281 0.00018060 
30 0.00073825 0.00012294 
40 0.00075487 0.00008714 
50 0.00074812 0.00009937 
60 0.0007~762 0.00007642 
70 0.00073425 0.00007466 
80 0.00074825 0.00008133 
90 0.00075062 0.00007675 

100 0.00074812 0.00006161 

o 

bO 
Mean 

4 
(I 

std 

5 
o 

-----------------
776.62 1784.15 
415.19 1050.56 
183.05 473.13 
123.14 164.59 
113.60 141. 62 
70.04 18.51 
69.73 19.10 
65.02 8.55 
63.12 5.14 
64.27 6.80 
63.97 5.15 
64.39 5.05 
63.67 5.44 
63.57 5.33 
63.08 4.19 

r' - I 

b 

IJ 

7 
o 

tsum 
Mean 

8 
o 

--------
12200.0 
11271. 9 
11849.0 
11310.3 
11788.2 
11518.4 
11665.0 
11602.5 
11595.0 
11501.6 
11652.1 
11605.0 
11566.8 
11540.6 
11640.6 

9 
o 

te 

1 
o 
o 

Mean 
------

914.6 
837.2 
883.8 
838.3 
881.4 
857.6 
867.2 
865.2 
866.9 
858.4 
869.1 
864.6 
863.4 
861.8 
870.0 

# replIcates 



I Summt\ry Graph of 'l. ~lEan BI) Esr-"ate dl Hers from GammCO ,0 

GAmmao 

I.off 

100 
90 
80 
70 
60 I 

50 
40 
:'0 
20 
10 

5 
4 I 

-' 

= 
n = 

* 

50 PhI = 0.001 

* 
* 

Source 
Outout 

* 

50grp35 
50grp:::5.gph 

* * * * * * 

1 
o 

-1 
--- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- -

-2 
-3 
-4 
-5 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

. . . . . . . . . . . . . . . 

----------------------------------------------------------------------------. 

1 --' 5 o 4 

bl 
rep Mean Std 

-----------------------
1 0.00075247 0.00057464 
..., 0.00082453 0.00u372::::8 -- 0.00076544 O. 0003702(1 . .;, 

4 0.00076544 O. ()0026849 
5 0.00082703 0.0002425:' 

10 0.00080875 0.0001:'094 
20 0.000793:'1 0.00012291 
::::0 0.00082400 0.00009'308 
40 0.00082987 0.00008022 
50 0.00082878 0.0()()O70:7 
60 0.00082::::'31 O. ()()1)05481 
70 0.00081:'56 0.00005914 
80 0.000841:'1 O. ()( )()05773 
90 0.0008:::46: 0.00006276 

100 0.00082681 0.00004[184 

--' 
o 

bO 
~lean 

4 
I) 

Std 

5 
o 

-----------------
757.89 20'31.99 
167.:1 464.29 
95.97 131. 62 
73.56 35.14 
64.30 :'1.63 
60.49 7.61 
60.63 7.05 
58.58 5.12 
58.10 4.18 
58.46 - C::-c:' 

,_'t • ... ..t~ 

58.04 3.00 
58.77 3.1:2 
57.:'9 :'.01 
57.86 '3.09 
57.79 :.4:' 

~,- -

6 
() 

7 
o 

tsum 
r1ean 

8 
o 

--------
17490.5 
16211.0 
17009.6 
16215.6 
16992.1 
16551. 0 
16739.0 
16680.4 
16679.2 
16521. 5 
16752.:' 
16669.8 
16646.9 
16601.6 
16747.9 

9 
o 

te 

1 
o 
o 

Mean 
------
1174.6 
1094.5 
1137.3 
1083.2 
1154.2 
1111.7 
1121.8 
1125.0 
1126.8 
1113.5 
1130.7 
1120.7 
1127.2 
1121.3 
11'31.1 

# repllcates 



"SLlmma~y Graph of 'lo ~lean BO Est0te dl Hers from Gamm2t) 0 

Gammao = 
n --

'looH 

100 * 
90 
80 
70 
60 
50 I 

40 
30 
~O 

10 
5 
4 

1 

50 
40 

* 

PhI = 0.001 

* 
* * 

* 

SOLlrce 
Output 

* * 

50grp40 
50 grp40.gph 

* * * * * * * 

o ---.----.----.----.----.----.----.----.----.----.----.----.----.----.----.-
-1 
-2 

'-' 
-4 
-5 

-10 
-:20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

rep 

1 ,., -'", 
4 
5 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

1 

~lean 

~ 

-' 

b1 

4 r= 
,J 

Std 
-----------------------
0.00070886 I). 0004588( 1 

0.00085534 0.00026016 
0.00085205 0.00026871 
0.00084919 0.00(C0110 
0.00086:::44 0.00020782 
0.00088722 0.00013074 
0.00088119 0.00009452 
0.00089909 0.00007681 
0.00088487 0.00006745 
0.00090106 0.00007794 
0.00089547 0.00006792 
0.00089244 0.00006091 
0.00091595 0.00006975 
0.0009051~ 0.00005764 
0.u0090487 O. O')OO5~,O4 

u 

bO 
MeCin 

4 
o 

Std 

5 

-----------------
:94.65 9:::4.8::: 

66.38 "37.39 
59.8:::: 1::::.81 
66.37 48.01 
58.69 15.18 
55.88 5.04 
55.40 4.45 
54.53 :::. 19 
55.05 ? Q ..... ,.;.., f_' 

54.80 '3. 12 
54.46 2.98 
54.73 :.77 
5:::.80 2.51 
54.:9 ,.., ~~ 

..::. _t __ \ 

5:::.97 2.1::: 

6 
o 

7 
o 

tSLlm 
~lean 

8 
o 

--------
:24:::72.6 
22710.3 
:3746.8 
22587.3 
~3848.3 

:3144.3 
23405.5 
23350.8 
23330.0 
23140.6 
23462.6 
2'3305.9 
2::;:::34.3 
23242.:-
23447.5 

9 
o 

te 

1 
(I 

o 

Mean 
------
1546.5 
1432.7 
1502.6 
1423.1 
15::;8.6 
1472.~ 

1492.6 
1494.7 
1484.0 
1489.3 
1507.2 
1486.4 
1504.5 
1487.5 
1505.2 

# replIcates 



I • .r--.. f\ Summary Graph of % Mean 80 Esf ate differs from Gamm% 

Gamma o = 
n = 

I.off 

1 (H) .JI 

90 
80 
70 
60 
50 
40 
30 
:0 
10 
5 
4 
.:.' 

~o 

45 

* 

Phl = 0.001 

* * 

Source 
Output 

50grp45 
50grp45.gph 

* 
1 * 
o ---.----.----.----.----.----.----.----.----.----.----.----.----*----.------

-1 * 

-4 
-5 

-10 I 

-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

1 

rep 

1 
2 --' 
4 
5 

10 
20 
:::;0 
40 
50 
60 
70 
80 
90 

100 

,., 
L 

Mean 
bl 

4 5 

Std 

1 
I) 

-----------------------
0.00075474 0.O(lO:'14~(I 

0.00090554 0.00025409 
0.00086647 0.00017928 
0.00089416 0.000156:7 
0.00088595 0.00015137 
0.00094281 0.00010921 
0.00098434 0.00008700 
0.00097758 0.00008922 
0.00097745 0.00008508 
0.00099222 0.00012149 
0.00096982 0.00008830 
0.00100105 O. (H) 0 1 0-:'85 
0.00103154 0.00(11)391 
0.00101009 0.00008627 
0.00103441 0.000084:'9 

o (I 

bO 
t1ean 

4 
(I 

Std 

5 
o 

-----------------
349.0:' 1699.32 
60.1: 2::::.7"3 
56.67 7.7'2-
57.44 10.74 
55.04 7.29 
C"~ ~ .... 
~"::1 • .£_'t 4.17 
51. 31 3.50 
51. 57 :'.21 
51.65 2.98 
51.15 :'.24 
51.28 3.19 
51.00 3.44 
49.80 ::::;.08 
50.65 :.90 
49.63 2.70 

6 
(I 

7 
o 

tsum 
~lean 

8 
o 

--------
34147.7 
315~3.4 
32763.3 
31426.4 
33673.8 
32342.1 
33137.9 
::::;2898.0 
32668.8 
33812.6 
33846.9 
33017.8 
33732.1 
32961.1 
33608.4 

9 
o 

te 

1 
(I 

o 

Mean 
------
2366.4 
2041.8 
2062.4 
2090.1 
2418.0 
2197.8 
2440.2 
2334.7 
2254.3 
2970.7 
2786.7 
2461.0 
2798.5 
2453.3 
2657.1 

# replIcates 



Summ;ry Graph of I. ~lean 80 Esnte dl Hers from Gamm"'o r-... 
Gammao = 100 Phl = 0.001 

n = 10 

I.oH 

100 
90 
80 
70 I 

60 
50 
40 
30 
20 
10 
5 I 

4 --' .., 
.:.. 

* * * * * 

Source 
Output 

* 

100grpl0 
100grpl0.gph 

* * * * 

1 
o 

-1 
--- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- -

-2 
-3 
-4 
-5 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 

rep 

1 .., 
.:.. 

. .;. 

4 
5 

10 
20 
::;0 
40 
50 
60 
70 
80 
90 

100 

. . . . . . . . . . . . . . . 

1 4 

b1 
t1ean 

5 

Std 

1 
o 

-----------------------
0.00191850 0.00379749 
0.00092650 0.00214355 
0.00082150 0.00178830 
0.00065400 0.00175157 
0.00021400 0.00085738 
0.00009000 O.00(C2978 
0.00005000 O.uOOOOo()(l 
0.00005000 O.OOOOOo()O 
0.00005000 O.OOOOoOUO 
0.00005000 O.OOooOUOO 
0.00005000 O. (lI)OOOOOO 
0.00005000 0.00000000 
0.00005000 0.00000000 
O.()(l0050uO O. OOoooo,)n 
0.00005000 O. OOOOO()()I) 

,., 

o o 

~lean 

bO 

4 
o 

5 
I) 

Std 
-----------------
1591. 31 1327.52 
1570.82 943.85 
1628.78 946.84 
1527.30 811.41 
1836.92 560.31 
1850.92 410.50 
1949.96 148.06 
1951. 87 115.:5 
19:'8.74 95.61 
1958.14 100.84 
1935.7:' 80.19 
1929.10 68.68 
1931. 84 69.'27 
19'20.90 77.4'3 
1938.0: 65.75 

- . _. - L 

6 
o 

7 
(I 

8 
o 

tSLlm 
Mean 

--------
557.6 
610.9 
535.1 
581.8 
563.8 
577.7 
562.8 
556.0 
564.4 
C"C't:" -
~U...J • . .;:-

560.6 
563.9 
562.3 
566.0 
556.4 

9 
o 

te 

1 
o 
o 

t1ean 
------

10:.9 
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Summary Graph of X Mean BO Estl! ~ dIffers from Gamm~ 

iammao = 100 PhI = 0.001 
n = 20 
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---------------------------------------------------------------------------------------------
bl bO tsum te 

rep Mean Std 11ean Std Mean Mean 

----------------------- ----------------- -------- ------

1 0.00137475 0.002:26914 1784.:'7 1646.17 :216.1 218.0 

~ 0.00069475 0.001:'7612 :2250.08 1849.09 2338.9 223.1 

3 0.00088600 0.0011761':: .. 1273.54 1239.87 2147.4 214.9 

4 0.00053250 0.00072407 1355.50 1227.01 2298.1 225.8 

5 0.00040850 0.00081432 1415.26 957.:'2 2~22.7 219.7 

10 0.000:::2150 0.OU051798 1:::76.00 80:2.54. :2:265.7 2~2.8 

20 0.00023600 0.00036:'87 1414.19 740.55 2213.2 218.8 

30 0.00010800 0.000166:24 1616.19 579.77 2202.1 216.7 

40 0.00010600 0.00013588 1568.21 592.49 ~~22.7 218.7 

50 0.00012800 0.(1)0198:28 1479.32 637.62 :2213.0 219.2 

60 0.00011400 0.00013676 15:'0.:'6 624.:::6 2219.6 218.8 

70 0.00007000 0.000069:8 1697.:::0 426.84 2232.7 219.5 

80 0.00009000 0.00010954 1625.66 521.92 2225.0 219.4 

90 0.00005600 0.00003105 1781. 94 266.19 2233.1 219.2 

100 0.00008200 0.00010:284 1664.55 485.59 2211. 7 218.4 



I Summary Graph of I. Mean BO E~~ate dl Hers from Gammtt) 

Gammao = 100 PhI = 0.001 
n = :'0 
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----------------------------------------------------------------------------------------------. 
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rep Mean Std Mean Std Mean Mean 
----------------------- ----------------- -------- ------

1 0.00117525 0.00159097 :846.65 3694.71 5069.6 :'44.0 ,.., 0.00054825 0.00081416 183:'.67 1991. 62 5313.3 357.8 .... 
~ 0.00071025 0.000748-:::5 1304.80 1668.29 4974.6 340.3 ~. 

