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When conducting distribution analysis (and life data analysis), the events that are observed are
assumed to be statistically independent and identically distributed (IID). A sequence or col-
lection of random variables is IID if:

e Each has the same probability distribution as any of the others.

e All are mutually independent, which implies that knowing whether or not one occurred
makes it neither more nor less probable that the other occurred.

In life data analysis, the unit/component placed on test is assumed to be as-good-as-new.
However, this is not the case when dealing with repairable systems that have more than one life.
They are able to have multiple lives as they fail, are repaired and then put back into service. The
age just after the repair is basically the same as it was just before the failure. This is called as-
bad-as-old. For reliability growth and repairable systems analysis, the events that are observed
are part of a stochastic process. A stochastic process is defined as a sequence of inter-dependent
random events. Therefore, the events are dependent and are not identically distributed.

e The time-to-failure of a product after a redesign is dependent on how good or bad the
redesign action was.
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e The time-to-failure of the product after the redesign may follow a distribution that is dif-
ferent than the times-to-failure distribution before the redesign.

There is a dependency between the failures that occur on a repairable system. Events that occur
first will affect future failures. Given this dependency, applying a Weibull distribution, for
example, is not valid since life data analysis assumes that the events are I1ID. Reliability growth
and repairable systems analysis provide methodologies for analyzing data/events that are asso-
ciated with systems that are part of a stochastic process.

What is Reliability Growth?

In general, the first prototypes produced during the development of a new complex system will
contain design, manufacturing and/or engineering deficiencies. Because of these deficiencies,
the initial reliability of the prototypes may be below the system's reliability goal or requirement.
In order to identify and correct these deficiencies, the prototypes are often subjected to a rig-
orous testing program. During testing, problem areas are identified and appropriate corrective
actions (or redesigns) are taken. Reliability growth is defined as the positive improvement in a
reliability metric (or parameter) of a product (component, subsystem or system) over a period of
time due to changes in the product's design and/or the manufacturing process. A reliability
growth program is a well-structured process of finding reliability problems by testing, incor-
porating corrective actions and monitoring the increase of the product's reliability throughout
the test phases. The term "growth" is used since it is assumed that the reliability of the product
will increase over time as design changes and fixes are implemented. However, in practice, no
growth or negative growth may occur.

Reliability goals are generally associated with a reliability growth program. A program may
have more than one reliability goal. For example, there may be a reliability goal associated with
failures resulting in unscheduled maintenance actions and a separate goal associated with those
failures causing a mission abort or catastrophic failure. Other reliability goals may be associated
with failure modes that are safety related. The monitoring of the increase of the product's reli-
ability through successive phases in a reliability growth testing program is an important aspect
of attaining these goals. Reliability growth analysis (RGA) concerns itself with the quan-
tification and assessment of parameters (or metrics) relating to the product's reliability growth
over time. Reliability growth management addresses the attainment of the reliability objectives
through planning and controlling of the reliability growth process.

Reliability growth testing can take place at the system, major subsystem or lower unit level. For
a comprehensive program, the testing may employ two general approaches: integrated and ded-
icated. Most development programs have considerable testing that takes place for reasons other
than reliability. Integrated reliability growth utilizes this existing testing to uncover reliability
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problems and incorporate corrective actions. Dedicated reliability growth testing is a test pro-
gram focused on uncovering reliability problems, incorporating corrective actions and typically,
the achievement of a reliability goal. With lower level testing, the primary focus is to improve
the reliability of a unit of the system, such as an engine, water pump, etc. Lower level testing,
which may be dedicated or integrated, may take place, for example, during the early part of the
design phase. Later, the system and subsystem prototypes may be subjected to dedicated reli-
ability growth testing, integrated reliability growth testing or both. Modern applications of reli-
ability growth extend these methods to early design and to in-service customer use. Reliability
growth management concerns itself with the planning and management of an item's reliability
growth as a function of time and resources.

Reliability growth occurs from corrective and/or preventive actions based on experience gained
from failures and from analysis of the equipment, design, production and operation processes.
The reliability growth "Test-Analyze-Fix" concept in design is applied by uncovering weak-
nesses during the testing stages and performing appropriate corrective actions before full-scale
production. A corrective action takes place at the problem and root cause level. Therefore, a fail-
ure mode 1s a problem and root cause. Reliability growth addresses failure modes. For example,
a problem such as a seal leak may have more than one cause. Each problem and cause con-
stitutes a separate failure mode and, in some cases, requires separate corrective actions. Con-
sequently, there may be several failure modes and design corrections corresponding to a seal
leak problem. The formal procedures and manuals associated with the maintenance and support
of the product are part of the system design and may require improvement. Reliability growth is
due to permanent improvements in the reliability of a product that result from changes in the
product design and/or the manufacturing process. Rework, repair and temporary fixes do not
constitute reliability growth.

Screening addresses the reliability of an individual unit and not the inherent reliability of the
design. If the population of devices is heterogeneous then the high failure rate items are nat-
urally screened out through operational use or testing. Such screening can improve the mixture
of a heterogeneous population, generating an apparent growth phenomenon when in fact the
devices themselves are not improving. This is not considered reliability growth. Screening is a
form of rework. Reliability growth is concerned with permanent corrective actions focused on
prevention of problems.

Learning by operator and maintenance personnel also plays an important role in the improve-
ment scenario. Through continued use of the equipment, operator and maintenance personnel
become more familiar with it. This is called natural learning. Natural learning is a continuous
process that improves reliability as fewer mistakes are made in operation and maintenance,
since the equipment is being used more effectively. The learning rate will be increasing in early
stages and then level off when familiarity is achieved. Natural learning can generate lessons

PAGE 3



RELIABILITY GROWTH AND REPAIRABLE SYSTEM RELIABILITY GROWTH ANALYSIS OVERVIEW

learned and may be accompanied by revisions of technical manuals or even specialized training
for improved operation and maintenance. Reliability improvement due to written and insti-
tutionalized formal procedures and manuals that are a permanent implementation to the system
design is part of the reliability growth process. Natural learning is an individual characteristic
and is not reliability growth.

The concept of reliability growth is not just theoretical or absolute. Reliability growth is related
to factors such as the management strategy toward taking corrective actions, effectiveness of the
fixes, reliability requirements, the initial reliability level, reliability funding and competitive
factors. For example, one management team may take corrective actions for 90% of the failures
seen during testing, while another management team with the same design and test information
may take corrective actions on only 65% of the failures seen during testing. Different man-
agement strategies may attain different reliability values with the same basic design. The effect-
iveness of the corrective actions is also relative when compared to the initial reliability at the
beginning of testing. If corrective actions give a 400% improvement in reliability for equipment
that initially had one tenth of the reliability goal, this is not as significant as a 50% improvement
in reliability if the system initially had one half the reliability goal.

Why Reliability Growth?

It is typical in the development of a new technology or complex system to have reliability goals.
Each goal will generally be associated with a failure definition. The attainment of the various
reliability goals usually involves implementing a reliability program and performing reliability
tasks. These tasks will vary from program to program. A reference of common reliability tasks
is MIL-STD-785B. It is widely used and readily available. The following table presents the
tasks included in MIL-STD 785B.

MIL-STD-785B reliability tasks

Design and Program Development and
Evaluation Surveillance and Production Testing
Control
101 Reliability Pro- 201 Reliability mod- | 301 Environmental Stress
gram Plan eling Screening (ESS)
102 Monitor/Control 202 Reliability Alloc- | 302 Reliability Devel-
of Subcontractors ations opment/Growth Test
and Suppliers (RDGT) Program
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103 Program Reviews | 203 Reliability Pre- 303 Reliability Qual-
dictions ification Test (RGT)
Program

104 Failure Reporting, | 204 Failure Modes, 304 Production Reliability

Analysis and Cor- Effects and Crit- Acceptance Test
rective Action Sys- icality Analysis (PRAT) Program
tem (FRACAS) (FMECA)

105 Failure Review 205 Sneak Circuit
Board (FRB) Analysis (SCA)

206 Electronic
Parts/Circuit Tol-
erance Analysis

207 Parts Program

208 Reliability Crit-
ical Items

209 Effects of Func-
tional Testing,
Storage, Hand-
ling, Packaging,
Transportation
and Maintenance

The Program Surveillance and Control tasks (101-105) and Design and Evaluation tasks (201-
209) can be combined into a group called basic reliability tasks. These are basic tasks in the
sense that many of these tasks are included in a comprehensive reliability program. Of the MIL-
STD-785B Development & Production Testing tasks (301-304) only the RDGT reliability
growth testing task is specifically directed toward finding and correcting reliability deficiencies.

For discussion purposes, consider the reliability metric mean time between failures (MTBF).
This term is used for continuous systems, as well as one shot systems. For one shot systems this

.. . . ) 1
metric is the mean trial or shot between failures and is equal to Faiture probabitity .

The MTBEF of the prototypes immediately after the basic reliability tasks are completed is called
the initial MTBF. This is a key basic reliability task output parameter. If the system is tested
after the completion of the basic reliability tasks then the initial MTBF is the mean time
between failures as demonstrated from actual data. The initial MTBEF is the reliability achieved
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by the basic reliability tasks and would be the system MTBEF if the reliability program were
stopped after the basic reliability tasks had been completed.

The initial MTBF after the completion of the basic reliability tasks will generally be lower than
the goal. If this is the case then a reliability growth program is appropriate. Formal reliability
growth testing is usually conducted after the basic reliability tasks have been completed. For a
system subjected to RDGT, the initial MTBF is the system reliability at the beginning of the
test. The objective of the testing is to find problems, implement corrective actions and increase
the initial reliability. During RDGT, failures are observed and an underlying failure mode is
associated with each failure. A failure mode is defined by a problem and a cause. When a new
failure mode is observed during testing, management makes a decision not to correct or to cor-
rect the failure mode in accordance with the management strategy. Failure modes that are not
corrected are called 4 modes and failure modes that receive a corrective action are called B
modes. If the corrective action is effective for a B mode, then the failure intensity for the failure
mode will decrease. The effectiveness of the corrective actions is part of the overall man-
agement strategy. If the RDGT testing and corrective action process are conducted long enough,
the system MTBF will grow to a mature MTBF value in which further corrective actions are
very infrequent. This mature MTBF value is called the growth potential. 1t is a direct function
of the design and management strategy. The system growth potential MTBF is the MTBF that
would be attained at the end of the basic reliability tasks if all the problem failure modes were
uncovered in early design and corrected in accordance with the management strategy.

In summary, the initial MTBEF is the value actually achieved by the basic reliability tasks. The
growth potential is the MTBF that can be attained if the test is conducted long enough with the
current management strategy. See the figure below.

