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ABSTRACT

In this paper, a statistical model known as the AMSAA
reliability growth model, is evaluated by measuring how
well it tracks various reliability growth patterns. These
patterns are defined by specified sequences of failure
rates. Monte Carlo simulation is used to generate test data
based on a time-terminated test plan. Estimates of failure

rates, computed using the AMSAA model, are compared with the

specified failure rates. Results for 18 reliability growth

patterns are presented in both tabular and graphical form.
Four modifications in the use of the model are discussed

with selected results of their application presented.
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I. IﬁTRODUCTION

Many methods of modeling reliability growth have been
proposed and used with some success. Reference 1 contains
a detailed discussion of reliability growth, reliability
growth models, and describes several models that are
available to the manager for use in measuring reliability
growth in his program.

The purpose of this study is to evaluate the accuracy
of the Army Materiel Systems Analysis Activity (AMSAA)
reliability growth model [Ref. 1] for systems which prdvide

limited test data during the development cycle.
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II. THE AMSAA RELIABILITY GROWTH MODEL

The AMSAA reliability growth model is a statistical
model that estimates reliability growth trends. It is
applicable to systems for which usage data is measured on
a continuous scale.

As with most reliability growth models, the AMSAA
model uses test data to estimate unknown parameters which
are then used to estimate the reliability growth trend.
References 1 and 2 develop the AMSAA model in detail. This
paper addresses the use of the AMSAA model for sequential,
time-terminated testing.

Time-terminated testing occurs when each item is tested
until failure or until that item has been tested a speci-
fied amount of time. If an item does not fail before the
planned test time, then a failure has not occurred and the
next item is tested.

For time-terminated testing, the AMSAA model [Ref. 1]
provides the following estimate for the failure rate of a
type of hardware unit (component, assembly, subsystem,
system) at total accumulated test time T on that type of

unit;

r=gCY)

where N = number of failures of that type of item to
time T
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with X. = total accumulated test time over all items
.tested when the j th failure occurs,

Using these estimators, the accuracy of the AMSAA model

was evaluated for a variety of reliability growth patterns.
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III. TESTING PROCEDURE

Reliability growth models are often evaluated against

E‘
b
1
;
:
g

actual test data. The problem with evaluating a model

against actual data is that the failure rate driving the

Catihare il o

system at any one time is never known, it can only be
estimated.

The purpose of this chapter is to describe the test

plan under which the analysis was made and define the test

organization used. Figure 1 shows the relationship between

the elements of the test plan and the organization of the

testing.
TEST PLAN
puses | [PREE] [ e | [ |
N S |
CASE ;
DATA
SET

TEST

Figure 1. Test Organization
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A. TEST PLAN

The key elements of the test plan used for the evalua-
tion of the AMSAA model are described below,

1. Phases

Tests were conducted in phases consisting of testing

a specified number of items with randomly generated exponen-
tial failure timeS‘baséd on the failure rate specified for
that phase.

2. Failure Rates

Each phase had a specified failure rate, which was
assumed to be constant for the duration of the phase. The
failure rates specified could be different from phase to
phase. This set of failure rates defined the reliability
growth pattern for a test,

3. Items Tested

A specified number of items was tested in each
phase. In this analysis, the number of items tested was the
same for each phase in any one test.

4, Planned Test Time

Each item in a phase was tested to failure or until
the specified planned test time for that phase was reached.
The planned test time was the same for all items tested

during any one phase.

B. TEST ORGANIZATION
l, Cases
The AMSAA model was applied to 18 test cases where

each case was defined by a set of failure rates and a

12




specified number of phases, The general shape of the various
cases, classified by number of phases and by trend of
growth, can be found in Figures 2 through 5. Test phases
are plotted, equally spaced, on the horizontal axis and
failure rates are plotted on;the vertical axis.
a. Set of Failure Rates

Each set of failure rates defined a reliability
growth curve which was then classified by its general trend
of growth into one of two categories:

(1) Non-increasing Failure Rates
(Figures 2 and 3)

(2) Failure Rates that Increase
at least once during testing
(Figures 4 and 5)
b. Number of Phases
In addition to their growth trend, cases were
grouped, for comparison, by their total number of phases.
The two groups are those that have 16 phases'and those that

have 6 phases.

(1) 16-Phase Cases. Cases 1 through 6

(Figure 2) and cases 13 through 18 (Figure 5) were each
defined by specifying 16 failure rates, one for each of the
16 test phases,

(2) 6-Phase Cases, The growth patterns for

cases 7 through 12 (Figures 3 and 4) were defined by a set
of six failure rates, Some of the cases reflect the same

growth patterns shown for the 1l6~Phase cases, except that,

the testing was carried out for only six test phases:




CASE 1 CASE 2 ’

CASE 3 CASE 4

CASE 5 / CASE 6

Figure 2. 16~Phase Cases with Non-increasing
Failure Rates
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CASE 7 CASE 8
s
.
——— —
CASE 9 CASE 10

Pigure 3. 6-Phase Cases with Non-increasing
, Failure Rates
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CASE 11
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CASE 12
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6-Phase Cases with Pallure Rates
that Increase
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CASE 13

CASE 15

CASE 17

CASE 14

CASE 16

CASE 18

Figure 5. 16-Phase Cases with Failure Rates

that Increase
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2, Data Sets

Specification of the number of items to be tested in
any phase for a particular case resulted in a Data Set. The
number of items tested during a phase was the same for each
phase of testing. Three sets of test data were generated
for each case, one set each for tests with 5, 10, and 20
items per phase.