4 0.00055625 0.0006414: 1362.06 1909.29 5275.8 356.9 
5 0.00042950 0.Ou041215 981. 76 1146.18 5107.9 346.5 

10 0.00041975 0.000::8:33 939.69 1184.85 5199.1 353.0 
20 0.00059450 0.00038:280 419.69 581. 14 5117.1 352.7 
30 0.00045::00 O. 00030~~2:: 454.98 645.05 50n.1 346.8 
40 0.0004:2050 0.000:26738 475.76 556.::5 5114.7 349.4 
50 0.00044"300 O. 0()()2551 () 419.01 50:.51 5102.3 348.8 
60 0.00038400 0.00019861 "367.99 370.57 5097.1 347.4 
70 0.0004:000 0.000164-::;9 ~85.55 :44.18 5135.8 350.9 
80 0.0004:2::00 o. 01)018:'84 3~6.33 36:2.88 51:4.1 350.0 
90 0.00035450 ().OOOt9517 415.65 415.05 51:26.1 349.0 

10(, n.lJu042400 u.OOO:21148 :'74.09 4:28.66 5095.9 348.3 



I Summary Graph of I. ~lean BO Est0te dl Hers from Gamm"b .~ 
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Summary Graph of X Mean BO Esb te differs from Gamm~ ., 

Gammao = 100 Phl = 0.001 
n = 50 
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Gammao ~ Inu Phi ~ n.OOl 
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I Summcky Graph of I. t1ean BO Es~te dlffers from Gamm9.1 1'\ 

Gammao = 100 PhI = 0.001 
n = 70 
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I Summa"ry GI-aph of 'l. Me3n 80 Est0te ell Hers from Gamm"\.J ...-., 
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/ Summary Graph of 'l. t'lean 80 ES~rte dl Hers from Gamm9) .0 

Gammao = 100 Phi = 0.001 
n = 90 
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I Summary Graph of !. Mean Bu Est0te dl Hers from Gamm"'o '\ 
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I SLlmmciry Graph of /. t1ean Bo Est0te dl Hers from GammC\) 0 
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Summary Graph of X Mean Bu EstImate dIffers from Gamm~ 
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Appendix D 

The figures contained in Appendix D, illustrate the gains from replication. 
For each of the total fault counts used (50, 100, 200), the number of replicates 
required for the Bo estimate to be specific %s off from the actual parameter with 
the different number of failure times generated are charted. 

Example. On page D-l, the entry '35' in the 50% column, 4 row, indicates that 
for 35 failure times simulated and 4 replicates used, the mean of the 50 
estimates calculated is 50% off from the actual parameter value. 



50 Tota~ Progrrun Fau~ts: Grid entries are Number of Failures needed to be 
generated for the number of Replicates indicated to be %off indicated. 

% Mean of 50 Bo Estimates Differs from Actual Parameter 
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100 Tota1 Program Fau1ts: Grid entries are Number of Failures needed to be 
generated for the number of Replicates indicated to be %off indicated. 

% Mean of 50 Bo Estimates Differs from Actual Parameter 
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200 Total Program Faults: Grid entries are Number of Failures needed to be generated for 
the number of Replicates indicated to be %off indicated. 

% Mean of 50 Bo Estimates Differs from Actual Parameter 
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This Appendix contains graphs showing the results of Confidence Interval 
testing. 50, 55, 60, ... , 95% Confidence Intervals were calculated for 200 
parameter estimates for each total fault count with 10, 20, ... 90% of total 
program faults generated. Each graph column shows the percent of the 200 
calculated confidence intervals which contained the actual parameter value. For 
example on page E1-1, the '#' in row 85 column 20 indicates that 85% of the the 
confidence intervals calculated using 20 simulated failure times contained the 
actual 80 parameter value used to simulate the failure data. And, the @ in row 
65 column 20 indicates that 65% of the confidence intervals calculated using 20 
simulated failure times contained the actual 81 parameter value used to simulate 
the failure data. 
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(i 1 t) 0.O()2:6Q -0.005804 0.01034:: 0.885 0.115 0.000 0.885 1650.4 11.7 * ,):20 0.001::57 -0.001:257 0.00::971 0.850 0.150 0.000 0.8~5 2011. -: 26.5 olE-

:)::() 0.000781 -0.0003::'5 0.00:298 0.810 0.155 tJ.0::'5 0.850 2445.1 4::'.1 * )40 0.00094:2 0.000157 0.0017:7 0.525 0.175 0.:00 0.475 1722 . .<1 59.8 ::::24.5 
(,50 0.0008.1.: O. OOCl::; 1 7 0.001::66 0.505 0.140 0.::'55 0.440 1::'84.:: 76.8 433.6 
:16(1 0.00090.= f). (H)():54-: 0.001269 0.480 0.175 0.345 0.48(: 6()6.::' 89.9 480.5 
)70 0.000914- 0.00065::' 0.001176 0.505 0.155 (;.340 0.425 :04.::' 99.5 214.7 
(l8C! 0.000919 0.0007:27 0.001109 0.510 0.130 0.::'60 0.-::::'0 12:.9 lCC.l 142.3 
090 0.0009:0 0.000782 0.001057 0.435 0.135 0.430 0.210 111.2 105.0 121.7 

* - IndIcates no upper bound for confIdence Interval. 
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Graph of I. of BO/flEstlmates Falllng 1n 55% CI 
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runs : :00 

55 :----------------------@---------@----@-------
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" E:" 6 7 2 9 ~ ::-allures Generate: ~ -' 
.., ..... 

(I ) ,', I) .' 
(, 
.' '.' 0 I) I) 

;1ean E 1 CI EO CI t1e:tn 
Me B. ~ Mln B1 11a:: 'l.good ~~ill gh 'l.1 :J\,j 'l.gODd 3 0 % mlr: B o ~a;: ! • --------------------------- -------------------- -------------------------

(10 0.OO:26':f -0.006761 0.011::00 0.905 0.095 O.O(jO 0.900 16~(,.4 11.4 4-

\)~O 0.001::::57 -0.001567 0.004:5(; 0.875 O. 1,?E:" 
~.J 0.000 0.880 :011.7 ~5.:; ~ 

(\::0 0.(;0('981 -0.000491 0.002454 0.855 0.1::::0 0.015 0.870 244:;.1 41.4 "I-

,:\40 0.000942 O. (lO(j004 0.0018:1 0.005 0.165 1).2::::0 ~). 53~ 17:2.4- 57.6 of 

(}50 0.':10(!84! 0.000::::4 0.0014:28 0.585 O. !(j5 'i. ::::11) 0.510 1:384.:; 73.6 459.9 
1)60 0. 1)00906 0.(H)04Q 9 0.001::::1: 0.545 i). lE:"E:" .J..J 0.::::00 0.5::::0 6G6.:: 87.7 26::.7 
':,70 O.0(j0914 O. (H)06:2 0.001:207 1).550 0.145 0.::05 0.475 :0 .... 3 97.4 235.7 
1)80 0.000913 O.O(H);1)4 0.001131 0.550 0.110 O.:::4() 0.350 !22.9 102.1 149.8 
')90 0.0009:20 0.000766 0.00107:: 0.475 0.120 0.405 0.240 111.2 104.5 123.6 

* - IndIcates no upper bound for confldence Interval. 
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Graph o-f I. of BO/~ Esbmates Faillng 1n 601. CI 
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runs : :00 
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• J. ._' ... 5 6 7 8 9 :t± Fal.u:'"Es Gener.atej 
(! 0 ) 0 0 0 (; 0 ,) 

Me",n 51 CI BO CI Me:til 
..... 2 9. ? Mln B. Ma:: i.gcod i.n::.g;' :~lm·j i.good 2e 1:1 mIn B o max 1 -1 1 '"0 

--------------------------- -------------------- -------------------------
.: : \) O.OO::~9 -0.007777 0.01:2316 0.920 0.080 0.000 0.9:5 1650.4 11. :2 + 
( ::0 0.001357 -').001896 O. (0461 /) 0.895 0.105 0.000 0.885 :011. 7 24.6 * (:0 0.0(1)98: -(" 000657 0.00~620 0.880 0.120 0.000 0.885 2445.1 39.8 * 
,:~O 0.00')94: -('.0000:':5 0.001919 0.740 0.1:25 0.1"35 0.:;90 172:2.4 55.8 * :1=:(1 0.0t)08-1-~ 0.O'})18S 0.001494- (1.635 O. lOr) 0.2t:5 0.560 13se.3 71.5 :294.6 

:J':, O.0009!)6 0.0')045:: 0.001358 0.600 0.130 0.27(! 0.590 606.3 85.6 983.3 
':17;) 0.0009:iil 0.000:;89 0.001240 0.590 0.120 0.::90 0.510 204.3 95.5 563.8 
':,20 0.000918 0.00G,S80 0.001155 0.605 0.090 O.3()5 0.410 1:2:2.9 101. 1 164.7 
'>10 O. 0009~t) 0.000748 0.001091 0.535 0.095 0.370 0.255 111. 2 10::.9 125.8 

* - IndIcates nc upper bound for confIdence Interval. 



Gr-aph of /. of BO IE\ Estlmates Falllng In 651. CI 
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Gamm20 = 100 PhI = 0.0010 runs : 200 
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,) 'j i 0 C' .' 0 (. I) 0 

j'1ean 3'1 ,:r 30 CI Mean • Me 1:1 Ci t11n B. i'1ax I.good I.hlgh I.:.:::", I.good 3 0 % '11!n B O'11a:: • • ! 
--------------------------- -------------------- -------------------------

010 0.002269 -0.008914 0.01345~ 0.9:'5 0.065 0.000 0.9:::0 1650.4 10.9 * l)~O 0.001:'57 -0.OO~~64 0.004977 0.915 0.085 0.000 0.905 2011. 7 2:::.9 * 0:'0 0.(:00981 -0. r)00842 0.002805 0.890 0.110 0.000 0.900 2445.1 :'8.0 * 'AO O.OO094~ -0. o (H) 146 0.0020:'0 0.845 0.105 ('.050 0.890 1722.~ 54.2 * e)50 O.OO(J841 O. ::'00114 0.001568 0.655 O.1(iO (1.24:; 0.63C 13B4.: 'Q t:' b, • ..J 29::.5 
1)60 O. O(JO'7(j~ ').000402 0.001409 0.655 0.12() C.:25 .).6:5 606.:' 8:'. 1 800.9 
070 O. ()()0914 o. '::00S52 0.001277 O.6~5 0.100 G.:75 ().540 2')4. : 93.6 267.8 
080 0.000918 (1.000653 0.001182 0.625 0.080 0.295 O • .l:::O 122.9 99.7 165.4 
090 0.0009:2n 0.0007:29 0.001110 0.585 0.085 0.3:'0 0.:265 111. ~ 103.3 128.9 

* - lndlcates no upper- bound for confIdence Interval. 
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Graph of !. of BO 1E1 Estlmates Falllng ln 70% C! 
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runs : :200 
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(l 0 ') f) ,) ,', , 0 0 '.} '. 