Growth
|:> Potential
BASIC ( MTBF

RELIABILITY J

TASKS
\,_ Initial
b MTBF

5 Ly -
le————— Design Phase -— RDGT 3|

PAGE 6



RELIABILITY GROWTH AND REPAIRABLE SYSTEM RELIABILITY GROWTH ANALYSIS OVERVIEW

Elements of a Reliability Growth Program

In a formal reliability growth program, one or more reliability goals are set and should be
achieved during the development testing program with the necessary allocation or reallocation
of resources. Therefore, planning and evaluating are essential factors in a growth process pro-
gram. A comprehensive reliability growth program needs well-structured planning of the assess-
ment techniques. A reliability growth program differs from a conventional reliability program in
that there is a more objectively developed growth standard against which assessment techniques
are compared. A comparison between the assessment and the planned value provides a good
estimate of whether or not the program is progressing as scheduled. If the program does not pro-
gress as planned, then new strategies should be considered. For example, a reexamination of the
problem areas may result in changing the management strategy so that more problem failure
modes that surface during the testing actually receive a corrective action instead of a repair.
Several important factors for an effective reliability growth program are:

e Management: the decisions made regarding the management strategy to correct problems or
not correct problems and the effectiveness of the corrective actions

e Testing: provides opportunities to identify the weaknesses and failure modes in the design
and manufacturing process

¢ Failure mode root cause identification: funding, personnel and procedures are provided to
analyze, isolate and identify the cause of failures

» Corrective action effectiveness: design resources to implement corrective actions that are
effective and support attainment of the reliability goals

e Valid reliability assessments: using valid statistical methodologies to analyze test data in
order to assess reliability

The management strategy may be driven by budget and schedule but it is defined by the actual
decisions of management in correcting reliability problems. If the reliability of a failure mode is
known through analysis or testing, then management makes the decision either not to fix (no cor-
rective action) or to fix (implement a corrective action) that failure mode. Generally, if the reli-
ability of the failure mode meets the expectations of management, then no corrective actions
would be expected. If the reliability of the failure mode is below expectations, the management
strategy would generally call for the implementation of a corrective action.

Another part of the management strategy is the effectiveness of the corrective actions. A cor-
rective action typically does not eliminate a failure mode from occurring again. It simply
reduces its rate of occurrence. A corrective action, or fix, for a problem failure mode typically
removes a certain amount of the mode's failure intensity, but a certain amount will remain in the
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system. The fraction decrease in the problem mode failure intensity due to the corrective action
is called the effectiveness factor (EF). The EF will vary from failure mode to failure mode but a
typical average for government and industry systems has been reported to be about 0.70. With
an EF equal to 0.70, a corrective action for a failure mode removes about 70% of the failure
intensity, but 30% remains in the system.

Corrective action implementation raises the following question: "What if some of the fixes can-
not be incorporated during testing?" It is possible that only some fixes can be incorporated into
the product during testing. However, others may be delayed until the end of the test since it may
be too expensive to stop and then restart the test, or the equipment may be too complex for per-
forming a complete teardown. Implementing delayed fixes usually results in a distinct jump in
the reliability of the system at the end of the test phase. For corrective actions implemented dur-
ing testing, the additional follow-on testing provides feedback on how effective the corrective
actions are and provides opportunity to uncover additional problems that can be corrected.

Evaluation of the delayed corrective actions is provided by projected reliability values. The
demonstrated reliability is based on the actual current system performance and estimates the sys-
tem reliability due to corrective actions incorporated during testing. The projected reliability is
based on the impact of the delayed fixes that will be incorporated at the end of the test or
between test phases.

When does a reliability growth program take place in the development process? Actually, there
is more than one answer to this question. The modern approach to reliability realizes that typical
reliability tasks often do not yield a system that has attained the reliability goals or attained the
cost-effective reliability potential in the system. Therefore, reliability growth may start very
early in a program, utilizing Integrated Reliability Growth Testing (IRGT). This approach recog-
nizes that reliability problems often surface early in engineering tests. The focus of these engin-
eering tests is typically on performance and not reliability. IRGT simply piggybacks reliability
failure reporting, in an informal fashion, on all engineering tests. When a potential reliability
problem is observed, reliability engineering is notified and appropriate design action is taken.
IRGT will usually be implemented at the same time as the basic reliability tasks. In addition to
IRGT, reliability growth may take place during early prototype testing, during dedicated system
testing, during production testing, and from feedback through any manufacturing or quality test-
ing or inspections. The formal dedicated testing or RDGT will typically take place after the
basic reliability tasks have been completed.

Note that when testing and assessing against a product's specifications, the test environment
must be consistent with the specified environmental conditions under which the product spe-
cifications are defined. In addition, when testing subsystems it is important to realize that inter-
action failure modes may not be generated until the subsystems are integrated into the total
system.

PAGE 8



RELIABILITY GROWTH AND REPAIRABLE SYSTEM RELIABILITY GROWTH ANALYSIS OVERVIEW

Why Are Reliability Growth Models Needed?

In order to effectively manage a reliability growth program and attain the reliability goals, it is
imperative that valid reliability assessments of the system be available. Assessments of interest
generally include estimating the current reliability of the system configuration under test and
estimating the projected increase in reliability if proposed corrective actions are incorporated
into the system. These and other metrics give management information on what actions to take
in order to attain the reliability goals. Reliability growth assessments are made in a dynamic
environment where the reliability is changing due to corrective actions. The objective of most
reliability growth models is to account for this changing situation in order to estimate the cur-
rent and future reliability and other metrics of interest. The decision for choosing a particular
growth model is typically based on how well it is expected to provide useful information to man-
agement and engineering. Reliability growth can be quantified by looking at various metrics of
interest such as the increase in the MTBF, the decrease in the failure intensity or the increase in
the mission success probability, which are generally mathematically related and can be derived
from each other. All key estimates used in reliability growth management such as demonstrated
reliability, projected reliability and estimates of the growth potential can generally be expressed
in terms of the MTBF, failure intensity or mission reliability. Changes in these values, typically
as a function of test time, are collectively called reliability growth trends and are usually presen-
ted as reliability growth curves. These curves are often constructed based on certain math-
ematical and statistical models called reliability growth models. The ability to accurately
estimate the demonstrated reliability and calculate projections to some point in the future can
help determine the following:

Whether the stated reliability requirements will be achieved

The associated time for meeting such requirements

The associated costs of meeting such requirements

The correlation of reliability changes with reliability activities

In addition, demonstrated reliability and projections assessments aid in:

e Establishing warranties
¢ Planning for maintenance resources and logistic activities

e Life-cycle-cost analysis
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Terminology

Some basic terms that relate to reliability growth and repairable systems analysis are presented
below. Additional information on terminology in Weibull++ can be found in the Reliability
Growth Analysis Glossary.

Failure Rate vs. Failure Intensity

Failure rate and failure intensity are very similar concepts. The term failure intensity typically
refers to a process such as a reliability growth program. The system age when a system is first
put into service is time 0. Under the non-homogeneous Poisson process (NHPP), the first failure
is governed by a distribution F(z) with failure rate of 7(z) . Each succeeding failure is governed
by the intensity function u(t) of the process. Let ¢ be the age of the system and let A¢ be a very
small value. The probability that a system of age ; fails between ; and ¢ 4 A¢ is given by the
intensity function u(t)At . Notice that this probability is not conditioned on not having any sys-
tem failures up to time ¢, as is the case for a failure rate. The failure intensity u(t) for the NHPP
has the same functional form as the failure rate governing the first system failure. Therefore,
u(t) = r(t), where r(¢) is the failure rate for the distribution function of the first system failure.
If the first system failure follows the Weibull distribution, the failure rate is:

r(z) = Azt

Under minimal repair, the system intensity function is:

u(t) = AgtP!

This is the power law model. It can be viewed as an extension of the Weibull distribution. The
Weibull distribution governs the first system failure and the power law model governs each suc-
ceeding system failure. Additional information on the power law model is available in Repair-
able Systems Analysis.

Instantaneous vs. Cumulative

In Weibull++, metrics such as MTBF and failure intensity can be calculated as instantaneous or
cumulative. Cumulative MTBF' is the average time-between-failure from the beginning of the
test (i.e., t = 0) up to time t. The instantaneous MTBF is the average time-between-failure in a
given interval, dt. Consider a grouped data set, where 4 failures are found in the interval 0-100
hours and 2 failures are found in the second interval 100-180 hours. The cumulative MTBF at
180 hours of test time is equal to 180/6 = 30 hours. However, the instantaneous MTBF is equal
to 80/2 = 40 hours. Another analogy for this relates to the miles per gallon (mpg) that your car
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gets. In many cars, there are readouts that indicates the current mpg as you are driving. This is
the instantaneous value. The average mpg on the current tank of gas is the cumulative value.

Relative to the Crow-AMSAA (NHPP) model, when beta is equal to one, the system's MTBF is
not changing over time; therefore, the cumulative MTBF equals the instantanecous MTBF. If
beta is greater than one, then the system's MTBF is decreasing over time and the cumulative
MTBEF is greater than the instantaneous MTBF. If beta is less than one, then the system's MTBF
is increasing over time and the cumulative MTBF is less than the instantaneous MTBF.

Now the concern is, how do you know whether you should estimate the instantaneous or cumu-
lative value of a metric (e.g., MTBF or failure intensity)? In general, system requirements are
usually represented as instantaneous values. After all, you want to know where the system is
now in terms of its MTBF. The cumulative MTBF can be used to observe trends in the data.

Time Terminated vs. Failure Terminated

When a reliability growth test is conducted, it must be determined how much operation time the
system will accumulate during the test (i.e., the point at which the test will reach its end). There
are two possible options under which a reliability growth test may be terminated (or truncated):
time terminated or failure terminated.

e A time terminated test is stopped after a certain amount of test time.

e A failure terminated test is stopped at a time which corresponds to a failure (e.g., the time of
the tenth failure).

It is determined a priori whether a test is time terminated or failure terminated. The test data
does not determine this.
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Reliability growth analysis can be conducted using different data types. This chapter explores
and examines the possible data schemes, and outlines the available models for each data type.
The data types for developmental testing (traditional reliability growth analysis) will be dis-
cussed first. Then we will discuss the data types that support the use of reliability growth ana-
lysis models for analyzing fielded systems (either for repairable systems analysis or fleet data
analysis).