3. Tests

The remaining element of the test plan, Planned Test
Time, was used to define individual tests. Since the failure
rate underlying the exponential test times was known, planned
test times were chosen so that the probability of survival
was such that sufficient failures would occur.

a, Test 1l

The planned test times for Test 1 were generated
so that the probability of survival for each item would be
.85.

b. Test 2

Test 2 consisted of generating planned test times
by using a probability of survival for each item of .99,

This test was run to see how the model performed with very

limited data.

|
i
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Iv. ANALYSIS PROCEDURE

A. MODEL ESTIMATES

1. Shape Parameter

Using the test data generated above, the shape
parameter for the model was estimated at the end of each

phase, i, using the AMSAA estimator:

P i
By = N3 ’
N.lnT. - I 1nX.
where
Ni = number of failures that occurred to the
end of phase i,
Ti = total accumulated test time over all
items to the end of phase 1,
and Xj = total accumulated test time over all

items when the j th failure occurs
with a small exception.1

2, Failure Rate

The model estimate of the failure rate at the end
of the i th phase was computed in accordance with the AMSAA

model as follows:

1 It should be noted that the estimate of 8 can only be
computed when N.>1, If N,=1, the failure must not occur as
the last item o} a phase Qince. in that case, Ti=xi’ thus

making 8 an indeterminate form.

19
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-~ N
r. = Bi ( T% ) .
i

- This resulted in a set of failure rate estimates
that was then compared to the set of specified failure rates

used to generate the test data.

B. EVALUATION CRITERIA
% The manager using a reliability growth model is inter-
ested in two things, accuracy and variability.
1. Accuracy
Accuracy measures the ability of the model to track
a reliability growth trend. The measure of accuracy used in

evaluating the AMSAA model was the failure rate estimate

error as a percentage of the actual failure rate.

This percentage error is defined as follows:

=
where r; = mean estimste of the failure rate for the
i th phase

and r, specified failure rate for the i the phase. ]

1

This measure of error was calculated at the end of 5

each phase and used to trace the accuracy of the moedel over

2 Sample may be less than the 100 replications simulated.
See footnote 1, page 17.
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all phases of each test case. This estimate error, as a

A percentage of the actual failure rate, can be found in the

tabulated statistics for each Data Set of the tests con-

e

tained in the appendices.

f 2, Variability

A manager, considering a reliability growth model
for use in a program, will not only be concerned with the
model's accuracy, but will be concerned with the variability
of the estimates the model provides.

The simulation used for this evaluation was repli-

cated 100 times. The mean estimates used to evaluate the

e e o mae =

tracking and measure the accuracy of the model only have

value over the long run. A manager, however, is primarily ]
interested in the one real application of the model. He is
concerned with how well a model performs for a single a

£ replication and is thus ultimately concerned about the

variability of the estimates he gets from the model in
addition to its tracking accuracy.

The measure of variability used for this study was
the standard deviation about the mean estimate of the 1

=
failure rate, r. o

ty - [T raE? |
S.D.(ri) = g (ri-ri) ’ }

where K = number of replications that yielded
estimates.




As with the failure rate percent error, the standard

deviation of the failure rate estimate is contained in the

tabulated statistics for each data set.




V. RESULTS

A. GENERAL DESCRIPTION

The results of the analysis are presented in the following
manner. The output for each test is contained in a separate
appendix to this paper. A data set is identified at the top
of each page. This heading consists of the case number and
the number of items for the data set. The output for each
data set consists of two parts; the tabulated statistics and i
a performance plot. Figure 6 is a sample of the presentation
of the results of a typical data set,. ;

1. Tabulated Statistics

The input parameters, model estimates, measures of
performance, and system status at the end of each phase of
testing are tabulated for each data set. The values given
are the average values over all replications for the data
set. Tigure 6 shows the format of the tabulated results.
The following paragraphs describe each line of the format.

a. Input Parameters

(1) PHASE. This line indicates the phase of
testing for the results listed below. Throughout the
appendices, results for 6-and l6-phase growth patterns are
presented. For l6~phase cases, the first 8 phases are

tabulated above a row of asterisks, The same format is K

then repeated below the asterisks for phases 9 through 16. ¥
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(2) ACTUAL FAILURE RATE. This row consists of 3

the sequence of specified failure rates that deflnes the
reliability growth curve for the test case given in the
heading. 1In Figure 6, the specified failure rates for
Phases 8 and 9 are 0.1440 and 0.1330 respectively.