;vi2an B. C1 Eo C1 "1ean 
1 

:"e J:I :::. Min 8 1 :-1a,.: i:;ood ;~hlgn 1.10..., ~~gcGd BO % rnln B o rna;: -1 J... 

--------------------------- -------------------- -------------------------
01,) 0.002:69 -0.010110 0.014649 0.950 0.050 0.000 0.955 165(1.4 10.8 * 
~):O 0.001357 -0.00265: 0.005365 r).920 0.080 0.000 0.915 2011. 7 2:::.1 * 
0:::0 0.000981 -0.COI037 0.003000 0.910 0.090 0.000 0.920 2445.1 :::0.8 11: 

AO 0.0(h)94:: -0. (:00202 0.002146 0.900 O. C!85 0.015 0.915 1722.4 5:2.7 * 
I:;~t=~ 1).000841 (). (100CG7 0.001646 0.695 0.085 0.220 0.680 1384. ::: 67.6 51::;.0 
,)c.: ., 0.000906 CI.0:)0:::48 0.00146::: 0.695 1).105 0.:00 0.675 606.::: 81.2 636.8 
Ci() 0.00091.4- 0.000513 0.001315 0.680 0.090 0.230 0.575 :04.::: 92.0 334.6 
')50 0.000918 O. ')()06:5 0.001:10 0.705 0.070 0.225 0.490 .. -- Q J."::'.-. I 98.7 557.8 
')90 0.0009:20 0.000709 0.001130 0.6:::0 0.075 0.295 0.:95 111.2 102.6 133.5 

* - lndlcates no upper bound for confldence lnterval. 
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G~aph of I. of BO/~ Estlmates Faillng In 751. CI 

Gammao = 100 Phl = 0.0010 
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100 
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runs : 200 
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. .., ~ 1:. t:" 
~ 7 0 q .... Fallu~es Gene~atec ~ -' ..J -...J 

,. 
(> ,j 0 0 0 () 0 0 ,) 

i1ean Bl C1 BO C1 t1eail 
Me 1=1 Bt Mln 8 1 Ma:: ;~good i.high i:! ~w i.good BO % mln B o rna:: -1 

--------------------------- -------------------- -------------------------
010 0.002:6'1 -0.011485 0.01602': 0.960 0.040 Cl.OOO 0.955 1650.4 10.6 * ')20 0.001357 -0.00:'097 0.005810 0.930 0.070 (J.OOO 0.940 2011. 7 ",.., ~ ___ I -+ 
03Cl 0.000981 -0.001262 0.0032:5 0.920 0.030 0.000 0.940 2445.1 36.0 * 
::41) 0.(01)942 -0.00,)"::;96 0.002:'3':, 0.915 0.075 0.010 0.9:::S 1722.4- 50.6 "I-

",50 0.OOOSL:.1 -0.000053 0.0017:':: 0.780 0.070 (l.150 0.750 1384."! 65.5 "I-

,:60 O.0(:09::J6 O. ')00286 0.001525 I). 76 f) 0.095 0.145 0.725 6(l6. :; 78.3 :::70.9 
07(J 0.0009!4 0.000469 0.001360 0.7:::0 0.080 0.190 0.645 204.3 89.8 ~58.3 

r)80 0.000918 0.00059::: 0.001243 0.745 0.070 0.185 0.550 122.9 97.2 177.9 
)90 0.0009:0 0.000685 0.00115<! 0.695 0.055 0.250 0.335 111. 2 102.0 146.: 

-+ - lnd:cates no UPP2~ bound fo~ confldence lnte~val. 
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B1 i1a:-: 'l.good ~~~l gh 

#: FaIlure: Gene .... atec: 

50 CI Mean 
i:lo\-I i.g:::cd 50 % mlr B () t"la:: 

--------------------------- -------------------- -------------------------
-\1, . O. r)0::69 -0.01::040 0.01757'=1 O.98~ 0.015 0.000 (,.98:; 1650.4 10.~ *" ...... '.1 

,):(1 0.001::57 -0. (l(C60O 0.006::14 0.945 0.(155 O. (10)0 O.'75~ 2011. 7 ........ < "+ _.-_J, 

):0 0.00098: -0.001515 0.00::478 0.950 0.0:;0 0.000 0.9.1-5 244:;.1 ::;4.8 "+ 
')4': r).00094: -0.000547 0.0024::1 0.940 0.060 .).000 0.955 17:2.4 4E. '3 "+ 
1)50 0.000841 -0. r)O('::;.1- 0.001836 0.895 0.035 0.070 0.775 1::84.:: 6::.: * 
,)6(l 0.000906 O. (H)0:16 0.001595 0.800 0.075 0.125 0.765 606.:: 76.'; 385. 1 
1)7(' r).000914 (I.OOG418 0.001410 0.795 0.065 0.140 0.!J35 :04.:: 88.: 499.7 
')8(1 0.0009:'3 o. (lI)(,5::6 0.001:80 0.810 0.0::5 0.155 0.62') 122.9 96.1 258.8 
1.)0(\ 0.0009:C 0.000659 0.001180 0.735 0.040 0.225 0.::70 111. : 101. (j 134.5 
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Gt-at:h of !. of B,) 12~ Estlmates Faillng::.n S5t. CI 

Gammao = 100 PhI = 0.0010 runs : 200 
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as I ___________________________ @ ________________ _ 
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~ . 5 6 7 8 9 . ' .. 
I) 0 0 0 0 0 I) I) I) 

~:ean B1 CI 
B B. I'!ln 8 1 Max 'l.gocd 'l.hlgh 1 ! 

# FaIlures Generated 

BO CI Mean 
'l.low i.good BO % mIn B 0 Tic,! 

--------------------------- -------------------- -------------------------
I) 1\) 0.002~69 -0.014954 0.019493 0.9':t:; 0.005 0.000 0.995 1650.4 10.: olE-

'):0 0.001357 -0. ;)(14~~0 0.006933 0.975 0.025 0.000 0.965 ~011. 7 ~1.6 of 

0:::0 0.000981 -0.e01827 0.00:::790 0.960 0.040 0.000 0.960 2445.1 33.8 04-

oeo O.00094~ -0.')007":::4 0.002618 0.9~0 0.050 0.000 0.960 1722.4 47.::: * 
:~50 0.000841 -0.000:78 0.001961 0.9:':; 0.030 0.0:::5 0.965 1:.84.3 61.0 of 

060 0.000906 0.1)00130 0.001681 0.855 0.045 0.100 0.810 606.3 73.9 5::::::.9 
')70 0.000914 0.\)00::56 0.001472 0.83li 0.045 0.125 0.770 204.3 85.5 566.9 
080 0.000918 0.000511 0.001325 0.835 0.035 0.130 0.690 122.9 oft ,., 

,Aof._ ~:::8.9 
1)90 0.0009~0 0.OO()626 0.001213 0.790 0.0~5 0.185 0.430 111.~ 100.3 14C.5 
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~~aph ~~ ./ o· W Iw ~-t t - - ., l:), ~ u, I. 7 1..0 1..1 c:,." !ma ~= r-alJ.lng In 
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BO CI Meal' 
'~LJrl i.good BO % mIn B 0 ;l1a:: 

--------------------------- -------------------- -------------------------
::10 0.1}:,::69 -I). \)17406 0.0219-+4 1.000 0.000 o. (11)1) 1.001) 165(> . .4 0.0 .. 
)~O O. (11)1357 -(). 1)()50 1 ~ 0.007727 0.985 0.015 O. ')(1I) 0.985 2011. 7 ,." 

~~ . 1 +. 

'·'::0 0.0(hj981 -0. (:02::27 0.004190 0.975 0.025 0.000 0.975 ~4.tf5.i :::.9 1-

)40 (l.000942 -0. 1)00972 0.002856 0.975 0.025 0.000 0.980 172:2.4 45.9 * 
~:,~O 0.000841 -0. '.)(H) 4 38 0.00::::0 0.970 0.025 0.005 0.970 1384. :: 58.6 ... 
:,60 0.00':906 0.00')019 0.00179:: 0.910 0.0:'0 0.060 0.870 606.:::; 71.4 81::.7 
,.J/,) 0.(:00914 1).000277 0.')01=52 0.87::; 0.0::0 0.095 ().840 204.:' 8::.6 :::0.2 
)80 0.000918 1).00045:::; 0.00138:: 0.895 0.025 0.030 0.76(1 12~.9 '72.6 209.0 
(91) O. (H)I)9:0 0.000585 0.001255 0.860 0.0::0 (1.1::0 0.485 111.: 99.4 151- 1 
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Graph of % of EO/~ Estlmate~ FallIng In 95% CI 

# = 

Gammao = 100 Phl = 0.0010 runs : 200 
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95 :------------~----"*----+----@----~----@-------
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Me B1 B~ Mln B. 1"1a;·: 'l.good I.hlgii %101'1 I.good 8 0 % mln B I) rna;·: • l l --------------------------- -------------------- -------------------------
::,10 O. OO~:6'7 -O.O~!17~ 0.0~571~ 1.000 O. (1(\~) o.oeo 1.000 165i). ~ 0.0 * 
0:0 0.001::~7 -0.006:::4 0.(:08947 1.000 O. (l\)(, 0.000 1.000 2011.7 ~O.7 "* 
1):;0 0.000981 -I). 0(,::84~ 0.004805 0.995 0.005 0.000 (1.985 2445.1 ::1.8 "* 
')40 0.000942 -0.0(;1::::9 0.003223 0.995 0.005 0.000 0.995 172~.4 43.8 "'+ 
(:1 =: () 0.000841 -(1.000682 0.00~365 0.985 0.015 0.000 0.985 1384.:: COl:" Q 

...!...!. , * 
':,60 1).000906 -0.000150 0.001961 0.970 O.()~O (1.010 0.9::0 606.3 68.6 * ,)70 0.000914- O. ')00155 0.001674 0.950 0.010 0.040 0.91)0 :04.3 79.8 348.8 
)80 O. ')00718 0.00(,::64 0.00147'2. 0.950 0.(,05 0.045 0.860 1~~.9 90.6 911.8 
')90 O. 0009~(\ 0.0005:0 0.00~::19 0.930 o.oeo 0.070 0.58(, 111. 2 98.0 171. 2 
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Gn.ph of '/~ 0';:: 20 I~ EstllT1at2s Falllng In 50i: CI 
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--------------------------- -------------------- -------------------------
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* ~/.-t 
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~/.:..-
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!~O 0.000965 0.000789 0.001140 0.420 0.220 0.360 O.:'5~ 222.0 198.4 269.6 
:60 0.000949 0.000821 0.001076 0.455 0.175 0.370 0.4(JO ::::15.7 202.5 235.7 
:80 0.000936 0.000844 0.001027 0.460 0.125 0.415 0.::::70 ::::1::::.7 206.0 221.8 
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1.101'/ /.gaad B(l % mln B o ma:·: 

--------------------------- -------------------- -------------------------
0::0 0.0018E1 -0.0046::4 0.00839b 0.910 ':;.090 0.000 0.915 ::886.5 ~5.0 * t::40 0.000989 -0.001:74 (1. 00315~ 0.905 0.095 0.000 0.915 46::5.7 56.6 * ('0') 0.000942 -0.000157 0.002041 0.785 0.140 0.075 0.865 4562.7 93.3 * t:l 80 0.00060:: 0.000197 0.001528 0.565 ,:'.1:::0 0.305 0.550 2669.0 130.3 1108.8 
:00 O. ( 1)091:5 O.O(H)475 0.001:::55 0.610 0.155 0.2:::5 0.61)5 941.9 163.0 752.1 
~20 O. :)009::3 0.0006'3:2 0.001244 0.590 0.155 0.255 0.565 271.7 186.5 723.4 
14() O. (H)09l::::: 0.000746 0.00118:: 1).500 ').190 0.:::10 0.480 2~2.0 194.1 302.3 
160 0.000149 0.000790 O. ')01108 0.550 0.145 0.305 0.455 21:::.7 199.9 242.4 
180 0.Ot-H)9:::6 0.000822 0.001050 0.565 0.1)90 0.345 0.330 212.7 204.6 224.5 
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r4ea;; Bl 
,...~ So CI Mean L...l. 