Developmental Testing Data Types

Time-to-Failure Data

Time-to-failure (continuous) data is the most commonly observed type of reliability growth
data. It involves recording the times-to-failure for the unit(s) under test. Time-to-failure data can
be applied to a single unit or system or to multiple units or systems. There are multiple data
entry schemes for this data type and each is presented next.
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Failure Times Data

This data type is used for tests where the actual system failure times are tracked and recorded.
The data can be entered in a cumulative format (where each row shows the total amount of test
time) or non-cumulative format (where each row shows the incremental test time), as shown

next.
Ea Foliol _ = -
B47 il E - | B tain -
Time to Event (hr) Comments Growth Data
-
B
1 10 - | lmg Model O =
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3 s0 T .
4 79 oge
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=
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:: Beta 0.832269
19 Lambda (k) 0.0563219
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23 Statistical Tests
24 Significance Level 0.1
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25 other
27 Termination Time (hr): 130.000000
F)
25 Assocate
=0 2 profie
31 o ,-.-L” -
32 GOESSING
== Transfer To
= W el
34
35
35
w -
Datal ksl = = <> -
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ba Foliod _ o %
BaT -3 = -| B wain »
Time to Event (hr) Comments Growth Data
£l -
B
1 10 a | low Maodel O =
z 13 Crow-AMSAs (NHPP)
3 25 —
4 29 L =1 = 5
s 51 # Calculation Options o
J ®) Standard
7 Change of Shope
8
3 Developmental
20 Fadure Times
11 MLE | Crow
12 Ho Gap | Thor-Cum.
13
14 Fadure Terminabted -
s | mesuns |
1 Parameters '_:
7
25 Beta 0. 832269
-9 Lambda () D.58219
. Growth Rate 0. 117731
21 DMTES (hr) 294965471
22 CFL 0.033933
23 Statistical Tests
24 Significance Lewel 0.1
25 VM Fassed
26 Other
27 Termination Time (hel): 130000000
i ]
25 e Assocate
10 LT Frofie
31 - Alter Mode
= - Parameters Pracessing
3 i1 Change =% Transfer To
= = Linits W bl
34
Baste G
3s T'E futa roup
3%
37 -
Datal -] r=3 = [-=3 -

This data type is used for tests where the exact failure times are unknown and only the number
of failures within a time interval are recorded (e.g., inspection data). For a single system, mul-
tiple failures can occur before the operator stops the test. In this case, X number of failures are
found after Y hours of test time. Failures X; , X, , X3 , etc. could have occurred at any time
period up to the termination time, thus exact times for each failure are not available. This is com-

monly called interval or grouped data. Grouped data can be helpful to merge data from multiple
locations.

When multiple units are tested, the units are inspected at predetermined time intervals and the
number of failed units is recorded. When entering the time at which the failures occurred for
grouped data, the time is equal to the total accumulated test time for all of the units being tested.
The number of failed units is simply equal to the number of failures that occurred during the cur-
rent interval. The next figure shows an example of data entry for grouped data.

Assumptions:

¢ Intervals do not have to be of equal length.

¢ All units within each interval should be the same configuration. However, the number of
units does not have to be the same.
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This data type is used for tests where a number of systems are tested, and if a failure occurs in
any system, a corrective action is taken on the failed unit and any design changes are incor-
porated into all test systems. Once the corrective actions have been implemented, the test is
resumed. In this data type, the systems can accumulate usage at different rates. In addition, the
systems do not have to start the test at the same time. The basic idea of Multiple Systems
(Known Operating Times) is that when one system fails, the usage on the other systems on test
must also be known. This is a flexible data type, but it is also the most demanding given the
information required on all systems. The time-to-failure for the failed system, along with the cur-
rent operating times of all other systems, is recorded. The data can be cumulative or non-cumu-
lative. Consider the following data sheet where the Failed Unit ID column indicates which unit
failed. For example, if you enter 2 into the "Failed Unit ID" column, this indicates that the unit
in the Time Unit 2 column is the one that has failed. For the units that did not fail, you must
enter the operating time at the time of the other unit's failure.
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[ 5 "
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In this example, two units are undergoing testing and the units do not accumulate age at the
same rate. At 10 hours into the test, unit 1 fails and corrective action is taken on both units 1
and 2. By this time, both units have accumulated 10 hours of operation. At 17 hours, unit 2
fails, and corrective action is again implemented on both units; however, unit 1 has accumulated
5 hours of operating time and unit 2 has accumulated 7 hours since the last event. The rest of
the data can be interpreted in a similar manner.

This data type is used for tests where a number of systems are tested. The start time, failure
time(s) and end time for each system are recorded. This data type assumes uniform time accu-
mulation and that the systems are tested simultaneously. When a corrective action is imple-
mented on a failed system, the fix is also applied to the non-failed systems. This results in all
systems on test having the same configuration throughout the test. As an example, consider the
data of two systems shown in the following figure. In this case, the folio is shown in Normal
view.
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System 1 begins testing at time equals 0 (with a start event, S). Note that when entering data
within the Normal view, each system must be initiated with a start event. The failures
encountered by Systeml are corrected at 281, 312 and 776 (with failure events, F). Testing

stops at 1000 hours (with an end event, E). System 2 begins testing at time equals 0 and failures
are encountered and corrected at 40, 222 and 436. Testing stops at 500 hours. The next figure
shows the folio and the same data set in the Advanced Systems view.
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=]

®

Systems « | Al
» || System 1

R

0
11
12
13

15
16
17
18

21
23
24
25
2%
7
2
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This data type is similar to Multiple Systems (Concurrent Operating Times) except that a date is
now associated with each failure time, as well as for the start and end time of each system. This
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assumes noncontinuous usage, and the software computes equivalent (average) usage rates. To
determine when dates are important and whether or not they should be included in your ana-
lysis, consider the picture below (not drawn to scale).

“ = failure
1/1/13 A =implemented fix
(m/d/yy)
1/5/13 1/8/13 1/10/13 1/21/13
System 1 [=3—24 , % '
40 hrs_ [ 150 hrs
o~ 1?
s 5 £ >~ 1" 1714713
ystem |
| - -
50 hrs
t=0

Two systems are placed in a reliability growth test. System 1 starts testing on January 1, 2013
and System 2 does not start testing until January 10, 2013. When testing begins on System 2,
what is its configuration? Does the configuration of System 2 on January 10 match System 1 on
January 10 (there was a fix implemented on System 1 on January 8) or does it match System 1's
configuration on January 1? If the configuration of System 2 matches System 1 on January 1,
then dates are not important. This means the previous data type, Multiple Systems (Concurrent
Operating Times) can be used, and the timeline for System 2 can be shifted to the left.
However, if the configuration of System 2 matches System 1 on January 10, then dates are
important and the Multiple Systems with Dates data type should be used.

The goal is to sum up the accumulated hours across all systems with the same configuration. If
System 2 on January 10 matches System 1 on January 10, then it would not be correct to shift
System 2 to the left to t = 0. If this were done, the first failure on System 1 on January 5 would
correspond to 80 hours: 40 hours for System 1 plus 40 hours for System 2 on the equivalent sys-
tem timeline. However, with dates this same failure now corresponds to 40 hours on the equi-
valent system timeline since System 2 is not operating yet. For the failure on January 14 on
System 2, the total test time on this date must also account for the test time accumulated on Sys-
tem 1. However, there is not an event on System 1 on January 14. Therefore, Weibull++ uses
linear interpolation to estimate the operating time on System 1 on January 14.

The next figure shows an example of Multiple Systems with Dates in Weibull++.
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System 2
L] System 2
10 System 2 500 1/25/2023 End Multiple Sy Dates
11 ME Crow

12
5

222 1/15/2023
436 1/22/2023

il Foos - o x
A39 Mk -| kg mMain »
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4 L ]
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5 System 1 E 1000 1/25/2023 End
[ System 2 5 0 1/1/2023 Start * ) Standard
7 System 2 F 40 1/11/2023 Change of Slope
8 F
[3
E

The Multiple Systems with Event Codes data type is basically the same as the Multiple Systems
(Concurrent Operating Times) data type. These data types are used to analyze the failure data
from a reliability growth test in which a number of systems are tested concurrently and the
implemented fixes are tracked during the test phase. All of the systems under test are assumed
to have the same system hours at any given time. However, the Multiple Systems with Event
Codes data type does have two differences:

e The Crow Extended model is always the underlying model.

e Event codes, similar to the ones used for the Crow Extended - Continuous Evaluation
model, are part of the data entry.

Even though event codes are added to the data entry, the underlying assumptions associated
with the Crow Extended model have not changed. Additional information on Multiple Systems
with Event Codes is presented on the Crow Extended page. The next figure shows an example
of this type of data.
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The following models can be used to analyze time-to-failure (continuous) data sets. Models and
examples using the different data types are discussed in later chapters.

e Duane

« Crow-AMSAA (NHPP)

e Crow Extended

Discrete Data

Discrete data are also referred to as success/failure or attribute data. These data sets consist of
data from a test where a unit is tested with only two possible outcomes: success or failure. An
example of this is a missile that gets fired once and it either succeeds or fails. The data types
available for analyzing discrete data with the Weibull++ software are:

¢ Sequential
e Sequential with Mode
¢ Grouped per Configuration

¢ Mixed Data
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For sequential data, an item is tested with only two possible outcomes: success or failure. This
could be a one-shot item such as a missile or an entire system that either succeeds or fails. The
item is then inspected after each trial and redesigned/repaired before the next trial. The fol-
lowing figure shows an example of this data type, where the row number in the data sheet rep-
resents the sequence of the trials. In this data set, trial #1 succeeded, trial #2 failed, and so on.

[ Folio7 - o x
Adl - -| & Main y
Success/Failure Comments Growth Data

. .
B
. s +|lop | Model (i L]
2 F ! Crow-AMSAA (NHPP)
2 £ 24
4 F & Developmental |
5 Sequential |
[ MLE Crow
7
s Hot Analyzed
9
10
11
12
13
14
15  Alter vg Mode
15 #21 parameters SC Processin a
17
18 h
Datal W E E & m

Often after failure analysis you know the reason for failure during a particular trial. If this is the
case, the reason for each failure can also be used in the analysis. This data entry is identical to
the sequential data with the exception that a failure code, mode or ID is added after each failure
so that the analysis can take into account different failure modes. The next figure shows an
example of this type of data.

|l Foliog - o x
A23 «| kg main »
. Success/Faiure Faiure Mode Comments Growth Data

; S |50 Hodel 0=
3 F Mode B

4 s = Developmental
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11 5

12 5

13 5

14 5

15

16 =

17

18 M
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This data type is used when multiple items, instead of a single item, are tested and the number
of units that fail are recorded for each configuration. The row numbers that appear on the left
side of the worksheet, as shown in the following figure, represent the unique configurations. For
example, row 1 indicates configuration 1 in which 10 missiles were fired and 5 failed, row 2
indicates configuration 2 in which 8 missiles were fired and 3 failed, etc. The data can be cumu-
lative or non-cumulative.

[ Foliog - . .
Az l L e | pg Main R
Bélf?nba?sr QTL;?‘T; Comments : Growth Data

10 5 REIES o=

Y T

w
W w

10

BUFRELOBE B o~ en s~y

Datal

The Mixed data type is basically a combination of Grouped per Configuration and Sequential
data. It allows for testing to be conducted in groups of configurations, individual trial by trial or
a combination of individual trials and configurations where more than one trial is tested. The fol-
lowing figure shows an example of this data type. For example the first row of this data sheet
shows that 3 failures occurred in the first 4 trials, the second row shows that there were no fail-
ures in the next trial, while the third row shows that 3 failures occurred in the next 4 trials.
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|l Folio10 - o X
A34 y -| kd main >
Faiures Cumulative Growth Data

i in Interval Trials Comments -

1 3 4 «| oy | Model Om
Y E— : %
3 3 9

4 1 12 - ; i

. 0 13 Calculation Options o
6 1 15 # ) Standard

7 2 19 Change of Slope

8 1 20

9 0 22 Developmental

10 1 24 Mixed Data

1 1 25 MLE | Crow

12 1 28

13 0 32
14 2 37

15 0 39

16 1 40

17 1 44

18 0 46

19 1 49

20 0 50 EF aosinn
21 '

2 pai

23

24 -

Datal m ® E & m

The following models can be used to analyze discrete data. Models and examples using the dif-

ferent data types are discussed in later chapters.