(3) PLANNED TEST TIME. Here, the time to :

which each item was tested if it did not fail, is given.
This number was based on the actual failure rate and the
specified probability of survival for the test. This test
time was the same for all items tested in a phase. For
example, 10 items were tested in each of the 16 phases shown
in Figure 6. Those items tested in Phase 8 were tested for
1.1286 time units or until failure.

b. Model Estimates

(1) MODEL ESTIMATE. Line 4 of Figure 6 contains

the estimates of the failure rate provided by the AMSAA
model (see Section IV-A) for each phase of testing. Refer-
ring to Figure 6, it can be seen that the model estimate of
the failure rate at the end of the 8th Phase of testing was
0.1681 as compared to the actual failure rate of 0,14u40.

¢. Measures of Performance

(1) ESTIMATE ERROR, Here, the estimate error

as a percentage of the actual failure rate, is given. Again,

looking at the results for Phase 8, the percent error of

16.75 is found. This was computed as follows:




0.1681 ~ 0.14u40
x 100 = 16.74

0.14u40

The difference in the two percent errors is due to the extra
accuracy carried by the computer.

(2) SAMPLE STD DEVIATION. The next line of

entries is the standard deviation of the model estimate.
This criteria is discussed in Section IV-B. The standard
deviation of the model estimate for Phase 8 is 0.0685.

d. System Status

(1) CUMULATIVE TEST TIME. This row contains

the total test time over all items as of the end of the
indicated phase. At the end of the 8th Phase of testing,
51.176 time units of testing had been performed on the
system.

(2) CUMULATIVE FAILURES. The final entry in

the table is that of total failures on the system to the end
of the phase. As illustrated by Figure 6, an average of
12.01 failures occurred over all replications. This means
that, of the 80 items tested to the end of the 8th Phase,

12 failed.

2. Performance Plot

As an aid to evaluating the tracking accuracy of the
model, the specified failure rate and the estimated failure
rate are plotted for each phase of a test, Figure 6 contains

an example of a typical plot.
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All failure rates are plotted on a scale of 0 to
1.2. If an estimate is greater than 1.2, it is plotted at
1.2 and is noted as a point "out of range'". More precise
values of the points plotted can be obtained from the tabu-
lated output above the plot.

The phases, for each failure rate plotted, are
scaled on the horizontal axis. By referring to the CUMULA-
TIVE TEST TIME row of the tabulated statistics above the
plot, the amount of test time on the system, to the end
of a phase, can be found.

For example, in Figure 6, the items tested had
51.176 time units of testing at the end of Phase 8 and
62.421 time units at the end of Phase 9. Thus test Phase 9

consisted of 11.2u5 time units of testing.

B. TEST 1

The results for Test 1 are given in Appendix A. Model
estimates, made when cumulative test times on the system
were less than 10 hours, had a high percentage error and
large standard deviations. Testing more items per phase
tended to provide better estimates earlier in the testing.

1. Non-increasing Failure Rates

As would be expected, the AMSAA model tracks growth
patterns that approximate continuously decreasing curves
(Case 1) better than those that have drastic step changes

(Case 6), The model had a tendency to provide estimates

which lag behind the actual value of the failure rate.




This is reflected in the increase in percentage error during
the latter phases of testing. As can be seen in Case 4,
several phases of constant failure rate will cause the

model to lag behind even moderate changes in the failure
rate.

2. Failure Rates that Increase

As can be seen in the performance plots of Cases 11
through 18, the AMSAA model has a tendency to smooth
oscillations in the failure rate. This also seems to be
due to the tendency of the model to provide estimates of the
failure rate that lag the actual failure rate when the
growth pattern makes large step changes. This characteristic
can cause some large percentage errors and standard devia-
tions in the later phases of testing when the failure rate

increases for any reason.

C. TEST 2

Test 2 used planned test times generated for a proba-
bility of survival of .99. This resulted in far fewer
failures during the testing which severely curtailed the
model's ability to track a reliability growth pattern,

Appendix B contains the results for some representative
cases. As in Test 1, a minimum number of test hours or
failures is required for the model to make an accurate

estimate. This requirement is not met when a high relia-

bility system is being tested.




The results in Appendix B show a high percent error and
a large standard deviation for the estimates made during

the test.

D. MODIFICATIONS

As discussed above, the percentage error and the sample
standard deviation of the model estimates were high during
the early phases of testing and when failure rates in-
creased., In an attempt to reduce this error, the AMSAA
model was used in four modified test situations. All four
tests used the point estimate of the failure rate

number of failures during a phase

r_ = .
p total test time during a phase

It should be noted that the number of failures and the
test time used to compute the point estimate are not
accumulated over all phases but are only for the current

phase of testing.