Me 0 21 t11 n 8 1 :4 a:·, I.good I.high :~l ow I.good BO % m1n B I) ma:·: ~, 1 
--------------------------- -------------------- -------------------------

(1:0 0.001881 -0.OC5370 0.0091:;:2 0.9:'::5 0.065 O. (100 0.935 2886.5 24.4 * 040 f). 000989 -0.001419 0.00:'::397 0.9:20 0.080 O. (1(l0 0.920 4825.7 54.:2 '* 060 0.000942 -0.OOO~81 0.002165 0.860 0.110 0.030 0.885 4562.7 88.8 * (180 O.0(J086:':: 0.0(',01:22 0.00160:; 0.615 0.100 0.::85 0.6:::5 2669.0 124.2 642.0 
100 0.000915 r).000426 0.001404 0.66:: 0.135 0.:200 0.660 941.9 158.2 710.6 
1:::0 0.000938 0.000597 0.001279 0.62() 0.140 0.2.10 0.585 271.7 182.3 e:69.9 
140 0.000965 0.000T21 0.001:208 0.560 0.180 0.260 0.510 222.0 191.9 9969.:':: 
160 0.000949 0.000772 0.0011:26 0.605 0.130 0.265 0.475 215.7 198.5 246.8 
180 O. ()00936 0.1)00809 0.001062 0.6:':::; 0.070 0.2'75 0.355 212.7 203.8 226.1 

* - Ind1cate3 no uJoer b00nd for ccnf1dence Interv;!. 
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Mean B1 CI ~ CI ~ean -0 
Me 13 1 B1 Mln B. Ma:: I.gocd I.tll gh 1.1 CI>J i.good 20 % mln 5 I) ma:·: 1 

--------------------------- -------------------- -------------------------
020 0.001881 -0.006146 0.009908 0.950 0.050 O. r)()() 0.950 2886.5 2::.7 * 040 O. ()()098Q -0.001676 0.003655 0.9::5 0.065 0.000 0.93(1 48:5.7 "''"' ' "';_.0 

"'* 060 0.00094: -0.000412 0.002296 0.900 0.100 0.000 0.905 4562.7 85.7 * 080 0.00086:: 0.000043 0.001682 0.625 0.090 0.2:5 0.680 :669.0 120.5 1'-

100 0.000915 0.000::73 r).001457 0.725 0.100 0.175 0.720 941.9 15:::.0 746.2 
120 0.0009:::8 0.000561 0.001315 0.665 0.115 0.220 0.645 :71.7 177.5 728.4 
140 0.00096:; 0.000695 0.001234 0.605 0.165 0.230 0.585 22~.O 189.0 308.8 
160 0.000949 0.000753 0.001145 0.655 0.110 0.235 0.500 :15.7 197.1 :51.9 
180 0.000936 0.000795 0.001076 0.665 0.065 0.270 0.370 21:.7 20:'.0 228.0 

~ - Ind:cst25 ~o ~O~2r bound fo~ con':cenc2 Interval. 
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--------------------------- -------------------- -------------------------
)::0 0.00!881 -().0070::'8 0.0108(;0 0.970 0.030 0.000 0.970 2886.5 ~:.9 * :'40 0.000989 -0.001972 0.00:'951 0.945 0.055 0.000 0.950 4825.7 5!.0 

"'*" ')60 0.00094:2 -0.000562 0.00:2446 0.915 0.085 0.000 0.910 4562.7 8:::.5 * ,)8() 0.000863 -0. ('(10048 0.001774 0.760 0.085 0.155 0.715 ::669.0 116.2 * 10(1 0.000915 ,). (1)0:::1:' 0.001517 0.780 0.070 0.150 0.750 941.9 1~8.4 958.9 
:20 0.000938 1).00(-519 0.001::'57 0.730 0.100 0.170 0.685 271.7 172.6 9::'1.2 
140 0.000965 O. (100665 0.001264 0.645 0.155 0.200 0.6:::0 222.0 136.6 :::48.1 
160 0.000949 0.000731 0.001166 0.710 0.090 0.200 0.545 215.7 195.5 ~58.7 
180 0.000936 0.000780 0.001092 0.700 0.050 0.250 0.390 212.7 202.:2 230.2 
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--------------------------- -------------------- -------------------------
(,:20 0.001381 -C!. 1)08046 0.011808 0.980 0.020 0.000 0.980 2886.5 :22.: * 1)40 0.000989 -0.OO~307 O.O04~86 0.950 0.050 0.000 0.950 4825.7 48.8 * 
060 0.000942 -0.000732 0.002616 0.925 0.075 0.000 :).920 4562.7 80.7 * 
(:80 0.00086::::; -0.000151 0.001877 0.875 0.065 0.060 0.800 2669.0 111. 9 * 
100 0.000'=115 0.000~45 0.001585 0.845 0.040 0.115 0.815 941.9 14::::;.6 114:::.7 
1:20 0.0009"38 0.000471 0.001404 0.770 0.075 0.155 ,).765 '271.7 167.7 561.5 
~40 0.000965 0.000631 0.001298 0.745 0.110 0.145 0.675 222. ~) 183.7 387.3 
160 O.OOOQ49 0.000706 0.001191 0.765 0.065 1).170 \).600 ~15.-; 19::::;.9 268.4 
180 0.00(,9"36 0.00076~ 0.001109 0.7'25 0.040 0.235 0.425 212.7 201.3 2::::;2.9 
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~)40 ,).000989 -0. (1I)2719 0.OC~696 0.960 0.040 0.000 0.960 4825.7 .- ..... 
4/.~ * ()60 0.000942 -0.000941 0.00::325 0.945 0.05~ 0.000 0.950 4562.7 77.0 * r)30 0.0(;086'3 -(1.000278 O. (;«(X,(>'::; 0.930 0.050 0.020 0.955 2669.0 107.8 * 1('0 ').000915 0.000161 0.OO~669 0.905 0.025 0.070 0.865 941.9 137.9 873.7 

:20 O. (It)09:S 0.00041:::: 0.0(11463 0.820 0.055 O.1~5 0.805 271.7 162.9 6:7.3 
140 O.!)(Xl965 (l.000590 0.001340 0.785 0.100 0.115 0.735 222.0 180.6 ::::83.4-
160 0.000949 0.000676 O. (HJ1~21 0.790 0.05el 0.160 0.670 215.7 192.0 :89.2 
180 0.000936 1).000740 0.001131 0.775 0.040 0.185 0.450 212.7 200.2 2'36.6 
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0:0 0.001881 -t).010877 0.014639 0.990 0.010 O. ('tOO 0.985 2886.5 ,..,. ~ 

~.L •. .:.a '*' 040 0.000989 -().00::;:47 0.0052:26 0.965 0.035 0.000 0.965 .l825.7 45.4 * 06C 0.00094:2 -0.001209 0.00309'3 0.975 0.0:25 0.000 0.965 4562.7 73.2 * 080 O.OO()86::: -0. r)()()440 0.002166 0.975 0.025 0.000 0.970 2669.0 102.4 * 
100 0.000915 0.000054 0.001776 0.940 0.020 0.040 0.905 941.9 112.7 197:2.0 
1~C 0.0009'38 0.000::::::8 0.001537 0.865 0.040 0.095 0.850 271.7 157.7 887.1 
140 0.000965 0.00(15::6 0.001393 0.845 0.070 0.085 0.795 ~22.0 177.1 1200.8 
160 0.000949 0.000637 0.001260 0.840 0.045 0.115 0.765 215.7 189.:: 284.6 
180 0.0009:::6 (1.000712 0.001159 0.830 0.020 0.150 0.520 212.7 198.9 241. 8 

~ - !nd:cates no Jose- bound for cc~fldence lnterval. 
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_'''+~_' 0.000989 -i). 004058 0.0060::;7 (1.99::: 0.005 0.000 1).995 4825.7 44.1 -I: 

r)60 0.000942 -0.001621 0.003505 0.990 0.010 0.000 0.995 456:.7 69.5 -I: 

')8\) 0.00086::; -0.000690 0.00:415 0.9aO 0.0:0 0.000 0.980 2669.0 96.9 * :co 0.000915 -1).000111 0.001941 o. '=175 0.0:0 0.005 l).955 941.9 125.-:: -¥-

1:') 0.0009::;8 i). (100223 0.001652 0.940 0.025 0.0-::5 0.930 271.7 150.6 1122.7 
140 0.000965 O. (h)0454 0.001475 0.920 0.030 0.050 0.870 22~.O 171. 7 9::;6.5 
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~ - .ndl=ates r~ ~~oer bound for conflcence :nt2rval. 
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EQUATIONS DEFINING BASIC MODEL 
1. The Failure Intensity Equation of the model is given by: 

A 
A (t) = Aoexp [-~ tl 

Yo 

whe:r:e t = time, Ao = estimated initial failu:r:e intensity 
and Yo = estimated total numbe:r: of softwa:r:e faults. 

2. For generality, the Failure Intensity Equation is reparameterized as: 

A ( t) =13 0 131 exp (-131 t) 
whe:r:e Po = Yo' estimated total failu:r:es,and 

A Pl = ~, estimated failu:r:e :r:ate per fault. 
Yo 

3. The Likelihood Equation is given by: 

where me equals the no. of faults found/ fixed. 
tm equals time of last fault. 
tie equals total time of ith failure. 
te equals time at end of testing. 
Ti is the random variable for time of ~th fa~lure. 
f(tilti _1 ) ~s the conitional density function of (T1 , ••• ,Tm ) 
P[Tm • 1 > te I Tm = tm 1 is the conditional distribution of Tm +1 • •• • 

The Conditional Density Function is given by : 

f(t i lti - 1 ) = )..(ti)exp{-[!l(ti ) -1l(tU - 1»]} 

where the Mean Value Function (mean faults by time t) is given by: 

Il (t) = 130 [1 - exp (-P1 t) ] 

The Conditional Distribution is given by: 

P[Tm.l>teITm=tml = exp{-[Il(te) -Il(tm.)]} • •• 

4. Substitution into the Likelihood Equation yields: 

5. The logarithm of the Likelihood Equation is: 

m. 

In L(I3) = L ln A(ti ) - !l(te ) 
1-1 

F-l 



6. Thus, the Maximum Likelihood Equation becomes: 

a \l (tal 
a~ =0, k=O, ... ,w 

k 

7. It can be verified by direct substitution into the previous equation with 
k a that all scaled Mean Value Functions yield the result: 

\l ( te; ~) = me 

which can be reWI:itten as 

8. 

The probab~lity observ~ng rna failures by t~me ta ~s given by 

9. After appropriate substitutions, the Conditional Likelihood Equation becomes: 

10. 

The Conditional Likelihood of P1 given rna failures is: 

m. 

me' J3~·exp (-J3IE til 
L (P

1 
I mal = _____ -=:.i=.=1 __ 

[1 - exp (-Pl te) ] m. 

1I. 

Using the In of the max~mum cond~tional l~kel~hood eq., the 

point estimate for 13 1 is given as: 

F-2 



Confidence Interval Equations 
12. 

The MLE of 13k loS asymptotically no:x:mally dist:x:ibuted with mean 

13k' variance I (Pk) , whe:x:e I (13k) is the expected, Fishe:x: 

info:x:mation given by: 

13. Thus we can write, 

~k - 13k _ N(O, 1) 

~ I(Pk) 

14. 

The uppe:r/lowe:r limits of an app:roximate 100 (I-a) pe:rcent 
Confidence Inte:rval fo:r 13k a:re g1ven by 
It K1 - U / 2 
Ilk ± 

{iW";f 
whe:x:e K1 - U/ 2 1S the app:rop:r1ate no:x:mal dev1ate. 

15. 

Substituting the confidence interval values for B1 into Equation 7, a 
corresponding confidence interval is obtained for Bo. 