¢ Duane

e Crow-AMSAA (NHPP)

e Crow Extended

e Lloyd-Lipow

e Gompertz and Modified Gompertz

e Logistic

Multi-Phase Data

Reliability data can be analyzed across multiple phases. This is useful when an overall reli-
ability growth program is planned and involves multiple test phases.

This data type can be used for tests that span multiple phases and the exact failure times are
recorded. The figure below shows an example of multi-phase failure times data, where the dif-
ferent events signify failures (F), test phases (PH) or analysis points (AP).
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This data type can be used for tests that span multiple phases and the exact failure times are
unknown. Only the number of failures within a time interval are recorded, as shown in the fig-
ure below.
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This data type can be used for tests that span multiple phases and it allows for configuration in
groups, individual trial by trial, or a mixed combination of individual trials and configurations
of more than one trial. An example of this data type can be seen in the figure below.
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The Crow Extended - Continuous Evaluation model is used to analyze data across multiple
phases.

Reliability Data

Reliability data consists of entering the reliability of the equipment at different times or stages.
An example is shown in the figure below. In this case, the process is monitored at pre-defined
time intervals and the reliability is recorded. The reliability can be computed by a simple ratio
of the number of units still functioning vs. the number of units that entered the test stage or by
using life data analysis and related methods (e.g., Weibull analysis).
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The following models can be used to analyze reliability data sets. Models and examples using
different data types are discussed in later chapters.

e Lloyd-Lipow

e Gompertz and Modified Gompertz

e Logistic

Fielded Systems

Fielded systems are systems that are used by customers in the field and for which failure inform-
ation is not derived from an in-house test. This type of data is analogous to warranty data. The
data types available for fielded systems data entry are:

e Repairable Systems

e Fleet
Repairable Systems

Repairable Systems data is identical in format to the Multiple Systems (Concurrent Operating
Times) data. It also can be entered in the Normal or Advanced Systems view. The following fig-
ure illustrates a sample data set. In repairable systems, the purpose of the analysis is not to eval-
uate reliability growth but rather to obtain reliability estimates for the system, including
expected number of failures, reliability at a given time, and so forth.
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The following models can be used to analyze repairable systems data. Models and examples
using different data types are discussed in Repairable Systems Analysis.

e Power Law

e Crow Extended (also called Operational Testing)

Fleet Data

This data type is used to analyze the entire population (fleet). The data entry for this data type is
similar to the data entry for repairable systems; however, the overall data analysis is again dif-
ferent. In repairable systems, the reliability of a single system can be tracked and quantified,
whereas in a fleet analysis, data from the entire fleet as a whole is analyzed. The figure below
presents an example of data entered for fleet analysis.
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Models for Fleet Data

The following models can be used to analyze fleet data. Models and examples using different
data types are discussed in later chapters.

 Crow-AMSAA (NHPP)

e Crow Extended
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Reliability growth analysis is the process of collecting, modeling, analyzing and interpreting
data from the reliability growth development test program (development testing). In addition,
reliability growth models can be applied for data collected from the field (fielded systems). Fiel-
ded systems analysis also includes the ability to analyze data of complex repairable systems.
Depending on the metric(s) of interest and the data collection method, different models can be
utilized (or developed) to analyze the growth processes.

Example

As an example of such a model development, consider the simple case of a wine glass designed
to withstand a fall of three feet onto a level cement surface.

The success/failure result of such a drop is determined by whether or not the glass breaks.
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Furthermore, assume that:

e You will continue to drop the glass, looking at the results and then adjusting the design after
each failure until you are sure that the glass will not break.

e Any redesign effort is either completely successful or it does not change the inherent reli-
ability (g ). In other words, the reliability is either lorg ,0< R <1 -

¢ When testing the product, if a success is encountered on any given trial, no corrective action
or redesign is implemented.

e If the trial fails, then you will redesign the product.

e When the product is redesigned, assume that the probability of fixing the product per-
manently before the next trial is ,, . In other words, the glass may or may not have been
fixed.

e Let P,(0) and P, (1) be the probabilities that the glass is unreliable and reliable, respectively,
just before the ,th trial, and that the glass is in the unreliable state just before the first trial,
P(0).

Now given the above assumptions, the question of how the glass could be in the unreliable state
just before trial ,, can be answered in two mutually exclusive ways:

The first possibility is the probability of a successful trial, (1 —p), where p is the probability of
failure in trial 5, — 1, while being in the unreliable state, P.—1(0) , before the n, — 1 trial, or:

(1 = p)Po-1(0)

Secondly, the glass could have failed the trial, with probability p, when in the unreliable state,
P,_1(0), and having failed the trial, an unsuccessful attempt was made to fix, with probability
1-a),or:

PAGE 32



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

p(1 —)P,1(0)

Therefore, the sum of these two probabilities, or possible events, gives the probability of being
unreliable just before trial ,, :

Pn(o) = (1 _p)Pn—l (0) +p(1 - a)Pn—l (0)
or:
P,(0) =(1 - pa)P,-1(0)

By induction, since P1(0) =1:

Po(0) = (1 — pa)"

To determine the probability of being in the reliable state just before trial ,,, the above equation
is subtracted from 1, therefore:

P,(1)=1-(1—pa)*

Define the reliability R, of the glass as the probability of not failing at trial ,, . The probability
of not failing at trial 4, is the sum of being reliable just before trial ,, (1 — (1 — pa)"!), and

being unreliable just before trial , but not failing ((1 — pa)" (1 —p)), thus:

By = (1= (1-pa)* ™) + (1 ~p)(1 ~p)" ")
or:
Ry=1-(1-pa)"*-p

Now instead of P;(0) =1, assume that the glass has some initial reliability or that the prob-
ability that the glass is in the unreliable state at 5, — 1, P1(0) = 8, then:

R, =1-fp(1 — pa)*!

When 8 < 1, the reliability at the ,t» trial is larger than when it was certain that the device was
unreliable at trial ,, — 1 . A trend of reliability growth is observed in the above equation.

1
C=ln|l—]>0
Let A= pBp and n(l—pa) , then:
Rn:]__Ae—C’(n—l)

This equation is now a model that can be utilized to obtain the reliability (or probability that the
glass will not break) after the pth trial.
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Applicable Models

The following chapters contain additional information on each of the models that are available
for developmental testing:

e Duane

e Crow-AMSAA (NHPP)

¢ Crow Extended - Continuous Evaluation

e Lloyd-Lipow

e Gompertz Models

e Logistic

Duane Model

In 1962, J. T. Duane published a report in which he presented failure data of different systems
during their development programs [8]. While analyzing the data, it was observed that the cumu-
lative MTBF versus cumulative operating time followed a straight line when plotted on log-log

paper, as shown next.

1000 | T

1/(1-alpha)

100 |

MTBE, hr

A Cumulative MTBF
M Instantaneous MTBF

1 10 100 1000 10000

Cumulative test time, Ta, hr

Based on that observation, Duane developed his model as follows. If N(T') is the number of fail-
ures by time 7, the observed mean (average) time between failures, MTBF,, at time T is:
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T

The equation of the line can be expressed as:

y=mz+c

Setting:

y =In(MTBF,)
z =In(T)
m=a

c=Inbd

yields:

In(MTBEF,) = aIn(T) + Inb

Then equating MTBEF, to its expected value, and assuming an exact linear relationship, gives:

E(MTBF,) = bT"

or:

MTBF, =bT*

And, if you assume a constant failure intensity, then the cumulative failure intensity, )

B\) = %T“"

or:

s 1
A =T
b

Also, the expected number of failures up to time 7 is:

E(N(T)) =X - T

1
— _Tl—a
b

where:

1S:

C

o X is the average estimate of the cumulative failure intensity, failures/hour.

e 7 is the total accumulated unit hours of test and/or development time.
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* 1/b is the cumulative failure intensity at 77 = 1 or at the beginning of the test, or the earliest
time at which the first } is predicted, or the } for the equipment at the start of the design
and development process.

* ois the improvement rate in the A,0 <a <1.

The corresponding MTBF. , Of 7, , 1S equal to:
M, = bT*

where j — cumulative MTBF at p _ 1 or at the beginning of the test, or the earliest time at
which the first ;5, can be determined, or the 4, predicted at the start of the design and devel-
opment process (p> 0 )-

The cumulative MTBF, 7, , and X, tell whether , is increasing or ) is decreasing with time,

utilizing all data up to that time. You may want to know, however, the instantaneous i; or ;
to see what you are doing at a specific instant or after a specific test and development time. The
instantaneous failure intensity, ), , is:

_d(B(N(T))
ar

=%(1 — )T

=(1-a)A

Ai

Similarly, using the equation for the expected number of failures up to time 7, this procedure
yields:

1
= bT®
i l1-a
L
mec,l a,&l

where o, — 1 implies infinite MTBF growth.

As shown in these derivations, the instantaneous failure intensity improvement line is obtained
by shifting the cumulative failure intensity line down, parallel to itself, by a distance of (1 —a) .
Similarly, the current or instantaneous MTBF growth line is obtained by shifting the cumulative

MTBF line up, parallel to itself, by a distance of 125 , as illustrated in the figure below.
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1000

1/(1-alpha)

100

MTBE, hr

A Cumulative MTBF
M Instantaneous MTBF |

10
1 10 100 1000 10000

Cumulative test time, Ta, hr

Parameter Estimation

The Duane model is a two parameter model. Therefore, to use this model as a basis for pre-
dicting the reliability growth that could be expected in an equipment development program, pro-
cedures must be defined for estimating these parameters as a function of equipment
characteristics. Note that, while these parameters can be estimated for a given data set using
curve-fitting methods, there exists no underlying theory for the Duane model that could provide

a basis for a priori estimation.