The point eétimate, rp , was used for any phase where the

cunulative test time on the system was less than 10 hours.
Once the 10 hour threshold was exceeded, AMSAA model esti-
mates were used, These estimates were made using all data
from the beginning of testing if the failure rate was not

considered to have increased. The four modified tests

differed only in their handling of increasing failure rates.
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1. Estimating Slope

In order to determine whether the trend of failure
rates was increasing, the slope of the trend was estimated.
Two methods were used:

a. 2~Point Estimate of Slope

The slope was estimated using the point estimate,
»

rp, for the current phase and the last estimate, r..1

which may have been from the model or a point estimate.
Thus SLOPE = r_ -~ T,

b, 3-Point Estimate of Slepe
This method of estimating slope was used to
reduce the change that the estimated slope would be affected
by a randomly high point estimate, The slope was estimated
using the point estimate, Pp , for the current phase and the
last two estimates ;i-l and ;i~2 . The slope estimated con-

sisted of two parts:

~ [
-~ . and r - . .

i-1 1=2 P i-1

For the estimate of the slope to be considered increasing,
both parts had to be determined to be increasing.

2, Determining Increasigg_Slopg

Two methods of determining when an estimate of

slope could be considered increasing were used, The esti-

mates of slope described above were tested in one of the
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following ways for each of the modified tests.

SLOPE

jv

.07

SLOPE

v
N
3

i~1l

3. Modified Tests

Figure 7 shows the composition of each of the four

modified tests.

SLOPE » .07 SLOPE > .Zri_l
MOD1 MOD2
2-Point
Slope rn = Tig = .07 Ty - Tig 2 .2ry 4
Estimate
r
MOD3 MOD4
-Point - - .
? Tiq = Ti.p = <07 Fiqg = Fip 2 +2%5 5
Slope a and
Estimate an %
rp - Tiq > .07 rp -r j-1 > .2r1_1 i
s |

Figure 7. Composition of the Modified Tests
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The results of the modified tests are presented in

the appendices as follows:

TEST APPENDIX
MOD1 c
MOD?2 D
MOD3 E
MODUY F

Cases 4%, .3, 15, and 18 are presented for each test,




APPENDIX A

Results of Test 1

The results of Test 1 for Cases 1 through 18 are con-

tained in this appendix. Each case consists of three
data sets, one each for 5, 10, and 20 items. The results
are presented in two parts; the tabulated statistics and a
performance plot. The elements of the tabulated statistics
are described below. For l6-phase cases, the first eight
phases are presented above the asterisks and the last eight
are shown below.
l. Input Parameters
a. PHASE

This line indicates the phase of testing for which
the elements listed below apply. All statistics are as of
the end of the indicated phase.

b. ACTUAL FAILURE RATE

This line contains the failure rate specified for
the indicated phase. This failure rate was used to
generate the exponential failure times used as data for the
model.

c. PLANNED TEST TIME

This is the test time to which each item was tested
if failure did not occur earlier, For Test 1, the planned
test times were generated so that the probability of

survival was ,85,
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2. Model Estimates

a, MODEL ESTIMATE

This is the estimate of the failure rate provided
by the model for the test phase indicated (See Section IV-A).
3. Measures of Performar.ce
a. ESTIMATE ERROR AS

PERCENTAGE OF ACTUAL
FAILURE RATE

These entries were computed as a measure of accuracy
to be used for evaluating the tracking accuracy of the AMSAA
model (See Section VI-B).

b. SAMPLE STD DEVIATION

These values were computed as a measure of varia-
bility for the estimate error (See Section IV-B).
4. System Status

a, CUMULATIVE TEST TIME

The times listed are the total test time accumulated
over all phases of testing to the end of the indicated phase.

b. CUMULATIVE FAILURES

These entries are the total failuares over all items

tested for all phases through the indicated phase.
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“f:lTlfl E’ ‘¢1L‘L
sEILLPE 8 .
$3mPLE STC CEVIATICY l1e862e7 0.5C24 Q.107¢ 3366 C.1564 0.C63¢ 00857 0.371Y
CLPLLATIVE TEST TIwE 2. 1046 To.CE3 31.101 40.10% 47.6C6 62.576 8,306 71.262
CUMLLATIVE FIILURES l.770¢C 3.39%00 ©.8900 €.3500 1.9200 9.3¢8C0 1€.9830 12.5%%0
k AR TRITTISARYRALNSLLI L] I T L] LX 11T ane (21111} * POES 0SSR SSPIPIPNIRR IS UIERS
it 9 10 11 12 13 p 13 14
BCTLAL FOILLRE RATE €.2000 d.14C0 g.3¢0¢8 £.3009 t.200¢ C.1CC0 9.10¢C C.16¢2
BLANNED  TEST  TIrE 0.8126 1.083% 0.5417 €541 7 c.4126 1.4252 1.6252 1. 8252
-CD( L3 1|FIT! 0.le00 o. 1580 3-17‘; c.1838 C.l828 0.1022 Q.1466 c.1411
TIwsTE &2, a8 19,98 .21 41 .54 38,74 .60 ¢2,15 45.85% “1.12
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I\LRE
SOPELE STC SEVIATICN G.0293 0.0838 0.3919 C.C52¢ Q.C822 d.Cee? 04C8e7 0.0579
CONLLATIVE TESTY TIrE T€.788 88,128 §3.107 58,702 10¢.248 121.2¢9 13¢.2¢7 151.152
CULMLL2TIVE FATLURES 13.9%00 13.5700 17.1860 18.488C ¢.1100 £1.44C0 23.29¢C 2¢. 8708
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CasE 13