F-3 
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• I 

Tinu= 
,~ 

Generation Equation~ 

16. The Distribution of Faults as a function of time is given as: 

F( t) = 1 -

The simplification of the integral is found to be: 

t+tswn t+tsum 

f A (x) dx = f Aoe(lo/TolX dx 
tswn tsum 

= [_yoe-(lo/TolX + c]l~;:um 

= [-y
o
e-(loITO) (t+tsum) + c - (_y

o
e-(lo/ To)tsWII + c'1 

= yoa - (loITol tS'4:1 - a - (lo/Tol ~ 

17. Substituting the integrated exponent we get: 

18. Randomly generate values for F(t), r, and solve for t. 

19. Take the natural logarithm of both sides and simplify. 

In(1 - r) = _y
o
a-(lolTo)tsum (1_e- o'o/rolt) 

20. Rearrange algebraically. 

-In(1 - r) 
yoe-(lo/rol tswn 

21. Rearrange algebraically. 

1 + In(1 - r) = e-(lo/Tolt 
Yo a - (lo/To) tsum 

22. Take the natural logarithm of both sides. 

In (1 + In (1 - r) ) = - (A /y ) t 
- (lo/Tol tsum a a 

"toe 

23. Rearrange algebraically. 

t = -y a In (1 + In (1 - r) ) 
Ao yoe-ll.O/To) C:lIW11 
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Code.. 

ThlS AppendlX contalns the source code of programs used to calculate 
~allure tlmes, parameter estlmates, confldence lntervals, and produce graphs 
used. 

G-l 
G-6 
G-17 
G-'"'---

APPENDIX G INDEX 

Baslc.p : Fallure Tlmes and Estlmatlon 
Confldence.p : Confldence Intervals 
Graph.p : Summary Graphs 
Hlstogram.p : Scatter Plots 



, .. ("\, BAS~P 

rhlS program generates failure data USing the dlstrlbutlon of the BaSIC Execution Time Model. 
:t then calculates estimates for the reliabilIty parameters SO and B1 and writes these to an 
Jutput file. The program reads input from a text file. Inputs are the total program faults 
Iqamma_O), failure 1ntensity per fault (ph1), the total number of faults to generate (Me), the 
~umber of runs to perform for each faIlure set Slze (runs), and the number of data rep1tltlons 
:r2peats). The output of thIS program 1S used as Input to the Histogram and Summary graph 
Drograms. 

~ Programmer : KeIth J. Lirette 

Implementat10n of Musa - Bas1c Execution T1me Model 

=ROGRAM BASIC (INPUT, OUTPUT, 1n_f1le, out_f1le); 

:ONST 
eps1lon = 0.01; 
ma:{ lnts = 200; { ma:: number of t1me 1ntervals } 

TYPE 
array_type 
matrl>:_type 

'lAR 

= ARRAY[1 •• max_lnts] of REAL; 
= ARRAY[1 •• 10, 1 •• max lnts] of REAL; 

{ number of bugs removed } 
{ number of total bugs } 

} 

Me, 
gamma_O, 
repeats, { number of data generatlons per run } 
J, 
1 , 
k, 
runs, 
start, 
Me_offset, 
num_pts, 
num_errors 

temp_sum, 
phl 
bO_est, 
b1_est, 
te, 
tlme_sum 
t 
In_hle, 
out_hIe 

INTEGER; 

REAL; 

matnx_type; 
array_type; 

TEXT; 

{ loop counters} 
{ number of runs deslred } 
{ number of errors to 1st generate 
{ amt to increase # errors generated by } 
{ number of dlfferent # errors wanted } 

{ dummy varIable } 
{ fallure rate per bug, Input} 
{ estImate of bO } 
{ estlmate of bl } 
{ tIme to end of testIng } 

{ total tIme to faIlures} 

{----------------------------------------------------------------------} 
FUNCTION get_bO_est(Me 

te, 
bl_est 

INTEGER; 

REAL> : REAL; 

{ functlon to get estlmate of bO glven bl_est } 

begln 
get_bO_est := Me / ( 1 - exp(-bl_est * te) ); 

end; 
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BAS .P 

(----------------------------------------------------------------------} 
FUNCTION calc_bl_est(Me INTEGER; { # errors found} 

REAL> : REAL; 
{ tlme to end of testlng } 
{ sum of failure times} 

{ functlon to get estlmate of bl glven fallure data} 

VAR 
bl _est, ( holds worklng estlmate of bl } 

low, { low end of estlmatlon lnterval '\ 
J 

hlgh, { hlgh end of estlmatlon lnterval } 

lhs_est, ( var to hold lhs of eq value } 
rhs_est, { var to hold rhs of eq value } 
Me_:<_ te . REAL; { var to hold product calculated once } . 
{-------------------------------------------------------------------} 

FUNCTION Ihs(Me : INTEGER) : REAL: 

{ function to get value of left hand slde of equatlon solvlng 
for bl } 

begln 
lhs : = Me: 

end: { lhs } 

{-------------------------------------------------------------------} 
FUNCTION rhs(Me_x_te, 

te, 
tlme_sum, 
bl_est : REAL) : REAL: 

{ functlon to get value of r1ght hand Side of equat10n solv1ng 
for bl } 

begln 
rhs := bl_est * ( Me_x_te I (exp(bl_est * tel - 1) + t1me_sum); 

end; 
{-------------------------------------------------------------------} 

begln 
{ lnltlal guess at bl to start calculatlons } 
bl_est := 0.0001; 

{ calcLllate product once and store for use} 
Me_x_te := Me * te; 

{ get left hand slde, rlght hand slde guess values} 
lhs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, tl me_sum , bl_est); 

{ 1f lhs_est > rhs_est lncrease bl_est untll not true} 
whlle lhs_est > rhs_est do 
begln 

bl_est := bl_est + 0.0001; 
lhs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, time_sum, bl_est); 

end; 
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low := bl_est - 0.0001; 
hIgh := bl_est; 

{ perform bIsectIon untIl value at whIch relatIonshIp fIrst 
changes 1S found 

} 

repeat 
bl_est := (low + hlgh) / 2; 
lhs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, tl me_sum , bl_est); 
If lhs_est < rhs_est then 

hIgh := b1_est 
else 

low := b1_est; 
untIl abs(lhs_est - rhs_est) <= epsIlon; 

calc_bl_est := bl_est; 
end: 

r 
BAS ~p 

{---------------------------------------------------------------------} 
{ procedure to generate a set of faIlure tImes uSIng number of repeats 

IndIcated. 
, , 
procedure new_data gamma_O, 

Me, 
repeats 

var tlme_sum 
phI 

I~lTEGER; 

REAL; 

var t 
REAL; 
array_type) ; 

var 
1, J 
preVlous 
t_avg 
bust boolean; 

begln 

INTEGER; 
REAL; 
array_type: 

{ lndlces } 
{ value of prev10us t1me } 
{ array to hold runn1ng total to be averaged } 
{ 1nd1cates overflow condItIon} 

{ 1nltlallze array that wIll hold runnIng totals of tlmes } 
for J := 1 to Me do 

t_avg[J] := 0.0; 

J := 0; 

[ get number of tIme samples Ind1cated by var1able repeats 
repeat 

{ InItIalIze varIables} 
bust := false; 
prevIous := 0.0; 
I : = OJ 

{ generate requ1red tImes } 
repeat 

I := I + 1; 

{ test for overflow cond1t1on } 
If (prevlous*phl > 719.0) then 

begln 
bust := true; 

end 
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else {generate next tlme Interval } 
begln 

tel] := prevIous + (1.0/phl) * 

~ 
BAS P 

In ( 1 - In(1-random(1.0» I (gamma_O * exp (-phl * prevlous) ) )= 

preVlous := tel]; 
end; 

untll (1 = Me) or bust; {untll all tlmes gotten or overflow} 

{ add tlme Intervals to t_avg to keep runnlng totals} 
If not bust then 
begln 

for 1 := 1 to Me do 
t_avg[l] := t_avg[l] + tEl]; 

J := 
end; 

j + 1· , 

. 
untll j = repeats; {repeat untll requlred samples performed} 

{ calculate average tlmes and total of tlme averages } 
tIme_sum := 0.0; 
for J := 1 to Me do 
begIn 

t(j] := t_avg(j] / repeats; 
tlme_sum := tlme_sum + t[j]; 

end; 
~r.d; 
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,r"\ 
BAS :P 

{----------------------------------------------------------------------} 
BEGIN 

{ prepare 1nput and output flle } 
reset (In_h Ie); 
rewr1te(out_flle); 

whlle not eof(ln_f1le) do 
beg1n 

C get parameters to produce output for } 
readln(ln_f1le, gamma_O, ph1, Me, repeats, runs); 

{ start p01nt 1S 101. of total number of errors wanted } 
start := round( (gamma_O * 0.1) ); 

{ generate 101. more errors unt1l total number of errors generated} 
Me_offset := round( (gamma_O * 0.1) ); 

{ calculate total number of error sets} 
num_pts := (Me - Start) dlV Me_offset + 1; 

C produce fault data for number of runs wanted } 
for J := 1 to runs do 
beg1n 

new_data (gamma_O, Me, repeats, temp_sum, phl, t); 

{ use subset of tlmes generated to get estlmates uSlng 10, 20 ••• 1. } 
for k := 1 to num_pts do 
begln 

{ calculate number of error tlmes to use} 
num_errors := start + (k-l) * Me_offset; 
{ calculate tlme sum for errors used } 
t1me_sum[k,J] := 0.0; 
for 1 := 1 to num_errors do 

tlme_sum[k,J] := tlme_sum[k,Jl + tell; 

{ set value for total testlng tlme } 
te[k,Jl := t[num_errorsl; 

{ get est1mates for bl and bO } 
bl_est[k,J) := calc_bl_est (num_errors, teCk,l), t1me_sumCk,l); 
bO_estCk,l) := get_bO_est(num_errors, teCk,ll, bl_est[k,l]); 

end; 

end; 

{ wrlte outs set of calculated values} 
for k := 1 to num_pts do 

num_errors := start + (k-l) * Me_offset; 
wr1teln(out_f1le, gamma_O, . ',ph1,' " num_errors,' . repeats,' " runs); 
for l := 1 to runs do 

wr1teln(out_f1le, bl_est[k,Jl, bO_estCk,ll, t1me_sum[k,ll, teCk,lJ); 
end; 

end; 

END. 
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''-
,r"\ 

CaNt .ilENCE.P 

ThIS program produces ConfIdence Interval summary graphs. The program reads Input from a text 
fIle. Inputs are the total program faults (gamma_O), faIlure IntensIty per fault (phl), the 
total number of faults to generate (Me), and the number of runs to perform for each faIlure 
set Sl=e (runs). The program produces the deSIred number of runs startIng wIth lOX of the 
total program faults, Increases by lOX untIl Me fault trIals are runs. ConfIdence Intervals 
(50, 55, ••• ,95X) are calculated for each of the trIal Sl=es generated and summary graphs are 
plotted. 