One of the parameters of the Duane model is ,,. The second parameter can be represented as 4

1
or p where A= b . There is an option within the Application Setup that allows you to determine

whether to display 4 org for the Duane model. All formulation within this reference uses the

parameter p .
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& Application Setup ] x
= ¢» Common Settings Property Name value
¢@» Common Settings 5 Precision to be Displayed on C:
Backup/Check-Out Options Displayed mathprecision [ v
g{ Qther Scientific notation tolerance (1047) [ |
= @ Weibull++ = Special Options on Location Parameter
Iﬂ Weibull++ Life Data Folios Warn if location parameter is negative [}
| ALTALife-Stress Folios Discard if location parameteris negative (]
. Reset if location parameter>T1 on Exponential []
b RGA Growth Data Folios Use true 3-P MLE on Weibull [}
Eﬂ Design Folios Use Theta parameter scheme on Weibull (]
Eglvl Caleulations Allow negative location parameter for G-Gamma []
Lv‘_f Flot = Precision for Convergence Critena
& Other Mathematical tolerance 1E-05 -
°gs Customize Folio Tools = Crow/Power Law Models
£) ResetSettings Show Lambda or Eta? Show Lambda |
=l Duane Model
Show A or b? Show A |
=l Crow Extended Model
Show Crow-AMSAA beta for beta = 1 hypothesis a
Allow EFvalues for BD modes withimplemented fixes (]
= Instantaneous MTBF/FI at the End of Development Testing
Show demonstrated or achieved? Show demanstrated (i.e., DMTBF/DFI) |
= Other Options
Use meantime forthe exponential distribution a
Sort before calculation (]
Useunbiased Std on Normal data []
Use special sort (place F before 5) a
Useplotted Y points for K-Stest [-]
Cancel

The Duane model for the cumulative failure intensity is:

This equation may be linearized by taking the natural log of both sides:

1n(f\,,) = In(%) — aln(T)

Consequently, plotting } versus 7 on log-log paper will result in a straight line with a negative

slope, such that:

. ln( L ) . .
b/ is the y-intercept at 7= 1

1
p 1s the cumulative failure intensity at 7 = 1

e . is the slope of the straight line on the log-log plot

Similarly, the corresponding MTBF of the cumulative failure intensity can also be linearized by
taking the natural log of both sides:
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m, = bT*
Inmi, =Inb+alnT

Plotting 4, versus 7 on log-log paper will result in a straight line with a positive slope such
that:

* Inp is the y-intercept at 7 — 1
e 3 is the cumulative mean time between failure at 77 — 1
* . 1s the slope of the straight line on the log-log plot

Two ways of determining these curves are as follows:

1. Predict the X and s = :\_10 of the system from its reliability block diagram and available com-
ponent failure intensities. Plot this value on log-log plotting paper at 7 — 1. From past exper-
ience and from past data for similar equipment, find values of ¢, , the slope of the improvement
lines for X or 4% . Modify this o as necessary. If a better design effort is expected and a more
intensive research, test and development or TAAF program is to be implemented, then a 15%
improvement in the growth rate may be attainable. Consequently, the available value for slope
o> and o4 , should be adjusted by this amount. The value to be used will then be o = 1.15a;. A
line is then drawn through point Xy and 7 — 1 with the just determined slope o, keeping in
mind that o is negative for the X curve. This line should be extended to the design, development
and test time scheduled to be expended to see if the failure intensity goal will indeed be
achieved on schedule. It is also possible to find that the design, development and test time to
achieve the goal may be earlier than the delivery date or later. If earlier, then either the reli-
ability program effort can be judiciously and appropriately trimmed; or if it is an incentive con-
tract, full advantage is taken of the fact that the failure intensity goal can be exceeded with the
associated increased profits to the company. A similar approach may be used for the MTBF

growth model, where o = % is plotted at 7 = 1, and a line is drawn through the point /%, and
T — 1 with slope , to obtain the MTBF growth line. If , values are not available, consult the
table below, which gives actual ,, values for various types of equipment. These have been
obtained from literature or by MTBF growth tests. It may be seen from the following table that
o Values range between 0.24 and 0.65. The lower values reflect slow early growth and the
higher values reflect fast early growth.

Sample Slope Values for Various Equipment

Equipment Slope(y )

Computer system Actual 0.24
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Easy to find failures were eliminated 0.26

All known failure causes were eliminated | 0.36
Mainframe computer 0.50
Aerospace electronics All malfunctions 0.57

Relevant failures only 0.65
Attack radar 0.60
Rocket engine 0.46
Afterburning turbojet 0.35
Complex hydromechanical system 0.60
Aircraft generator 0.38
Modern dry turbojet 0.48

2. During the design, development and test phase and at specific milestones, the X= & is cal-
culated from the total failures and 7 values. These values of X or s, are plotted above the cor-
responding 7 values on log-log paper. A straight line is drawn favoring these points to
minimize the distance between the points and the line, thus establishing the improvement or
growth model and its parameters graphically. If needed, linear regression analysis techniques
can be used to determine these parameters.

GRAPHICAL METHOD EXAMPLE

A complex system's reliability growth is being monitored and the data set is given in the table
below.

Cumulative Test Hours and the Corresponding Observed Failures for the Complex Sys-

tem
Point Cumulative Test Cumulative Cumulative Instantaneous
Number Time (hours) Failures MTBF(hours) MTBF (hours)
1 200 2 100.0 100
2 400 3 133.0 200
3 600 4 150.0 200
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4 3,000 11 273.0 342.8

Do the following:

1. Plot the cumulative MTBF growth curve.

2. Write the equation of this growth curve.

3. Write the equation of the instantaneous MTBF growth model.
4. Plot the instantaneous MTBF growth curve.

Solution

1. Given the data in the second and third columns of the above table, the cumulative MTBF,
., values are calculated in the fourth column. The information in the second and fourth
columns are then plotted. The first figure below shows the cumulative MTBF while the
second figure below shows the instantaneous MTBF. It can be seen that a straight line rep-
resents the MTBF growth very well on log-log scales.

MTBF vs. Time

1000.

100.0000

MTBF (Hr)

100.0000 1000.0000 10000.0000
Time (Hr)

Cumulative MTBF plot
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[Reliasoft RGA - v ReliaSoft

MTBF vs. Time.

10000.0000

MTBF vs. Time
1000.
kS
w 100.0000 4‘
]
=
=
10
100.0000 1000.0000
Time (Hr)
[Wera=0367E, A-neez

p 1s approximately 14 hours. The next figure illustrates this.

Instantaneous MTBF plot
By changing the x-axis scaling, you are able to extend the line to 7 — 1. You can get the

value of j, from the graph by positioning the cursor at the point where the line meets the y-
axis. Then read the value of the y-coordinate position at the bottom left corner. In this case,

[Rellasoft RGA - v Rellasoft

MTBF vs. Time

1000.

100.0000

MTBF (Hr)

«—14

MTEF vs. Time
Data 1
Duane
LSLsB
T. Time (Hr)= 3000.0000
@ D;

10.
1.0000

10.0000

100.0000
Time (Hr)

1000.0000

10000.0000

[Alpha=0.3671, A=0.0692
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Cumulative MTBF plot for 5 14 at 7 =1
Another way of determining  is to calculate , by using two points on the fitted straight
line and substituting the corresponding #,, and 7 values into:

_ In(rh, ) — In(rh, )
In(T;) — In(T})

Then substitute this , and choose a set of values for 72, and T, into the cumulative MTBF
equation, 7, = bT* , and solve for . The slope of the line, ,, may also be found from the
linearized form of the cumulative MTBF equation, or :

_ In(rh) — In3)
In(T) — In(1)

Using the cumulative MTBF plot for the example, at T, = 200 hours, 72, = 100 hours, and
T, = 3,500 hours, 7i,, = 300 hours. From the cumulative MTBF plot for g — 14 hours when
T — 1, substituting the first set of values,  — 14 hours and 151 — ¢, into the equation yields:

_ In(100) — In(14)
~ In(200) — In(1)
=0.3711

(23]

2. Substituting the second set of values,  — 14 hours andIn1 = 0, into the equation yields:

_ 1n(300) — In(14)

" In(3,500) — In(1)

=0.3755

Averaging these two ,, values yields a better estimate of 4 — .3733 -

(2%

3. Now the equation for the cumulative MTBF growth curve is:
mc —14.T 0.3733

4. Using the following equation for the instantanecous MTBF, or

1
m; = mmc,Z (8] /&1

The equation for the instantaneous MTBF growth curve is:

-
1-0.3733
The above equation is plotted in the instantaneous MTBF plot shown in the example and in

hy = . 147703733
the cumulative and instantaneous MTBF vs. Time plot. In the following figure, you can see

that a parallel shift upward of the cumulative MTBEF, ., line by a distance of =5 gives
the instantaneous MTBF, or the #, , line.
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MTBF vs. Time
1000.

100.0000

MTBF (Hr)

1.0000 10.0000 100.0000 1000.0000 10000.0000

Time (Hr)

Cumulative and Instantaneous MTBF vs. Time plot

The parameters can also be estimated using a mathematical approach. To do this, linearize the
MTBF of the cumulative failure intensity by taking the natural log of both sides, and then apply
least squares analysis. For example:

m, = bT*
Inm, =Inb+alnT

For simplicity in the calculations, let:

In(me;) =Y;
In(b) =a

In(T}) =X;
Therefore, the equation becomes:
Y, =a+¢éx;

Assume that a set of data pairs (X1,Y1), (X2,Y2),..., (X~,Yn) were obtained and plotted. Then
according to the Least Squares Principle, which minimizes the vertical distance between the
data points and the straight line fitted to the data, the best fitting straight line to this data set is
the straight line y = 4 4+ ¢ X such that:
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N N
Z (6+¢X; - Y)? = ’I’()’L’I,';LZ (a+cX; - Y;)?
=1 4C) =1

where 4 and & are the least squares estimates of ;, and .. To obtain 4 and ¢, let:

N
F=) (a+cX; - Y;)?
i=1

Differentiating g with respect to , and . yields:

F
%—2;(G+CX,—K)

and:

N
a—F = 22 (a+CX7; —Y;;)Xi

and:

N N N
dlateXi-Y)Xi=) Bi-Y)Xi=-) (% -Y%)Xi=0
i i=1 i=1

i=1

Solve the equations simultaneously:

N N
Y IP.€
4= =1 _é =1
N N
=Y -¢éX
and:
N (EN€=1 XiENi=1 Yt)
&= E i=1 X;Y; — N 2
N
N Y i X
i XF - %

Now substituting back In(m.;) =Y;,In(b) = a, o, = ¢ and In(T;) = X;, we have:

PAGE 45



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

b — enlT i Inlma)—aX"s; I(T))]

where:

S In(T}) In(mei) — > (T In(ma)

n

S ()2 — &l @)

a =

EXAMPLE 1

Using the same data set from the graphical approach example, estimate the parameters of the
MTBF model using least squares.

Solution

From the data table:

n
Y In(T)=  25.693
i=1
n
Y In(T)In(ms)=  130.66
i=1 .
Y In(my)=  20.116
=1
n
Y (%)= 168.99
i=1

Obtain the value of 4 from the least squares analysis, or:

S (T In(mg) — S O )
Sy (TP — i )"
130.66 — w
168.99 — w

=0.3671

&=

Obtain the value § from the least squares analysis, or:

N 1
b= eE[Eﬂ.el In{me)—a3>",; In(T3)]
— e%(20.116—0.3671~25.693)

= 14.456

Therefore, the cumulative MTBF becomes:
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me = bT
= 14.456 - 703671

The equation for the instantaneous MTBF growth curve is:

. 1
mizmmcﬂ a/El
1

- - 0.3671
~ 1-0.3671 (14456)T

EXAMPLE 2

For the data given in columns 1 and 2 of the following table, estimate the Duane parameters
using least squares.