20 LB §
[ {2} 1] 1 ? 3 . L [ ? ]
SCTLSL FAILLEE aaTE 0.1630 0.3¢c0 3.0500 6.5000 c.2c0cC 0.1%00 Qe.é4cCC e.3C09

PLAMNEL  TEST Tirt 0.2322 0.2417 3,250 C.32%0 C.0126 1.6252 0.40¢2 0.2417

PCOEL  ESITvATE lelg28 G.3%03 8.0600 C.0929 c.l123 0.182% o.13cCe 8.i%3¢
;!1!"7! [ L4 BNy 3 1 68.98 1€.77 19.92 81 .45 43,69 L] § €1.29 5¢.C*
BICEATICE SF ACTLSL

FAILLEE A4TE .

S2psLE STC CEVIATICN 1.327¢ 0.1647 0.0259 C.060!1 0.0442 Q.C287 0.0493 8.L518
CUPLLATIVE TEST TIPE 4,272 14.200 14,060 €0.098 €5.C34 124.6112 132,348 142.278
CLPLLATIVE FATLURES 2.9%00 $.8580 9.00800 11.7600 14,2800 18.65¢CC 21.32C0 26,4508

S80S0 SISO NSNS OVON ST LU INEIIN IR SESRNUEIEI N

Prast 9 19 1 12 13 1% 1s 16

ACTLAL FeILLAE RITE 0.2330 92.1%€0  0.30600 €.3000  €.2000  0.1900  0.1860  €.1cee
BLIMEC TEST TIn 0.3126 1.C428  0,5417  (.5617  C.El2e¢  1.6252 1,675  1.€252
weDEL ESTINATE 041560 041532 0.1858  €.1800  C.1817  0.1€21  0.1478  G.1378
ESTIvEYE ERRCA gt 22.01 2.10 4,13 «0.01 5.15 ¢3.12 e8¢ 17,18
SEACERTIGE oF ACTUAL

FAI(CPE 2418

€aMELE STC CEVIATION  G.0518  0.0485  0.0486  C.0%i3  0.9456  0.C410  0.0312  <S.C261

b CLPLLATINE TEST TIVE 157,243 177,262 187.247 187.196 212.194 242.:72 i72.28¢ 322,356

CLILLATIVE FATLURES 27.4C08 30.4300 33.4102 26.6600 3§.€10C 42.4¢C0 43.45C0 “3.420C
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PrASE 1 2 3 L3 L] ¢ 7 [ ]
ACTUIL PATLUSE AaTE 4000 Q43400 0.3000 €.2500 C.C50¢C 0.03C0 0.0260 g.ecce
SLAMELD  TEST TINE Q.6C61 0a.be63 95417 Ca 6501 3.2504 3.25C4 3.25C¢ 0.2709
PCOEL  RSTiwate 2.2716 2.3319 0.592¢ deel92 C.1¢90 0.0749 CaC590 0.07«9
EITTIPITE ERQCN A 467,91 566,25 97 .46 §7.60 118.0¢ €78 19.25 87.52
BEACEATACE CF ACTL2L

$RILLAE SATC

SAPELE STC CEVIATICN 6 7838 12.3516 d.5611 0.2692 C.Cs86 d.C465¢8 2.C30 Ca.ls2C
CLPLLATIVE TEST TIME l.278 3.569 6.457 Y.450 244501 36.828 94.6%0 35.095
CUMLLATIVE FRlLURES €.6300 1.4200 2.3600 3.1900 3.9200 4.85¢CC $.43€00 6.17090

SN UITAL0UOIIOINENIIINDEGSSGIENINRIINI RIS

CLEUSFVIVERES ORISR I4IBSRI 0B HISIRISSLIIINISPIDIN S90S

Prase 9 1 11 12 13 14 15 1¢
ASTLAL FAILLAE RATE €.6C2 9.¢CC0 2.5500 C.&002 C.25C8 g.lcce 0.4503 a.c2Ce
FLAANES  TEST TIwg C.21C8 G.27¢9 Q2955 C.4063 f.£501 1.4252 3.25¢C4 3.25%4
MCTEL SSTIwATE €.3507 0.11¢48 0.133§ C.l486 €.1401 01640 9.10%7 J.LS1 ¢
ESYIPLIE EATR A 8+ .49 80.22 75.55 al.86 15,97 42,55 118,38 a1.9%
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PIT{L0E s31
SapFLE STC CEVIATICN Q.0%34 0.C828 80629 £.0892 £.0594 0.L792 0.0512 J.24C3
CALMLLATIVE TEST Tiws 7.150 $8.:70 $9.730 £1.603 ¢4.563 T2.116 87.265 102.%4%¢
CULPLLATIVE EAILLAES 6.3%00 T.71¢8 845000 £.23C0  1C.C10C  10.45C0  11.213¢  11.$3CC
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case 14