{ Programmer: V-elth J. LIrette 

PROGRAM CoNFIDENCE(INPUT, OUTPUT, In_gph, out_gph>; 

CaNST 
epSIlon = 0.01; 
epsllon2 = 0.00000001; 
ma:{_lnts = 200; 
num_cl = 10; 
lIne_length = 80; 
markl = "#'; 

{ max number of tIme Intervals} 
{ number of confIdence Intervals } 

mark2 = '@'; 
combo_marY = '*'; 
num_grps = 20: { max number of percentage dIVISIons } 

= ARRAY[I .• max_lnts] of REAL; 
TYPE 

array_type 
matn:{_type 
lIne_type 

= ARRAY[l .• lO, 1 •• max_lntsJ of REAL; 
= ARRAY[l .• llne_lengthJ of char; 

record 
Cl Integer; 
val real; 

end. 

grp_rec_type = record 
value 
1 abell 

end; 

real; 
Integer; 

data_rec_type = record 
bO_ln_pct, 
bl_ln_pct, 
bl_low_mean, 
bl_hlgh_mean, 
bO_mean, 
bl_mean, 
bl_hlgh, 
bl_low, 
bO_mln_mean, 
bO_max_mean 
labell 
used_I, 
used_2 

end. 

real; 
llne_type; 

boolean; 

grp_array_type = array[l .. num_grps] of grp_rec_type; 
data_array_type = array[l .. num_grps] of data_rec_type; 
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VAR 

Me, 
gamma_O 
tlme_sum, 
phl, 
I_val, 
b1_offset, 
bO_mln, 
bO_ma:·: , 
b1_mln, 
b1_max, 
bI_mean, 
b1_mln_sum, 
b1_ma:<_sum, 
bO_mln_sum, 
bO _ma:< _sum, 
b1_sum, 
bO_sum 

repeats, 
11 , 

J, 
b1_ln_cnt, 
bO_ln_cnt, 
bO_untest, 
bO_mln_lower, 

b1_hlgh, 
b1_low, 
runs, 
start, 
Me_offset, 
num_pts, 
1 , 
num_errors, 
k 
k_val 

bO_est, 
b1_est, 
te 

data 

t 

hne 
In_gph, 
out_gph 

INTEGER; 

REAL; 

INTEGER; 
k_arr_type; 

{ number of bugs removed } 
{ number of total bugs } 
{ sum of all fallure tlmes } 
{ fallure rate per bug, lnput } 
{ flsher lnformatlon of b1_est } 
{ magnltude of confldence lnterval around b1 } 
{ lower value of confldence lnterval } 
{ upper value of confldence lnterval } 
{ lower value of confldence lnterval } 
{ upper value of confldence lnterval } 
{ average of b1 over number of runs } 
{ sum varlable used to calc b1 mln mean } 
{ sum varlable used to calc b1 max mean } 
{ sum varlable used to calc bO mln mean } 
{ sum varlable used to calc bO max mean } 
{ sum varlable used to calc bi mean } 
{ sum varlable used to calc bO mean } 

number of data generatlons per run } 

{ # of bi ests 1n own conf 1nterval } 
{ # of bO ests 1n own conf lnterval } 
{ # of bO wlth no upper bound } 
{ # of bO w1th no upper bound but 

whose lower bound 15 < est1mate } 
{ # bi ests above own conf 1nterval } 
{ # b1 ests below own conf lnterval } 
{ number of runs deS1red } 
{ number of errors to generate f1rst } 
{ amt to 1ncrease number of errors by } 
{ number of d1fferent # of errors} 

counter } 
{ nummber of errors generated } 
{ counter } 
{ holds conf1dence lntervals and 

correspondlng k values 

{ est1mate of bO } 
{ est1mate of b1 } 

} 

matrlx_type; { t1me to end of testlng } 

grp_array_type; {holds I. dlvlslons for graph and 
labels for y aX1S } 

data_array_type; { holds calculated fault data and 
graph labels} 

array_type; { total t1me to fa1lures } 

llne_type; { graph llne bUllt to pr1nt } 
{ text f1le of input parameters} 

TEXT; { output f1le for generated graphs} 
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{----------------------------------------------------------------------} 
FUNCTION I (Me INTEGER; 

REAL) : REAL; 

{ functlon to get flsher lnformatlon for bl } 

I := Me * ( 1 / SQR(b1_est) -
SQR(te) * exp(b1_est * tel / SQR( exp(b1_est * tel - 1) ); 

end; 

{----------------------------------------------------------------------} 
FUNCTION get_bO_est(Me INTEGER; 

REAL> : REAL; 

{ functlon to get estlmate of bO glven bl_est } 

begln 
get_bO_est := Me / ( 1 - exp(-bl_est * tel ); 

end~ 

{----------------------------------------------------------------------} 
FUNCTION calc_b1_est(Me INTEGER; { # errors found } 

te, { tl me to end of testlng 
tlme_sum REAL> . REAL; { sum of fallure tlmes } . 

{ functlon to get estlmate of bl glven fallure data } 
VAR 

b1_est, holds worklng estlmate of bl } 
low, { low end of estlmatlon lnterval } 

hlgh, { hlgh end of estlmatlon lnterval } 

lhs_est, { var to hold lhs of eq value} 
rhs_est, { var to hold rhs of eq value} 
Me_x_te . REAL; { var to hold product calculated once } . 
{-------------------------------------------------------------------} 
FUNCTION lhs(Me : INTEGER) : REAL; 

{ functlon to get value of left hand slde of equatlon solvlng 
for bl } 

begln 
lhs := Me; 

end; { Ihs } 

{-------------------------------------------------------------------} 
FUNCTION rhs (Me_:<_te, 

te, 
tl me_sum , 
bl_est : REAL) : REAL; 

{ fUnctlon to get value of right hand slde of equatlon solvlng 
for bl } 

begln 
rhs := bl_est * ( Me_x_te / (exp(bl_est * tel - 1) + tlme_sum); 

end; 
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CONI .DENCE.P 

{-------------------------------------------------------------------} 
begln 

{ lnltlal guess at bl to start calculatlons } 
bl_est := 0.0001; 

{ calculate product once and store for use } 
Me_x_te := Me * te; 

{ get left hand slde, rlght hand slde guess values } 
Ihs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, tlme_sum, bl_est)j 

{ lf lhs_est > rhs_est lncrease bl_est untll not true} 
whlle lhs_est > rhs_est do 
begln 

bl_est := bl_est + 0.0001; 
lhs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, tl me_sum , bl_est); 

end; 
low := bl_est - 0.0001; 
hlgh := bl_est; 

{ perform blsectlon untll value at WhlCh relatlonshlp f1rst 
changes lS found 

} 

repeat 
bl_est := (low + h1gh) / 2; 
lhs_est := lhs (Me); 
rhs_est := rhs (Me_x_te, te, tlme_sum, bl_est); 
1f lhs_est < rhs_est then 

h1gh := bl_est 
else 

low := bl_est; 
unt1l abs(lhs_est - rhs_est) <= epsllon; 
calc_bl_est := bl_est; 

end; 
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{---------------------------------------------------------------------} 
procedure new_data 

INTEGER; 
REAL; 

gamma_O, 
Me 

var tl me_sum 
phl 

var t 
REAL; 
array_type) ; 

var 

{ Index } 1 

preVlOUS 
INTEGER; 
REAL; { value of prevIous tlme generated } 

busted boolean; { lndlcates If overflow condItIon present} 
begIn 

{ repeat untIl valId tImes generated} 
repeat 

{ InItIalIze values} 
prevIous := 0.0; 
tIme_sum := O.Oj 

busted : = false; 
1 : = 0; 

{ generate tImes untIl done or overflow condItIon} 
whIle (1 < Me) and not busted do 
begIn 

1 := I + 1; 

C calculate new tIme} 
t[lJ := prevIous + (l.O/phl) * 

In ( 1 - In(l-random(1.0)) / (gamma_O * exp (-phI * prevIous) ) ); 
preVIOUS := tell; 

{ add new tlme value to runnIng total } 
tlme_sum := tlme_sum + t[lJ; 

{ test for overflow condltlon } 
busted := ( phI * prevlous) > 88.0; 

end; 
untIl not busted; 

end; 
C----------------------------------------------------------------------} 
{ set confIdence Interval sIzes and corresponlng k values} 
procedure lnltlallze_k_val (var k_val : k_arr_type); 
begIn 

k_val[1J.cl := 50; 
k_valClJ.val := 0.675; 
k_val[2J.cl := 55; 
k_val[2J.val := 0.755; 
k_val[3J.cl := 60; 
k_val[3J.val := 0.84; 
k_val[4J.cl := 65; 
k_val[4l.val := 0.935; 
k_val[5l.cl := 70; 
k_val[5J.val := 1.035; 
k_val[6J.cl := 75; 
k_val[6J.val := 1.15; 
k_val[7J.cl := 80; 
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k_valE7J.val := 1.28; 
k_valE8J.cl := 85; 
k_valE8J.val := 1.44; 
k_valE9J.cl := 90; 
k_valE9J.val := 1.645; 
k_valC10J.Cl := 95; 
k_valE10J.val := 1.96; 

end; 

;--., 
COl'., .. DENCE.P 

{-----------------------------------------------------------------------} 
{ lnltlallze array to hold 'l. group break out and y-axls labels} 
procedure lnltlal_pos_array (var pos_array : grp_array_type); 

var 1 : lnteger; 

begln 
pos_arrayE1J.value := 0.999; 
pos_arrayE1J.labell := 100; 
for 1 := 2 to num_grps do 
begln 

pos_arraY[lJ.value := pos_arrayCl-1J.value -
pos_arrayC1J.labell := pos_arrayCl-1J.labell 

end; 
end; 

0.05; 
- 5-, 

·c -----------------------------------------------------------------J. 
{ procedure to convert lnteger < 1000 to a strlng } 
procedure strx (tag: lnteger; var val_str : llne_type); 

var temp : lnteger; 

begln 
temp := tag dlV 100; 
val_strE1J := chr(48+temp)j 
tag := tag - temp*100; 
temp := tag dlV 10; 
val_strC2J := chr(48+temp); 
tag := tag - temp*10; 
temp := tag; 
val_strC3J := chr(48+temp); 

end; 
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{-----------------------------------------------------------------------} 
{ procedure to get data llne to pr1nt on graph} 
procedure get_l1ne( pos_array grp_array_type; 

var data data_array_type; 
grp_num, 

data_pts 
h1ghhght 

1nteger; 
boolean) ; 

var 
1 , 

mark_pos 
hne 
flU 

beg1n 

INTEGER; 
array[1 •• 50J of char; 
CHAR; 

{ h1ghl1ght 1nd1cates th1S llne lS the 11ne match1ng the conf1dence 
1nterval sl:e, so mark 1t w1th dashes} 

1f h1ghl1ght then 
f1l1 := .. 

else 
flll := 

[ 1nltlall:e llne } 
for 1 := 1 to data_pts*5 do 

11 ne [1] : = flU; 

{ 1f llne not on conf1dence 1nterval sl:e, set dots every 5 so 
read1ng 1S eaS1er } 

If not h1ghl1ght then 
for 1 := 1 to data_pts do 

11 n e [1 *5 - 2] : = '.'; 

C determ1ne 1f any data pOints fall 1n lnd1cated X group and mark} 
for 1 := 1 to data_pts do 
beg1n 

mark_pos := 1*5 - 2; 

end; 

1f not data[lJ.used_1 then 
beg1n 

11ne[mark_posJ := markl; 
data[lJ.used_l := true; 

end; 

1f not data[1].used_2 then 
beg1n 

1f 11ne[mark_pos] = markl then 
11ne[mark_pos] := combo_mark 

else 
llne[mark_posJ := mark2; 

data[lJ.used_2 := true; 
end; 
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{ prlnt llne to output flle } 
for 1 := 1 to data_pts*5 do 

wrlte(out_gph, llneEl]); 
wrlteln(out_gph); 

end; 

CON. JENCE.P 

~----------------------------------------------------------------------} 
BEGIN 

reset(ln_gph); 
rewrlte(out_gph); 

lnltlal_pos_array(pos_array); 
lnltlallze_k_val(k_val); 

whlle not eof(ln_gph) do 
begln 

readln(ln_gph, gamma_O, phl, Me, runs); 

{ determlne number of errors to flrst generate } 
start := round( (gamma_O * 0.1) ); 
{ determlne amt to lncrease errors by } 
Me_offset := round( (gamma_O * 0.1) ); 

{ determlne number of dlfferent errors set slzes } 
num_pts := (Me - Start) dlv Me_offset + 1; 

{ generate data for number of deslred runs -- total errors} 
for J := 1 to runs do 
begln 

new_dataCgamma_O, Me, tl me_sum , phl, t); 

{ for each error set slze, use # of errors from those errors 
generated and calculate bO and bl estlmates } 

for k := 1 to num_pts do 
begln 

num_errors := start + (k-l) * Me_offset; 
tlme_sum := 0.0; 
for 1 := 1 to num_errors do 

tlme_sum := tlme_sum + tEl]; 
te[k, JJ := t[num_errors]; 
bl_estEk, J] := calc_bl_est (num_errors, teEk, J], tlme_sum); 
bO_est[k, J] := get_bO_est(num_errors, te[k, J], bl_est[k, JJ); 

end; 
end; 

{ calculate averages for generated estlmates } 
for k := I to num_pts do 
begln 

bl_sum := 0.0; 
bO_sum := 0.0; 
for J := I to runs do 
begln 

bl_sum := b1_sum + b1_est[k,JJ; 
bO_sum := bO_sum + bO_est[k,J]; 

end; 
data[kJ.bl_mean := bl_sum / runs; 
data[kJ.bO_mean := bO_sum / runs; 

end; 
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. 