Failure Times Data

(1)Failure | (2)Failure (3)nT; (4)n T2 (5)m, (6)ln m. (7)
Number Time Inm, -InT;
(hours)

1 9.2 2219 4.925 9.200 2.219 4.925
2 25 3.219 10.361 12.500 2.526 8.130
3 61.5 4.119 16.966 20.500 3.020 12.441
4 260 5.561 30.921 65.000 4.174 23.212
5 300 5.704 32.533 60.000 4.094 23.353
6 710 6.565 43.103 118.333 4.774 31.339
7 916 6.820 46.513 130.857 4.874 33.241
8 1010 6.918 47.855 126.250 4.838 33.470
9 1220 7.107 50.504 135.556 4.909 34.889
10 2530 7.836 61.402 253.000 5.533 43.359
11 3350 8.117 65.881 304.545 5.719 46.418
12 4200 8.343 69.603 350.000 5.858 48.872
13 4410 8.392 70.419 339.231 5.827 48.895
14 4990 8.515 72.508 356.429 5.876 50.036
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15 5570 8.625 74.393 371.333 5917 51.036
16 8310 9.025 81.455 519.375 6.253 56.431
17 8530 9.051 81.927 501.765 6.218 56.282
18 9200 9.127 83.301 511.111 6.237 56.921
19 10500 9.259 85.731 552.632 6.315 58.469
20 12100 9.401 88.378 605.000 6.405 60.215
21 13400 9.503 90.307 638.095 6.458 61.375
22 14600 9.589 91.945 663.636 6.498 62.305
23 22000 9.999 99.976 956.522 6.863 68.625

Sum = 173.013 1400.908 7600.870 121.406 974.242

Solution

To estimate the parameters using least squares, the values in columns 3, 4, 5, 6 and 7 are cal-
culated. The cumulative MTBF, m, , is calculated by dividing the failure time by the failure
number. The value of 4 is:

5"y In(T) In(my;) — S O )
=

n 1)) 2
Y (TP — & RE)
074.242 — 173.013-121.406

&=

23
1400.908 — (018"
= 0.6133

The estimator of ¢ is estimated to be:

b — e[S i In(me)—aX",; I(T)

1
— ¢33 (121.406-0.6133-173.013)
= 1.9453

Therefore, the cumulative MTBF becomes:

miie = bT*
=1.9453 . T

Using the equation for the instantaneous MTBF growth curve,
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1

S

m; = ——m,:

l1-a

a ~1

1
= ————(1.945)T°%"

T 1-10.613

MTBF (hr)

MTBF vs. Time

10000

MTBF vs. Time

Datal
Duane

LS LSB

T. Time ('Dr): 22000.000000
#® Data Points

=~ Termination Line

— Cumulative MTBF

1000

100

=2

10

1000
Hour (hr)

10000

100000

[Alpha=0.613234, A=0.513964

EXAMPLE 3

For the data given in the following table, estimate the Duane parameters using least squares.

Multiple Systems (Known Operating Times) Data}

Run Number | Failed Unit | Test Time1l | Test Time 2 | Cumulative Time
1 1 0.2 2.0 2.2
2 2 1.7 2.9 4.6
3 2 4.5 5.2 9.7
4 2 5.8 9.1 14.9
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5 17.3 9.2 26.5
6 293 24.1 534
7 36.5 61.1 97.6
8 46.3 69.6 1159
9 63.6 78.1 141.7
10 64.4 85.4 149.8
11 74.3 93.6 167.9
12 106.6 103 209.6
13 195.2 117 312.2
14 235.1 134.3 369.4
15 248.7 150.2 398.9
16 256.8 164.6 421.4
17 261.1 174.3 435.4
18 299.4 193.2 492.6
19 305.3 234.2 539.5
20 326.9 257.3 584.2
21 339.2 290.2 629.4
22 366.1 293.1 659.2
23 466.4 316.4 782.8
24 504 373.2 877.2
25 510 375.1 885.1
26 543.2 386.1 929.3
27 635.4 453.3 1088.7
28 641.2 485.8 1127
29 755.8 573.6 1329.4
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Solution

The solution to this example follows the same procedure as the previous example. Therefore,
from the table shown above:

29
) In(T;) =154.151

i=1

29
Y In(T3)* =902.592

i=1
29
) In(m,) =82.884
=1
29
> In(T;) - In(m,) =483.154

i=1

For least squares, the value of , is:

5"y In(T) In(my;) — S O )
=

T (T — e T

154.151-82.884
_ 483.154 — Lot1nmsn

(154.151)?
902.592 — —5—
= 0.5115

&=

The value of the estimator ¢ is:

R 1
b = en X i In(ma)—aX"; In(T)]
_ e2l9 (82.884—0.5115-154.151)

=1.1495

Therefore, the cumulative MTBEF is:

M, = bT® = 1.1495 . T'0-5115

Using the equation for the instantaneous MTBF growth,

. L
m; = mmc,l 8] /&1
1
— 1.14 T0.5115
1-0.5115 ( %)
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L. H. Crow [17] noted that the Duane model could be stochastically represented as a Weibull
process, allowing for statistical procedures to be used in the application of this model in reli-

ability growth. This statistical extension became what is known as the Crow-AMSAA (NHPP)
model. The Crow-AMSAA model, which is described in the Crow-AMSAA (NHPP) chapter,
provides a complete Maximum Likelihood Estimation (MLE) solution to the Duane model.

Confidence Bounds

Least squares confidence bounds can be computed for both the model parameters and metrics of
interest for the Duane model.

Apply least squares analysis on the Duane model:
In(7h.) = In(b) + a1n(t)

The unbiased estimator of 42 can be obtained from:

SSE
= Var[lnm(t)] = m
where:
SSE = y [In 772 () — Inme(8;)]?

i=1
Thus, the confidence bounds on ,, and  are:
CBy = Gt t, 54/,SE(&)
CB, = petin-2a2SE[(b)]

where tn—20/2 denotes the percentage point of the ¢ distribution with ,, — 9 degrees of freedom
such that P{tn—2 > ta/2n-2} = @/2 and:

g

SE(D

SE(a) =

SE [In(b)] = o - Z";l—;lnt)z
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n n 2
Sy = [Z (1nt,.)2] - % (Z ln(ti))

Confidence bounds also can be obtained on the cumulative MTBF and the cumulative failure
intensity:

CBmc = M, (t)e:l:zm/Var[ln(mc)]

n 3 mn(t)
> (Inrh(t) — In mc(ti))2 . In(t) — =

Var [In(1h,)] = = =4

n—2 n i) \
In(t;) — S
=1

S

uﬂm=mir

[Ac (t)]U = [mcl(t)]l

When 5, is large, the approximate 100(1 — a)% confidence bounds for instantanecous MTBF are
given by:

m; (t)L — [mcgt)]L
m; (t)U — [mcgt)]U
and
1
MO =ne

therefore, the confidence bounds on the instantaneous failure intensity are:

1
(@) “ @l
1
[Ac (t)]U = [m: (0],
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Using the values of § and 4 estimated from the least squares analysis in Least Squares Example
2:

1.9453
0.6133

b
&
Calculate the 90% confidence bounds for the following:

1. The parameters , andy .
2. The cumulative and instantaneous failure intensity.

3. The cumulative and instantaneous MTBF.

Solution

1. Use the values of § and g estimated from the least squares analysis. Then:

n n 2
Szz = l; (lnti)2] - % (; ].n(t,))

= 1400.9084 — 1301.4545
= 99.4539

. o
SE(&) = o
~0.08428

T 9.9727
=0.008452

Zni=1 (InT; )2

SE(Inb) =0 - —

=0.065960
Thus, the 90% confidence bounds on parameter ,, are:

CBa = c“! :l: tn—2,a/2 SE(&)

az, =0.602050
ay =0.624417

And 90% confidence bounds on parameter  are:

CBy = bettn-20nSE[md)]
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br =1.7831
by =2.1231

2. The cumulative failure intensity is:

A = .29 —0.6133
¢ 1.9453 000

=0.00111689
And the instantaneous failure intensity is equal to:

. = 1 —0.6133
N =755 + (1 —0.6133) - 22000

=0.00043198
So, at the 90% confidence level and for T = 22,000 hours, the confidence bounds on cumu-
lative failure intensity are:

[Ae(t)], =0.00106780
[Ae(8)]y =0.00116825

For the instantaneous failure intensity:

[Ai(£)], =0.00041299

A (£)], =0.00045184
The following figures show the graphs of the cumulative and instantaneous failure intensity.
Both are plotted with confidence bounds.
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Failure Intensity vs. Time

1 Failure Intensity vs. Time
CB@90% 2-Sided[F]

Datal
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T. Time gr?: 22000.000000
# Data Points
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0.0001
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Failure Intensity vs. Time

P
Pyt
)
3
0.1 =

Failure Intensity vs. Time
CB@E90% 2-Sided[F]

Datal

Duane

LS LSB

T. Time (hr)= 22000.000000
— Instantaneous FI

— Inst-Top CE Type II

— Inst-Bottom CE Type IT

e

Failure Intensity (Failures/hr)

0.01 %,
0.001 \
~N
0.0001 10 100 1000 10000 100000
Hour (hr)
|Alpha=0.613234, A=0.513964
3. The cumulative MTBF is:
me(T) =1.9453 - 22000°6133
=895.3395
And the instantaneous MTBF is:
_ 1.9453 0.6133
m; (T) =1-0.6133 22000
=2314.9369

So, at 90% confidence level and for T' = 22,000 hours, the confidence bounds on the cumu-

lative MTBF are:

m.(t); =855.9815
me(t), =936.5071

The confidence bounds for the instantaneous MTBF are:

m;(t), =2213.1753
mi(t), =2421.3776

The figure below displays the cumulative MTBF.
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MTBF vs. Time
10000 MTBF vs. Time
CB@S0% 2-Sided[F
Datal
Duane
LS LSB
T, Time (hr) 22000.000000
® Data Points

=% Termination Line

— Cumulative MTBF

- CLIIT’I-TDE CB Type II

= Cum-| m CB Type II

1000

MTBF (hr)
8

10 100 1000 10000 100000
Hour (hr)

Alpha=0.613234, A=0.513964

The next figure displays the instantaneous MTBF. Both are plotted with confidence bounds.
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MTBF vs. Time
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More Examples

A prototype of a system was tested with design changes incorporated during the test. A total of
12 failures occurred. The data set is given in the following table.

Developmental Test Data

Failure Number | Cumulative Test Time (hours)
1 80
2 175
3 265
4 400
5 590
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6 1100
7 1650
8 2010
9 2400
10 3380
11 5100
12 6400

Do the following:

1. Estimate the Duane parameters.
2. Plot the cumulative and instantaneous MTBF curves.

3. How many cumulative test and development hours are required to meet an instantaneous
MTBF goal of 500 hours?

4. How many cumulative test and development hours are required to meet a cumulative MTBF
goal of 500 hours?

Solution

1. The next figure shows the data entered into Weibull++ along with the estimated Duane para-
meters.
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Q’ the time required to meet an MTBF goal - o >
A42 i x v =| [ main >

) Time to Event (hr) Comments Growth Data

B

1 80 a|lop | Model i L
2 175 Duane

3 265 Z

4 400 ah Calculation Options o
5 590

6 1100 Standard

7 1650 Change of Slape

E 2010

] 2400 Developmental

10 3380 Failure Times

11 5100 Ls | LS8

12 6400 No Gap I Cumulative

;i Faiure Termnated

15 Parameters -
16 Alpha 0.470087

17 A 0.137037

18 DMTEF (he) 847.510280

1 DFI 0.001180
2 Other
21 Termination Time (hr): £400,000000
22
23
24 Effectiveness Associate
a5 EF Factors 5 Profile
26 e Alter i Mode
- *31 parameters £C Processing
28 F77 Change =% Transfer To

=5 Units W webul
29
Auto Gr
= LER
31
32 hd
g — aane
Datal | Plotof Datal [ 7 E © m
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2. The following figure shows the cumulative and instantaneous MTBF curves.