10 1Ter$
st 1 2 3 . ) & 1 [ ]
SCTULIL PATLLRE RATE d.4000 0.3%00 2.3002 C.2%00 £.0500 a.0%00 9.0%0¢ 8. e00C
FLAMNEL  TEST TIME 0.4082 0.484) 0.5417 C.4501 31.2504 3.3204 3.28C4 €. 270¢
PCCEL  ESTIVATE 1.3527  0.6CC9 04437 C.3459 C.102¢ 0.05€7 0.0523 0.0646%
STIv2TE EAAQA 248.10 T1.6% 5524 38,33 1C4.a8 22.4¢ hote 25.24
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SAPFLE STC CEVIATICN 2.2082 0.4355 0.2504 C.179% C.C650 ¢.2282 0.0184 0.C246

CLPLLATIVE TEST TIw2 3. 124 T.587 12.941 13.9%6 48.688 TR.729 188.914 Lil.4ed
CLRLLATIVE FaTLLAES 1.6400 3.2100 4.9409 £66400 §.C500 9.4600 10.77¢CC 12.310¢
BPOTASP040000530000809048 498 s dnNee es0getns » sSemunis Sevetsnve
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2CTLAL FAILURE AATS €.6CC0 0.6CCO 8.5500 €330 €.250C g.1¢C0 0.3597° d.C500
FLAPSEC TEST TINE S.2709 0.273% 0.29%5 0.4062 C.e5C1 1.8252 3,253 3.259
MCOEL ESTIiwaATE G.0791 3.3549 0.1133 L.l206 0.1247 0.124C 0.1911 C.CE7C

!; ESTIveTE  ERACR a8 86.91 84.C0 79,40 68.41 46,12 6.0 1€2.18 13.6%
PEACEATACE EF ACTLAL

- FEILLRE NaT

,:‘ SaFFLE STC CEvVIATICH 0.0286 0.0357 0.0409 Q.0431 C.Ce38 0.0238¢ C.Q63 0.0220

CLYLLATIVE TEST TIvE  123.566  116.45% 119.164 122.393 128.903 164,121 173.911  203.009
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20 37

srase 1 2 3 . s . 1 ]
ACTLAL $ATLLAE RATE €.4000  0.3200  0.3000  €.2500  €.0500  0.05CC  0.C5C0  M.¢200
PUMMES  TEET PR 0.4063  0.4643  0.5417  C.6501  2.2¢C64  3.2204  2.2904  C.2708
PCCEL  ESTIMATE 0.5587  0.4452  0.3736  €.3396  0G.0908  0.Ce18  0.05C6  0.Ce27
ELTireTe  gAACR  As . 1.18 2v.54 3.2 n.l o L.t .38
T L IR : 2 2 1 2.2 s 5.
FalLLRE Save .

SAPFLE STC CEVIATION  0.6130  0.2285  Q.158¢  C.1179  C.CIlé  G.Cle3  3.01e6  0.0178
ELPLLATIVE TEST Tivg 7.498  16.€57  26.036  38.05¢  S8.2T6  138.210 21£.639  223.662
CUPLLATIVE FaILURES 3.0000  6.1€CC  9.3600 12,3800  15.15CC  13.1500 20.96CC  23.52G¢C
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Prace 3 10 i 12 13 1s 1e 16
ACTUIL PAILLRE RATE C.606C  0.6€C7  C.5500  C.4000  @.2500  C.1€CC  0.05C0  0.0%00
BLANMES IEST TINE €.2709 042709  0.2695  C.4063  C.65€1  1.£25:  1.2306  3.2404
¥OCEL ESTINATE G.3767  0.0505  0.108¢  C.1189  £.1266  G.1160  0.0664  9.3d4%
ferieane ezaen at st 80 .52 0.6 10.26 TS 1 18058 §2.57 a1.52
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CLPLL/TIVE TEST TIPE  224.68S  233.718 239,165 248,732 58,337 785,011 346,552 438,774
CUSLLITIVE FAILLAES 20,7100  29.5100 32.6700 25,5200 2€.28C5  «1.CS30 43,9100  «6.5%3¢C
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e

Cist 1
S 1Ties
Pratt 1 2 3 . L] [ ? L]
MCTLAL PAILUNE RATE C.7000 0.0%00 9.0509 €.0%00 £.C500 0.4CCO 9.6000 0. e6ec
FLAMAEE  TEST  TIvt 0.2322 3.2204 3.290¢ 1.25¢4 3.2504 6.21C9 C.27CS 8.2709
wCCEL EST11watg 3.1219 0.1048 0.07e7 €.053%3 8.C340 9.1c08 Q.1¢%1 C.2C22
i IMATE ERACA A4S 345.98 109,10 $3.34 19.5¢ T.96 21.87 12.2% 66.64
PEACEP TaLE " acTLAL
FalLise a2
SavfLE STC C!\IITICN 4.3268 9.1278 0.181% S.0368 Cc.c371 0.1126 Q.287¢ C.4258
CLPLLATIVE TESY Tirg 1.07¢ 16,100 31.132 40144 61.049 82,342 §2.584 LIP L3
CLPLLATINE FATLLRES 8.7300 146500 44600 2,1800 3.5800 4.7500 S.0¢CC 6.23CC