{ test 
for ii 
begin 

~ . 
data on different cc Intervals in k_val } 
:= 1 to num_ci do 

{ for each error set size, generate conf intervals on values} 
for k := 1 to num_pts do 
begin 

num errors := start + (k-1) * He_offset; 
bO_ln_cnt := 0; 
bO_untest := 0; 
bO_min_lower .- 0; 
b1_in_cnt .- 0; 
b1_high . - 0; 
b1_low .- 0; 
b1_min_sum .- 0.0; 
bl_max_sum := 0.0; 
bO_min_sum := 0.0; 
bO_max_sum := 0.0; 

{ for each data run, calculate confidence and test} 
for j := 1 to runs do 
begin 

I_val := I (num_errors, b1_est[k,j], te[k,j]); 
b1_offset := k_val[iiJ.val / SQRT(I_val); 
b1_min := bl_est[k, j] - b1_offset; 
bl_max := b1_est[k, j] + bl_offset; 
bl_min_sum := bl_min_sum + bl_min; 
b1_max_sum := b1_max_sum + b1_max; 
if b1_min <= epsilon2 then 

begin 
b1_min := 0.0; 
bO_untest := bO_untest + 1; 
if get_bO_est(num_errors, te[k, j], b1_max) < gamma_O then 

bO_min_lower := bO_min_lower + 1; 
end 

else 
begin 

bO_min := get_bO_est(num_errors, te[k, j], b1_max); 
bO_min_sum := bO_min_sum + bO_min; 
bO_max := get_bO_est(num_errors, te[k, j], b1_min); 
bO_max_sum := bO_max_sum + bO_max; 

if (gamma_O >= bO_min) and 
(gamma_O <= bO_max) then 

bO_in_cnt .- bO_in_cnt + 1; 
end; 

if phi < b1_min then 
b1_high := b1_high + 1 

else if phi > b1_max then 
b1_low := b1_low + 1 

else 
b1_in_cnt .- b1_in_cnt + 1; 

end; 

strx(num_errors, data[k].labell); 
data[kJ.bO_in_pct .- (bO_in_cnt + bO_min_lower)/runs; 
data[kJ.b1_in_pct := b1_in_cnt I runs; 
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dataCk].used_l := false; 
dataCk].used_2 := false; 
data[k].bi_hlgh:= b1_hlgh / runs; 
dataCk].bl_low:= bi_low / runs; 

dataCk].bl_low_mean := bl_mln_sum / runs; 
data(k].bl_hlgh_mean := b1_max_sum / runs; 

If bO_untest < runs then 
begIn 

data[k].bO_mln_mean := bO_mln_sum / (runs - bO_untest); 
If bO_untest >= (runs dlV 2) then 

data[kJ.bO_max_mean := 9999.0 
else 

data[k].bO_max_mean := bO_max_sum / (runs - bO_untest); 
end 

else 
begln 

end; 

data[kJ.bO_mln_mean := 0.0; 
dataEkJ.bO_max_mean := 9999.0; 

end; 

C prlnt results for one conf lnterval Sl:e } 
wrltelnCout_gph,' Graph of X of bO/bl Estlmates Faillng In 

k_vaICllJ.Cl:3, '/. CI '); 

# => bO @ =) bl * => bO ~(b1'); 
wrltelnCout_9Ph)j 
wrlteln(out_gph,' 
wrltelnCout_9Ph); 
wrlteln(out_9Ph, , Phl = ',phl:5:4,' ':5, 

'runs: ',runs:2); 
wrlteln(out_gph); 

wrltelnCout_9Ph); 
wrltelnCout_gph,' X In'); 
wrlteln(out_9Ph); 
for J := 1 to num_grps do 
begIn 

get_Ilne(pos_array, data, J, num_pts, k_vaICll].Cl = pos_arraY[JJ.labell); 
end; 

wnte(out_gph,' ':5, '-'); 
for k := 1 to num_pts do 

wrlte(out_9Ph, '-----'); 
wrlteln(out_9Ph); 

for I := 1 to 3 do 
be91n 

wn te (out_gph,' ': 6) ; 
for k := 1 to num_pts do 

Wrl te (out_gph, , , ,dataCkJ .labell ClJ, , '); 
If I = 2 then 

wrlteln(out_9Ph,' # faults fIxed') 
else 

wrlteln(out_9Ph); 
end; 
wrltelnCout_9Ph); 
wn tel n Cout_9ph, , Mean 
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Mean' ); 
wr1teln(out_gph,' Me 

low 
wr1teln(out_gph,'---

i.bO 
bl bl M1n 

bO 
bl Max 

bO m1n 
1n Cl h1gh', 

1n C1 bO max'); 

-------------------------'). , 
for k := 1 to num_pts do 

wr1teln(out_gph, data[kJ.labell,' ',data[kJ.bl_mean:7:6,' 
data[kJ.bl_low_mean:7:6,' ',data[kJ.bl_h1gh_mean:7:6,' 
data[kJ.bl_ln_pct:4:3, , , 
data[kJ.bl_hlgh:4:3,' ',data[kJ.bl_low:4:3,' , 
data[kJ.bO_ln_pct:4:3,' ',data[kJ.bO_mean:6:1,' , 
data[ k]. bO _m1 n_mean: 6: 1, , , ,data[ k]. bO _max_mean: 8: 1) ; 

wr1teln(out_gph,chr(12»; 
end; 

end; 
close (In_gph); 
c1 ose (out_gph) ; 

END. 
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GRArrl.P 

ThlS program performs no data generatlon. It produces summary graphs of the of data generated 
by the BASIC.P program. 

PROGRAM GRAPH; 

canst 
11ne_Iength = 65; 
mark = '*'; 
num_grps = 31; 
ma:{_pts = 20; 

type 
array_type 
hne_type 

= arrayE1 •• 100] of REAL; 
= STRINGEllne_lengthJ; 

= record 
value: real; 
labell : lnteger; 

end; 

data_rec_type = record 

'/ar 
gamma_O, 
repeats, 
runs, 
Me, 
1 , 

k, 
temp_length, 
J 
phl 
pos_array 
data 
b 1, 
te, 
tsum, 
bO 
llne 
In_flle 
out_hIe 
flle_name, 
flle_name2 
temp_str 

value, 
bO_mean, 
bO_std, 
bl_mean, 
bl_std, 
tsum_mean, 
te_mean 
labell 
used 

end; 

INTEGER; 

real; 
stnngE3] ; 
boolean; 

REAL; 
grp_array_type; 
data_array_type; 

array_type; 
llne_type; 
TEXT; 
TEXT; 

STR I NG E 14] ; 
STRINGE3] ; 

{ number horlzontal graph llnes } 
{ max number of vertlcal graph llnes } 

G-17 



~ 

GRA •.• P 

{-----------------------------------------------------------------------} 
{ ThlS array holds the break out percentages for graph llnes and the 

correspondlng y-axls labels 
} 

begln 
pos_arrayE1J.value := 1.95; 
pos_arrayE1J.labell := 100; 
for 1 := 2 to 10 do 
begln 

pos_arrayE1J.value := pos_arrayEl-1J.value - 0.1; 
pos_arrayE1J.labell := pos_arrayEl-1J.labell - 10; 

end; 
pos_arrayEl1J.value := 1.045; 
pos_arrayEl1J.labell := 5; 
for 1 := 12 to 21 do 
begln 

pos_arraY[lJ.value := pos_arrayEl-1J.value - 0.01; 
pos_arraY[lJ.labell := pos_arraY[l-lJ.labell - 1; 

end; 
pos_arrayE22J.value := 0.85; 
pos_arrayE22J.labell := -10; 
for 1 := 23 to 30 do 
begln 

pos_arraY[lJ.value := pos_arrayEl-1J.value - 0.1; 
pos_arraY[lJ.labell := pos_arrayEl-1J.labell - 10; 

end; 
pos_arrayE31J.value := 0.0; 
pos_arrayE31J.labell := -100; 

end; 
C-----------------------------------------------------------------------} 
FUNCTION Mean<Values: array_type; Count:lnteger>:Real; 

<* ThlS FUNCTION calculates the MEAN of count number of VALUES *> 

Var 
Accum Real; 
I Integer; 

Begln <* mean *> 
Accum := 0.0; 
for I := 1 to Count do 

Accum := Accum + ValuesEIJ; 

<* sum of all values *> 
<* loop control varlable *> 

Mean := Accum / Count; <* calculate MEAN *> 
End; <* mean *> 
{-----------------------------------------------------------------------} 
FUNCTION Standev<Values: array_type; Mean: REAL; Count:INTEGER):REAL; 

Var 

<* ThlS FUNCTION calulates the Standard Devlatlon of COUNT 
amount VALUES glves the MEAN *) 

Sqr_Accum, 
temp 
I 

real; 
Integer; 

<* sum of all values squared *) 

<* loop control varlable *) 
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Begln (* Standev *) 
Sqr_Accum := 0.0; 
For I := 1 To Count Do 
begln 

temp := (Values[IJ - Mean); 
Sqr_Accum := Sqr_Accum + temp * temp; 

end; 

GRAr .1. P 

(* Reset to 0 *) 
(* sum up squared values *) 

Standev := SQRT( Sqr_Accum / Count) (* Flgure Standard Devlatlon *) 
End; (* Standev *) 

{-------------------------------------------------------------------------} 
{ ThlS procedure prlnts a horlzontal graph Ilne after all data has been 

totalled 
} 

procedure get_Ilne( pos_array : grp_array_type; 
var data: data_array_type; 

grp_num, 

var 
1 I 

mark_pos 
llne 
flll 

begln 

data_pts : lnteger); 

INTEGER; 
STRING[BOJ; 
CHAR; 

If pos_array[grp_num].labell = 0 then 
flll := ' , 

else 
flll := ' '; 

for 1 := 1 to data_pts*5 do 
llne[l] := flll; 

wrlte(out_flle,pos_array[grp_num].labell:4,' : '); 
for 1 := 1 to data_pts do 
begln 

If (po~_array[grp_num].value < data[l].value) then 
If not data[l].used then 

begln 
llne[1*5 - 1J := mark; 
data[lJ.used := true; 

end 
else 

l1ne[1*5 - 1] := '.'; 
end; 
for 1 := 1 to data_pts*5 do 

wrlte(out_flle, llne[l]); 
wrlteln(out_flle); 

end; 
{-----------------------------------------------------------------------} 

begln 
lnltlal_pos_array(pos_array); 
wrlte('Enter Name of Data Flle => '); 
readln(flle_name); 
asslgn(ln_flle, flle_name); 
reset Cln_flle); 
flle_name~ := "; 
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wr1te('Enter Name for Output F1le (Ret for .gph ext) =) '); 
readln(f1Ie_name2); 
If length (flle_name2) = ° then 

flle_name2 := concat(flle_name,'.gph'); 
asslgn(out_f1Ie, flle_name2); 
rewrlte(out_flle); 
k : = 0; 
whlle not eof(ln_flle) do 
begln 

k := k + 1; 
readln(ln_f1Ie, gamma_O, phl, Me, repeats, runs); 
for I := 1 to runs do 
begln 

readln(1n_flle, blClJ, bOCl), tsumCl), teClJ); 
end; 
str(repeats, temp_str); 
temp_length := length(temp_str); 