MTBF vs. Time
10000 MTBF vs. Time

Datal

Duane

LS LSB

T. Time (hr)= 6400.000000
® D oints

=% Termination Line

— Cumulative MTBF

— Instantaneous MTBF

1000 =

=

MTBF (hr)

10

100 1000 10000
Hour (hr)

1

[Alpha=0.470087, A=0.137037

3. The next figure shows the cumulative test and development hours needed for an instant-
aneous MTBF goal of 500 hours.
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@ ocp @ X
Estimating the time required to meet an MTBF goal\Datal
Time Given: InstMTBF hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Cumulative MTBF Failure Intensity Instantaneous MTBF 500
Instantanecus MTBF Failure Intensity
Time Given: L]
Time (hr)
Instantaneous MTEF -
Failures Murnber of Failures
Repart
Calculate
Close

4. The figure below shows the cumulative test and development hours needed for a cumulative
MTBF goal of 500 hours.

> qcp @ bs

Estimating the time required to meet an MTBF goal\Datal

t(CMTBF=50.. 8039.808336 hr

Time Given: CumMTBF hr Ne Bounds Captions On
Units - Bounds - Options -
Calculate Input
Cumulative MTBF Failure Intensity Cumulative MTBF 500
Instantanecus MTBF Failure Intensity
Time Given: L]
Time ¢hr)
Cumulative MTBF -
Failures Murnber of Failures
Report
Calculate

Two identical systems were tested. Any design changes made to improve the reliability of these
systems were incorporated into both systems when any system failed. A total of 29 failures
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occurred. The data set is given in the table below.

Do the following:

1.

2.

Estimate the Duane parameters.

Assume both units are tested for an additional 100 hours each. How many failures do you
expect in that period?

If testing/development were halted at this point, what would the reliability equation for this

system be?
Developmental Test Data

Failure Number | Failed Unit | Test Time Unit 1 (hours) | Test Time Unit 2 (hours)
1 1 0.2 2.0
2 2 1.7 2.9
3 2 4.5 52
4 2 5.8 9.1
5 2 17.3 9.2
6 2 293 24.1
7 1 36.5 61.1
8 2 46.3 69.6
9 1 63.6 78.1
10 2 64.4 85.4
11 1 74.3 93.6
12 1 106.6 103
13 2 195.2 117
14 2 235.1 134.3
15 1 248.7 150.2
16 2 256.8 164.6
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17 2 261.1 174.3
18 2 299.4 193.2
19 1 305.3 234.2
20 1 326.9 257.3
21 1 339.2 290.2
22 1 366.1 293.1
23 2 466.4 316.4
24 1 504 373.2
25 1 510 375.1
26 2 543.2 386.1
27 2 635.4 453.3
28 1 641.2 485.8
29 2 755.8 573.6

Solution

1. The figure below shows the data entered into Weibull++ along with the estimated Duane
parameters.
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Q 4-Multiple Systems Known Operating Times Example - [m] x
Ad0 MH v +| [ main »
Failed Time Time Growth Data

4 System ID System 1 (hr) System 2 (hr) Comments e

! 1 0.2 2 o |lodl | Medet o=
2 2 1.7 2.9 )

2 2 45 52 Ié Duane

4 2 5.8 9.1 & | calcutation Options 0
5 2 17.3 9.2

[ 2 29.3 24.1 Standard

7 1 36.5 61.1 Change of Slope

8 2 46.3 69.6

] 1 63.6 78.1 Developmental

10 2 64.4 85.4 Multiple Systems - Known

11 1 74.3 93.6 s [ LSE

12 1 106.6 103 Cumulative

i: i ig :i 1];:’3 Failure Terminated
15 1 248.7 150.2 HECIEED Lol
16 2 256.8 164.6 Alpha 0.511504

17 2 261.1 174.3 A 0.869355

18 2 299.4 193.2 DMTEF (hr) 93.197931

13 1 305.3 234.2 DFIL 0,010730

2 1 326.9 257.3 other

21 1 338.2 290.2 Termination Time (hr): 1329400000
22 1 366.1 293.1

23 2 466.4 316.4

2 L 504 373.2 37 Ezchtco?;E”Ess E c g‘\?o‘?:eassmg
25 1 510 375.1 -

% 2 543.2 386.1 [

27 2 635.4 453.3 : h

P 1 641.2 485.8 [ Chane

29 2 755.8 573.8

30 v

Datal | PlotofDatal M ® OE ¢ m

2. The current accumulated test time for both units is 1329.4 hours. If the process were to con-
tinue for an additional combined time of 200 hours, the expected cumulative number of fail-
ures at 7 — 1529.4 15 31.2695, as shown in the figure below. At T = 1329.4, the expected
number of failures is 29.2004. Therefore, the expected number of failures that would be
observed over the additional 200 hours is 31,2695 — 29.2004 = 2.0691 ~ 2 -
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® ocp

Number of Failures

Calculate

Cumulative

Instantaneous

Time (hr)

Failures

Multiple Systems Known Operating Times Example®\Datal

CNOF(t=152...

hr Ne Bounds Captions On
Units - Bounds - Options -
Input

MTBF Failure Intensity Time: (hr) 1529.4

MTBF Failure Intensity

Time Given:
Cumulative MTBF
Murnber of Failures =
Repart
Calculate

31.269522

3. If testing/development were halted at this point, the system failure intensity would be equal
to the instantaneous failure intensity at that time, or ) — ¢.0107 failures/hour. See the fol-

lowing figure.

d acp

Calculate

Cumulative

Instantaneous

Time {hr)

Failures

-Multiple Systems Known Operating Times Example®\Data1

IFI(t=1329.4 ...

Instantaneous Failure Intensity

hr No Bounds Captions On
Units - Bounds - Options -
Input

MTBF Failure Intensity Time (hr) 1329.4

MTBF Failure Intensity ]

Time Given:
Cumulative MTBF
Number of Failures
Report
Calculate

0.010730/hr

Close

An exponential distribution can be assumed since the value of the failure intensity at that
instant in time is known. Therefore:
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R(t) =e™™
——(0.0107)t

Weibull++ can be utilized to provide a Reliability vs. Time plot which is shown below.

Reliability vs. Time

Reliability
Datal
1P-Exponantial
RREX SRM FM MED
=0/5=0
— Reliability Line
0.8
0.6
=
4
2
K|
o
0.4 \
" \
0
0 100 200 300 400 500

Hour (hr)

Lambda=0.010700

Given the sequential success/failure data in the table below, do the following:
1. Estimate the Duane parameters.
2. What is the instantaneous Reliability at the end of the test?

3. How many additional test runs with a one-sided 90% confidence level are required to meet
an instantaneous Reliability goal of 80%?

Sequential Data

Run Number Result
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Solution

1.

10

11

12

13

14

15

16

17

18

19

20

The following figure shows the data set entered into Weibull++ along with the estimated

Duane parameters.
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Q 5-Using the Duane Model for Success_Failure Data — O x
A4l -|: / - Ea Main >
Success/Faiure Comments Growth Data
P [—
3]
1 F s | lo] | Model i L)
3 5 ace
4 5 Y Developmental
E] 5 Sequential
& F L5 [ LB
7 S
s F
9 F Parameters m
10 5 Alpha 0,350359
1 S A 1,002419
12 5 DFP 0.217845
13 F
DRel 0,732155
i: : Other
Termination Trial: 20
16 s
17 s
18 5 [+ Alter a Mode
15 5 =39 parameters =& Processing
20 s
21 v
T
Datal kel E = © m

2. The Reliability at the end of the test is equal to 78.22%. Note that this is the DRel that is
shown in the control panel in the above figure.

3. The figure below shows the number of test runs with both one-sided confidence bounds at
90% confidence level to achieve an instantaneous Reliability of 80%. Therefore, the number
of additional test runs required with a 90% confidence level is equal to

42.2481 — 20 = 22.2481 ~ 23 test runs.

@ acp @ x
Using the Duane Model for Success_Failure Data\Datal
Upper Bound (0.9) 43.905584
Lower Bound (0.1) 14.640254
Stage Given: InstRel 15-Both Captions On
Units Bounds - Options -
Calculate Input
Cumulative Reliability Prob. of Faiure Instantaneous Reliability 0.8
Instantaneous Reliability Prob. of Failure Confidence Level 0.9
Stage Given: L]
Stage
Inst, Reliability -
Failures Murmber of Failures
Bounds Parameter Bounds
Report
Calculate
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Crow-AMSAA (NHPP)

Dr. Larry H. Crow [17] noted that the Duane Model could be stochastically represented as a
Weibull process, allowing for statistical procedures to be used in the application of this model in
reliability growth. This statistical extension became what is known as the Crow-AMSAA
(NHPP) model. This method was first developed at the U.S. Army Materiel Systems Analysis
Activity (AMSAA). It is frequently used on systems when usage is measured on a continuous
scale. It can also be applied for the analysis of one shot items when there is high reliability and
a large number of trials.

Test programs are generally conducted on a phase by phase basis. The Crow-AMSAA model is
designed for tracking the reliability within a test phase and not across test phases. A devel-
opment testing program may consist of several separate test phases. If corrective actions are
introduced during a particular test phase, then this type of testing and the associated data are
appropriate for analysis by the Crow-AMSAA model. The model analyzes the reliability growth
progress within each test phase and can aid in determining the following:

e Reliability of the configuration currently on test

Reliability of the configuration on test at the end of the test phase

Expected reliability if the test time for the phase is extended

Growth rate

Confidence intervals

Applicable goodness-of-fit tests

Background

The reliability growth pattern for the Crow-AMSAA model is exactly the same pattern as for
the Duane postulate, that is, the cumulative number of failures is linear when plotted on In-In
scale. Unlike the Duane postulate, the Crow-AMSAA model is statistically based. Under the
Duane postulate, the failure rate is linear on In-In scale. However, for the Crow-AMSAA model
statistical structure, the failure intensity of the underlying non-homogeneous Poisson process
(NHPP) is linear when plotted on In-In scale.

Let N(t) be the cumulative number of failures observed in cumulative test time ¢, and let p(t)
be the failure intensity for the Crow-AMSAA model. Under the NHPP model, p(t)At is approx-
imately the probably of a failure occurring over the interval [t,t + At] for small A¢. In addition,
the expected number of failures experienced over the test interval [0,T] under the Crow-
AMSAA model is given by:
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T
E[N(T)) = /0 p(t)dt

The Crow-AMSAA model assumes that p(T") may be approximated by the Weibull failure rate
function:

p(T) = %T -

oy 1 : . . . . . . .
Therefore, if * = 7 the intensity function, p(T'), or the instantaneous failure intensity, A;(T) , is
defined as:

Ai(T) = ABTP Y, withT >0, A\>0and 8 > 0

In the special case of exponential failure times, there is no growth and the failure intensity, p(t) ,
is equal to ). In this case, the expected number of failures is given by:

T

BN = [ ooy
=T

In order for the plot to be linear when plotted on In-In scale under the general reliability growth
case, the following must hold true where the expected number of failures is equal to:

T

BN = [ ooy
=\T?