PRIVOSITICIIICIGAODNRGONESAI0 V0V IRISNLIIBICIBINSIV LSOOI RIIIROOIESIINEIIF RIS IVIPRRLNRO LSRN RINRSY

FrasE s 10 1 12 13 14 15 e
BCTUEL FAILLIE RATE C.6CCC  0.0%00  0.0%50C c.050¢ €.0500  0.C500  0.9535  0.0506
PLAMEC TEST TIvE Ce27CS  3.2506  3.2306 1.2504  2.2504 L2804 2.29C6  3.2%%¢
PCSEL ESTINATE 0.2293  0.1140  0.3%39 €.08023 040722  ©G.CeSC  0.0672  0.C&32
Eerieate giice as 62,44 128.c8 . 85,58 44,43 17.81 14,77 2¢.31
BERCENTACE E' SCTLRL
FATLAPE A47
SANELE STC OEVIATICN  0.6%66  0.0789  3.0%61  0.3404  C.C328 0.3l €.C297T  9.0258
CLMLLATIVE TEST TINE  €6.8SC 81,363  95.92¢ 110.912  125.809 14C.723 152588 177.701
CLPLLATIVE FAILURES 7.0100 7.71C0  0.5400  8.280%  1€.(30C  18.83C0  Ql.T4CC  12.45C8
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Case 11
10 ITEND

orast

BCTLAL BalLUNE RaTE C.7¢00 9.0800 ¢.0%00 €.0500 Q.¢€CC C.40CC 6092
PLAMMEC  TEST it 0.2323 3.2506 2.2504 3.2504 C.2709 9.270¢ €.27¢Ce

PCCEL  ESTImaTE l.818¢C 0.0408 C.0000 C.06063 g.0707 0.0e57 d.1162
$5VI2TE ERACE 2% 159,43 ts.ct 13.24 11.%¢ .21 25,04 2.4
Sii(Ele! Ei sCTLAL

FaILLEE €27

S#wsLE STC CEviaTION 3.35101 0.0292 C.0368 0.0333 0.(S5eC 0.12%4 Q.1691

CLILLATIVE TEST TIvE 2.147 62,061 $2.878 122.513 128.450 128.C1C 139.538

CLALLOTIVE FOTLURES 1.4200  2.6500  4.1200  5.6300  7.140C  0.985C0  $.8760  11.150¢C ]
US89 08R 4000 04BSRINIGOY - 80000 A 111 . - 1T ITIY RS 1]
prace ’ 10 u 12 13 1s 1 16
ECTULAL RSILLRE RATE 0.6660  0.05C3  0,0500  C€.0%500  €.0500  0.0500  0.0300  C.C300
FLESAEC  TEST  TINE 0.2709  3.2%C4  3.29C6  2.25C4  3.2564  3.25Ce  3.2%%  3,2%30e
PCIEL ESTIMATE 0.1420  0.0533  0.07a2  €.0492  €.C651 ° 0.C609 0,657  0.C853
$ilimare eraca s 76.34 [TV 56.52 38.39 .16 21.18 18,02 12,2
pitiieetal gt oo
SIMELE STC CEVIATION  0.2162  0.0%1¢  0.3361  €.0275  0.6237  0.C220  2.0199  0.cClee
. SUPLLATIVE TEST TIFg  133.02)  163.140 193,206  3i3.606 233,301 202466 13,431 3e3.€32

CLPLLATIVE FATLURES 12,7400 14,2100 13.5¢¢0 12,0103 18.¢40C 16.96C0  21.4200 iz.uac
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case 1

3 20 1TErs

- seast A Fl 3 . s . 1 .

_ SCTUIL AILARE MATE  0.7000  0.08€8 040900  C.0%00  C.C50C  0.6CC0  C.eC68  C.e€0C

1 SLANAEC TEST TIME 042322 3.2806  3.2506  3.250¢  2.2506¢  €.27C9  £.2765  C.270%
PCCEL  £51LNaTE 1.0638  0.0455  0.0198  C€.C378  C.C373  0.6333  €.07¢6  0.Cene
STivaTe ERECA S se.7 .58 - .. o . tas e
ey e ath, : 23,45 2412 29 112 e 3
PRILLEE BT

SavELE STC CEVIATICON 140963 0.03:73 0;0110 c.0182 09144 9.C21 €.C304 0.0272

CLWLLATIVE TESY TIvE 4,301 64276 124.450 184,982 243.162  25C. 166 25%.1¢C 263.1%¢

CUPLLATIVE PAILLRES 2.9200 ¢.0:00 0.8500 11.89100 14.7000 17.7%C0 20.1900  23.&iCC

000HS00 0 IENNOSY sedsts " 2098204805 990930000000RESRIREES

srast L ] 1¢ 11 12 13 14 15 18
ATTLAL PRILLRE RATE €.6800 0.02C0 3.0800 C.050¢ €.C500 0.c500 0.950¢ 0.6%3°
FLIAKEC TEST TIng €.2769 3.2:04 3.2506 1.2%504 1.7204 3.2%¢C4 3.2584 3.2974
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APPENDIX B