GRh .• P 

data[kJ.labell := concat(copy(' ',1,3 - temp_length), temp_str) 
dataCkJ.bO_mean:= MEAN(bO, runs); 
dataCkJ.bl_mean:= MEAN(bl, runs); 
data[kJ.tsum_mean:= MEAN(tsum, runs); 
dataCkJ.te_mean:= MEAN(te, runs); 
dataCkJ.bO_std := Standev(bO, dataCkJ.bO_mean, runs); 
data[kJ.bl_std:= Standev(bl, dataCkJ.bl_mean, runs); 
dataCkJ.value := data[kJ.bO_mean/gamma_O; 
data[kJ.used := false; 

end; 
wrlteln(out_flle,' Graph of X bO estlmate dlffers from gammaO : '); 
wrlteln(out_flle); 
wrlteln(out_flle, , Gamma_O = ',gamma_O:3, ' Phl = ',phl:5:3,' ':10, 

'Source: ',flle_name); 
wnteln(out_flle,' n = ',Me:3,' ':23, 

'Output: ',flle_name2); 

wrlteln(out_flle); 
wrlteln(out_file, , Xoff'); 
wrlteln(out_flle); 
for 1 := 1 to num_grps do 
begln 

get_llne(pos_array, data, 1, k); 
end; 

wnte(out_flle,' ':5, '-'); 
for 1 := 1 to k do 

wrlte(out_flle,'-----'); 
wrlteln(out_flle); 

for 1 := 1 to 3 do 
begln 

wnte(out_f11e,' ':7); 
for J := 1 to k do 

wrlte(out_flle,' ',dataCJJ.labell[lJ,' '); 
If 1 = 2 then 

wrlteln(out_flle,, # repeats') 
else 

wrlteln(out_flle); 
end; 
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{ prInt statIstIcal results} 
for 1 := 1 to 94 do 

wrlte(out_flle,'-'); 
wrlteln(out_flle); 
wrlteln(out_flle,' 

for 1 := 1 to k do 

Me 
Std 

tsum 
Mean 

Mean 

bl 

wrlteln(out_flle,' ':5,data[lJ.labell,' 
data[lJ.bl_std:9:8, . 
data[lJ.bO_std:7:2,· 
data[lJ.te_mean:8:1); 

cl ose ( 1 n _ hI e) ; 
close(out_flle); 

~nd, 

te') ; 
Std 

Mean') ; 

-----_.) ; 

GR~ I. P 

bO° 

Mean 

., data[lJ.bl_mean:9:8,' 
" data[lJ.bO_mean:7:2,· 

'" data[lJ.tsum_mean:l0:1,· 
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HIS ... dRAM.P 

This program generates scatter plots (histograms of the data generated by the BASIC.P program. 

~ROGRAM HISTOGRAM; 

canst 
mark = '*'; 
num_grps = 20; 

type 
table_type = arrayCl •• num_grps,1 •• 100J of Char; 
count_array_type = arrayCl •• num_grpsJ of INTEGER; 

lar 
gamma_O, 
repeats, 
runs, 
Me, 
group, 
ma}:_grp_cnt, 
I , 

J : INTEGER; 
phI, 
bl_est, 
bl_max, 
bl_mln, 
bO_est 
data 
out_hIe 
f 11 e_name, 
hle_name2 
count_arr 
table 
graph_type 
bO_graph 

REAL; 
TEXT; 
TEXT; 

STRINGC 14]; 
count_array_type; 
table_type; 
CHAR; 
BOOLEAN; 

{-----------------------------------------------------------------------} 
procedure Inltlall=e; 

var 
1, J : INTEGER; 

begIn 
for 1 := 1 to num_grps do 
begIn 

count_arrClJ := 0; 
for J := 1 to 100 do 

table[l,J] := ' '; 
end; 

end; 
{-----------------------------------------------------------------------} 

begIn 
wrlte('Enter Name of Data FIle => '); 
readln(flle_name); 
assIgn(data, fIle_name); 
reset(data); 
wrlte('Enter Name for Output FIle => '); 
readln(flle_name2); 
wrlte('Graph for bO (YIN) ? '); 
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readln(graph_type); 
bO_graph := graph_type 1n ['Y','y'l; 
ass1gn(out_f1le, f1le_name2); 
rewr1te(out_f1le); 
wh1le not eof(data) do 
beg1n 

1n1t1allze; 
readln(data, gamma_O, ph1, Me, repeats, runs); 
for I := 1 to runs do 
beg1n 

readln(data, bl_est, bO_est); 
1f bO_graph then 

HIL ,GRAM. P 

group := 1 + trunc( (bO_est/gamma_O) * 100.0 - 5.0) / 10) 
else 

group := 1 + trunc( (bl_est/phl) * 100.0 - 5.0) / 10); 
1f group > num_grps then 

group := num_grps 
else If group < 1 then 

group := 1; 
count_arr[groupl := count_arr[groupl + 1; 
table[group,count_arr[groupl] := mark; 

end; 
max_grp_cnt := 0; 
for I := 1 to num_grps do 

If count_arr[!l ) max_grp_cnt then 
max_grp_cnt := count_arr[!l; 

1f max_9rp_cnt < 48 then 
max_grp_cnt := max_9rp_cnt + 2; 

If bO_graph then 
wr1teln(out_f1le,' Chart of Est1mates of bO w1th ') 

else 
wr1teln(out_f1le,' 

wrlteln(out_flle); 
Chart of Est1mates of b1 w1th , ) ; 

wrlteln(out_flle,' Gamma_O = ',gamma_0:3, , Phl = ',phi:5:3,' ':10, 
'Source : ',h Ie_name); 

wnteln(out_hle,' n = ',Me:3,' r = ',repeats:3,' ':12, 
'Output File: ',flle_name2); 

wr1teln(out_f1le); 
for J := 1 to max_grp_cnt do 
beg1n 

wrlte(out_f1le, max_grp_cnt - J + 1:2,' • '); 
for I := 1 to num_grps do 

wnte(out_flle,' ',table[I,ma:<_grp_cnt - J + 1],' '); 

wnteln(out_flle,' • '); 
end; 
wr1te(out_f1le,' -'); 
for! := 1 to num_grps do 

wr1te(out_f1le,'---'); 
wr1teln(out_flle,'--'); 
wrlteln(out_f1le,' -90 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90 100+'); 
wr1teln(out_f1le); 
wr1teln(out_flle,' i. Est1mate Differs from Actual Value '); 
wr1teln(out_flle,chr(12»; 

end; 
close(data) ; 
close(out_flle); 

end. 
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Equations used in BASIC.P to generate Failure Data 

This function is an implementation of equation 7. 

Here, 

Me - equals the number of faults found, 
te - equals the time to end of testing, 
bl est - equals the calculated estimate for bl 

FUNCTION get bO est (Me 
- - te, 

INTEGER; 

bl est REAL) : REAL; 

{ function to get estimate of bO given bl_est 

begin 
get bO est := Me / ( 1 - exp(-bl_est * tel ); 

end; - -

This function is an implementation of equation 11. 

The equation was rearranged to the following form: 

The function has 2 subfunctions, lhs and rhs, which represent each side of the 
rearranged equation. The bisection method is used to find a point where the 
values of the lhs and rhs functions are less than a given epsilon. 

FUNCTION calc_b1_est(Me 
te, 
time sum 

INTEGER; 

REAL) : REAL; 

{ * errors found } 
{ time to end of testing 
{ sum of failure times } 

function to get estimate of b1 given failure data } 

VAR 
b1 est, 
low, 
high, 
lhs est, 
rhs-est, 
Me x te REAL; 

holds working estimate of b1 } 
low end of estimation interval } 
high end of estimation interval 
var to hold lhs of eq value } 
var to hold rhs of eq value } 
var to hold product calculated once } 
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{-------------------------------------------------------------------} 
FUNCTION lhs(Me : INTEGER) : REAL; 

{ function to get value of left hand side of equation solving 
for bl } 

begin 
Ihs := Me; 

end; { lhs } 

{-------------------------------------------------------------------} 
FUNCTION rhs(Me x te, 

te; -
time sum, 
bl est : REAL) : REAL; 

function to get value of right hand side of equation solving 
for bl } 

begin 
rhs := b1_est * ( Me_x_te / (exp(b1_est * tel - 1) + time_sum); 

end; 
{-------------------------------------------------------------------} 

begin 
{ initial guess at bl to start calculations } 
bl_est := 0.0001; 

{ calculate product once and store for use 
Me x te := Me * te; 

{ get left hand side, right hand side guess values 
lhs est := lhs (Me): 
rhs-est := rhs (Me_x_te, te, time_sum, bl_est): 

{ if lhs est > rhs est increase bl est until not true } 
while lhs est > rhs est do 
begin -

bl est := bl est + 0.0001: 
lhs est := lhs (Me); 
rhs-est := rhs (Me x te, te, time_sum, bl_est): 

end: - - -
low := b1 est - 0.0001: 
high := bl_est: 

perform bisection until value at which relationship first 
changes is found 

repeat 
b1 est := (low + high) / 2: 
lhs est := lhs (Me): 
rhs-est := rhs (Me x te, te, time_sum, b1_est); 
if Ihs est < rhs est-then 

high-:= b1 est-
else -

low := b1 est: 
until abs(lhs:est - rhs_est) <= epsilon; 

calc b1 est := b1_est: 
end; 
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This procedure is an implentation of equation 23. The produces 'repeats' number 
of failure time data sets and averages the corresponding failure times. 

t = -Yo In (1 + In (1 - r) ) 
)..0 yos-110/Yo) tsum 

procedure new data gamma_O, 
Me, 

repeats 
var time sum 

-phi 

{ total number of faults } 

var 

{ number faults to generate} 
INTEGER; { number of repetitions } 
REAL; { sum of all failure times 
REAL; { failure rate per fault } 

var t array_type);{ array of generated times 

procedure to generate a set of failure times using number of repeats 
indicated. 

i, j INTEGER; 
REAL; 
array_type; 

indices } 
tsum 
t avg 
bust 

beg~n 

boolean; 

value of previous failure t~me } 
array to hold running total to be averaged } 
indicates overflow cond~tion } 

{ initialize array that will hold running totals of times } 
for j := 1 to Me do 

t _a vg [ j ] . = O. 0 ; 

J := 0; 

get number of time samples indicated by variable repeats } 
repeat 

{ initialize variables 
bust .= false; 
tsum := 0.0; 
~ := 0; 

generate required times } 
repeat 

i := i + 1; 

{ test for overflow condition 
if (tsum * phi> 719.0) then 

begin 
bust := true; 

end 

else {generate next time interval } 
begin 

{ 1.0 / phi = gamma_O / lambda ° 
t[i] := tsum + (1.0/phi) * 

ln ( 1 - In(l-random(l.O)) I 
(gamma a * exp (-phi * tsum) ) ); 

tsum := t [i) ; -
end; 

until (i = Me) or bust; {until all times gotten or overflow 

{ add time intervals to t_avg to keep running totals 
if not bust then 
begin 

for i := 1 to Me do 
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t avg[i] := t_avg[i] + t[i]; 
j :;;' j + 1; 

end; 

until j = repeats; {repeat until required samples performed 

{ calculate average times and total of time averages } 
time sum := 0.0; 
for J := 1 to Me do 
begin 

t[j] := t avg[j] / repeats; 
time sum := time sum + t[j]; 

end; - -
end; 
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Additiona~ Copfidence Interva~ Program Equations 

This function is an implementation of equation 15, 

FUNCTION I (Me 
bl_est, 
te 

INTEGER; 

REAL) : REAL; 

function to get fisher information for bl } 

begin 

I := Me * ( 1 / SQR(bl est) -0 

SQR(te) * exp(bl_est * te) / SQR( exp(bl_est * te) - 1) ); 
end; 

The following code segment calculates confidence interval boundaries implementing 
equation 14. 

~ Jc ± ~-t1/2 
JI(P Jc) 

I val := I (num errors, bl est[k,j], te[k,j]); 
bloffset := k val[ii] .val-/ SQRT(I val); 
bl-min 0= bl est[k, j] - bl offset;-
bl=max := bl=est[k, j] + bl=offset; 

bO min 0= get bO est(num errors, te[k, j], bl max); 
bO-max 0= get=bO=est(n~errors, te[k, j], bl=min); 
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End of Document 