Results of Test z

This appendix contains the results for Cases 1, 3, 7,
and 18. The planned test times were generated for a pro-

bability of survival of .99,

A detailed description of the format of the results can

be found in Appendix A.
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APPENDIX C

Results of Test MODl

1. Test MOD1

Test MOD1 used the AMSAA model to estimate the failure
rate of the items tested except as described below. A more
detailed discussion of the moliification can be found in
Section V-D.

Use of the AMSAA model was modified as follows:

a. The point estimate of the failure rate,

number of failures during a phase

r. = .
P total test time during a phase

was used whenever cumulative test time over all items was

less than 10 hours.

b. The slope of the reliability growth pattern was

estimated using the current point estimator, r

previous estimate, vy

p? and the

, of the failure rate as follows:

SLOPE = v, - T5

Increasing slope was then determined from the following

relationship:




If the slope was increasing, the point estimate, rp, was
used as the current estimate of the failure rate, Then,
the AMSAA model was reinitialized, that is, time and failures
prior to an increasing slope were not considered in future
estimates made by the model.
2, The Results

Results for Cases 4, 6, 15, and 18 are presented here as
representative of the effect the modifications had on the
performance of the model. A detailed description of the

format of the results can be found in Appendix A.
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was used whenever cumulative test time over all items was

less than 10 hours.

estimated using the current point estimate, rp, and the

previous estimate, P10 of the failure rate as follows:

APPENDIX D

Results of Test MOD2

1. Test MOD2

Test MOD2 used the AMSAA model to estimate the failure
rate of the items tested except as described below. A more
detailed discussion of the modification can be found in
Section V-D.

Use of the AMSAA model was modified as follows:

a. The point estimate of the failure rate,

number of failures during a phase

k]
p total test time during a phase i

b. The slope of the reliability growth pattern was

~

>

Increasing slope was then determined from the following

relationship:

P i-

|
|
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If the slope was increasing, the point estimate, rp, was
used as the current estimate of the failure rate. Then,
the AMSAA model was reinitialized, that is, time and failures
prior to an increasing slope were not considered in future
estimates made by the model.
2. The Results

Results for Cases 4, 6, 15, and 18 are presented here as
representative of the effect the modifications had on the
performance of the model. A detailed description of the

format of the results can be found in Appendix A.
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APPENDIX E

Results of Test MOD3

1, Test MOD3

Test MOD3 used the AMSAA model to estimate the failure
rate of the items tested except as described below. A more
detailed discussion of the modification can be found in
Section V-D.

Use of the AMSAA model was modified as follows:

a. The point estimate of the failure rate,

number of failures during a phase

P total test time during a phase

was used whenever cumulative test time over all items was
less than 10 hours.

b. The slope of the reliability growth pattern was
estimated using the current point estimate, r_, and the two

previous estimates of the failure rate, r;yand r. ,. The

slope estimated was in two parts,

3>
]
> 35
> 3%

and rp - i-l

i-1 i-2
The estimate of the slope was considered increasing if both
parts of the estimate were determined to be increasing as

follows:




and

If the slope was increasing, the point estimate, Pp’ was
used as the current estimate of the failure rate. Then,
the AMSAA model was reinitialized, that is, time and failures
prior to an increasing slope were not considered in future
estimates made by the model.
2, The Results

Results for Cases 4, 6, 15, and 18 are presented here as
representative of the effect the modifications had on the

performance of the model. A detailed description of the

format of the results can be found in Appendix A.
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APPENDIX F

Results of Test MODH

1. Test MODY

Test MODY4 used the AMSAA model to estimate the failure
rate of the items tested except as described below. A more
detailed discussion of the modification can be found in
Section V-D.

Use of the AMSAA model was modified as follows:

a. The point estimate of the failure rate,

number of failures during a phase

P total test time during a phase

was used whenever cumulative test time over all items was
less than 10 hours.

b. The slope of the reliability growth pattern was
estimated using the current point estimate, rp, and the

previous estimates of the failure rate, r. 1 and re_o- The

slope estimated was in two parts,
~ ~
ri.y = Ti.2 and rp - r;a .

The estimate of the slope was considered increasing if both

parts of the estimate were determined to be increasing as

follows:




i-1 T Ti-2 2 205 9
and
rp - Pi—l > .Zrl_l

If the slope was increasing, the point estimate, rp, was
used as the current estimate of the failure rate. Then, the
AMSAA mocdel was reinitialized, that is, time and failures
prior to an increasing slope were not considered in future
estimates made by the model.
2. The Results

Results for Cases 4, 6, 15, and 18 are presented here as
representative of the effect the modifications had on the
performance of the model. A detailed description of the

format of the results can be found in Appendix A.
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