To put a statistical structure on the reliability growth process, consider again the special case of
no growth. In this case the number of failures, N(T'), experienced during the testing over [0, T|

is random. The expected number of failures, N(T), is said to follow the homogeneous (constant)
Poisson process with mean )7 and is given by:

_ (AT)"e T

Pr [N(T) = n] "

;n=0,1,2,...

The Crow-AMSAA model generalizes this no growth case to allow for reliability growth due to
corrective actions. This generalization keeps the Poisson distribution for the number of failures
but allows for the expected number of failures, E[N(T)], to be linear when plotted on In-In

scale. The Crow-AMSAA model lets E[N(T)] = AT*? . The probability that the number of fail-
ures, N(T), will be equal to 5, under growth is then given by the Poisson distribution:

(AT e’

Pr [N(T) = n] -

;n=0,1,2,...
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This is the general growth situation, and the number of failures, N(T') , follows a non-homo-
geneous Poisson process. The exponential, "no growth" homogeneous Poisson process is a spe-
cial case of the non-homogeneous Crow-AMSAA model. This is reflected in the Crow-AMSAA
model parameter where 8 = 1. The cumulative failure rate, )., is:

A = ATF!

The cumulative MTBF, is:

MTBF, = iTl‘ﬂ

As mentioned above, the local pattern for reliability growth within a test phase is the same as
the growth pattern observed by Duane. The Duane MTBE, is equal to:

MTBEF,

CDUANE

= bT*
And the Duane cumulative failure rate, ), , is:

1

CDUANE — g

A T
Thus a relationship between Crow-AMSAA parameters and Duane parameters can be
developed, such that:

1

AAMsaa
apuaNE =1 — Bamsaa

bpuane =

Note that these relationships are not absolute. They change according to how the parameters
(slopes, intercepts, etc.) are defined when the analysis of the data is performed. For the expo-
nential case, =1, then A(T) = X, a constant. For 8> 1, A(T) is increasing. This indicates a
deterioration in system reliability. For 8 < 1, Ai(T) is decreasing. This is indicative of reliability
growth. Note that the model assumes a Poisson process with the Weibull intensity function, not
the Weibull distribution. Therefore, statistical procedures for the Weibull distribution do not
apply for this model. The parameter  is called a scale parameter because it depends upon the
unit of measurement chosen for 7, while g is the shape parameter that characterizes the shape
of the graph of the intensity function.

The total number of failures, N(T') , is a random variable with Poisson distribution. Therefore,
the probability that exactly ,, failures occur by time  is:

o)e "™

PIN(T) =n] = —
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The number of failures occurring in the interval from 7y to T is a random variable having a
Poisson distribution with mean:

9(Tz) — 0(T1) = N(TZ — TP)

The number of failures in any interval is statistically independent of the number of failures in
any interval that does not overlap the first interval. At time Ty , the failure intensity is

Ai(To) = )\ﬂTf Ir improvements are not made to the system after time T , it is assumed that

failures would continue to occur at the constant rate Ai(To) = ABT, Oﬂ ! Future failures would then

(To) = =

follow an exponential distribution with mean m a1zt . The instantaneous MTBF of the

system at time 7 is:

_ 1
= —/\ﬁT )

m(T) is also called the demonstrated (or achieved) MTBF.

m(T)

The Duane and Crow-AMSAA models are the most frequently used reliability growth models.
Their relationship comes from the fact that both make use of the underlying observed linear rela-
tionship between the logarithm of cumulative MTBF and cumulative test time. However, the
Duane model does not provide a capability to test whether the change in MTBF observed over
time is significantly different from what might be seen due to random error between phases. The
Crow-AMSAA model allows for such assessments. Also, the Crow-AMSAA allows for devel-
opment of hypothesis testing procedures to determine growth presence in the data (where 8 < 1
indicates that there is growth in MTBF, 8 =1 indicates a constant MTBF and g > 1 indicates a
decreasing MTBF). Additionally, the Crow-AMSAA model views the process of reliability
growth as probabilistic, while the Duane model views the process as deterministic.

Failure Times Data

A description of Failure Times Data is presented in the Reliability Growth Analysis Data Types
page.

The parameters for the Crow-AMSAA (NHPP) model are estimated using maximum likelihood

estimation (MLE). The probability density function (pdf) of the ;t» event given that the (i — 1)
event occurred at 7;,_, 1is:
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NA-1 1
fTT) =2 (5) (-1t
n\n

LetA= #’ , the likelihood function is:

n
L= Xnﬁne—)\T*ﬂ H Tiﬂ_l

i=1

where p+ is the termination time and is given by:

T* — { T,, if the test is failure terminated
T > T, if the test is time terminated

Taking the natural log on both sides:

n
A=nlnX+nlnf—AT* +(8—1)) InT;
=1

And differentiating with respect to ) yields:

BA_'n_T*ﬂ

M
Set equal to zero and solve for ) :

Q n
A=W

Now differentiate with respect to 8 :

ON n n
— = — - AT*WT*+ T
%8 >

i=1
Set equal to zero and solve for 8 :

n

P =T =S _ InT,

This equation is used for both failure terminated and time terminated test data.

BIASING AND UNBIASING OF BETA

The equation above returns the biased estimate, 8. The unbiased estimate, B, can be calculated

by using the following relationships. For time terminated data (the test ends after a specified test

time):
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2

-1
N

B= B

For failure terminated data (the test ends after a specified number of failures):

2

-2
-1

B= B

=

By default 8 is returned. 8 can be returned by selecting the Calculate unbiased beta option on
the Calculations tab of the Application Setup.

The Cramer-von Mises (CVM) goodness-of-fit test validates the hypothesis that the data follows
a non-homogeneous Poisson process with a failure intensity equal to u(¢) = A8t~ . This test can
be applied when the failure data is complete over the continuous interval [0,T;] with no gaps in

the data. The CVM data type applies to all data types when the failure times are known, except
for Fleet data.

If the individual failure times are known, a Cramer-von Mises statistic is used to test the null
hypothesis that a non-homogeneous Poisson process with the failure intensity function

p(t) =ABtP~1 (A >0,8>0,t > 0) properly describes the reliability growth of a system. The
Cramer-von Mises goodness-of-fit statistic is then given by the following expression:

1 M [rpNe 9i_1]°
I i _
CM_12M+;[(T> 2M]

where:

M N if the test is time terminated
| N — 1if the test is failure terminated
B is the unbiased value of Beta.

The failure times, T; , must be ordered so that Ty < T, < ... < Ty . If the statistic C% is less than
the critical value corresponding to ps for a chosen significance level, then you can fail to reject
the null hypothesis that the Crow-AMSAA model adequately fits the data.

CRITICAL VALUES

The following table displays the critical values for the Cramer-von Mises goodness-of-fit test
given the sample size, pz, and the significance level, .

Critical values for Cramer-von Mises test
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a
M 0.20 0.15 0.10 0.05 0.01
2 0.138 0.149 0.162 0.175 0.186
3 0.121 0.135 0.154 0.184 0.23
4 0.121 0.134 0.155 0.191 0.28
5 0.121 0.137 0.160 0.199 0.30
6 0.123 0.139 0.162 0.204 0.31
7 0.124 0.140 0.165 0.208 0.32
8 0.124 0.141 0.165 0.210 0.32
9 0.125 0.142 0.167 0.212 0.32
10 0.125 0.142 0.167 0.212 0.32
11 0.126 0.143 0.169 0.214 0.32
12 0.126 0.144 0.169 0.214 0.32
13 0.126 0.144 0.169 0.214 0.33
14 0.126 0.144 0.169 0.214 0.33
15 0.126 0.144 0.169 0.215 0.33
16 0.127 0.145 0.171 0.216 0.33
17 0.127 0.145 0.171 0.217 0.33
18 0.127 0.146 0.171 0.217 0.33
19 0.127 0.146 0.171 0.217 0.33
20 0.128 0.146 0.172 0.217 0.33
30 0.128 0.146 0.172 0.218 0.33
60 0.128 0.147 0.173 0.220 0.33
100 0.129 0.147 0.173 0.220 0.34
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The significance level represents the probability of rejecting the hypothesis even if it's true. So,
there is a risk associated with applying the goodness-of-fit test (i.e., there is a chance that the
CVM will indicate that the model does not fit, when in fact it does). As the significance level is
increased, the CVM test becomes more stringent. Keep in mind that the CVM test passes when
the test statistic is less than the critical value. Therefore, the larger the critical value, the more
room there is to work with (e.g., a CVM test with a significance level equal to 0.1 is more strict
than a test with 0.01).

The Weibull++ software provides two methods to estimate the confidence bounds for the Crow
Extended model when applied to developmental testing data. The Fisher Matrix approach is
based on the Fisher Information Matrix and is commonly employed in the reliability field. The
Crow bounds were developed by Dr. Larry Crow. See the Crow-AMSAA Confidence Bounds
chapter for details on how the confidence bounds are calculated.

EXAMPLE - PARAMETER ESTIMATION

A prototype of a system was tested with design changes incorporated during the test. The fol-
lowing table presents the data collected over the entire test. Find the Crow-AMSAA parameters
and the intensity function using maximum likelihood estimators.

Developmental Test Data

Row | Time to Event (hr) In(T)
1 2.7 0.99325
2 10.3 2.33214
3 12.5 2.52573
4 30.6 3.42100
5 57.0 4.04305
6 61.3 4.11578
7 80.0 4.38203
8 109.5 4.69592
9 125.0 4.82831
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10 128.6 4.85671
11 143.8 4.96842
12 167.9 5.12337
13 229.2 5.43459
14 296.7 5.69272
15 320.6 5.77019
16 328.2 5.79362
17 366.2 5.90318
18 396.7 5.98318
19 421.1 6.04287
20 438.2 6.08268
21 501.2 6.21701
22 620.0 6.42972

Solution

For the failure terminated test, B is:

n
nlnT* - > ", InT;
B 22
2210620 — Y%, InT;

B=

where:

22
Z In T, = 105.6355

=1
Then:

~ 22
Ch 221n620 — 105.6355 0.6142

And for y :

PAGE 79



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

n

T+
22
= Ga00oE

2=

= 0.4239
Therefore, Ai(T) becomes:

by (T) =0.4239 - 0.6142 - 62070-3858

—0.0217906 21uTes

The next figure shows the plot of the failure rate. If no further changes are made, the estimated

MTBEF is gommes or 46 hours.

Failure Intensity vs. Time
0.4 Failure Intensity vs. Time
Datal
Crow-AMSAA (NHPP)
MLE Crow

T. Time (hr)= 620.000000
— Instantaneous FI

0.16

Failure Intensity (Failures/hr)

- \

Hour (hr)

Beta=0.614210, Lambda (hr)=0.423942

EXAMPLE - CONFIDENCE BOUNDS ON FAILURE INTENSITY

Using the values of 3 and § estimated in the example given above, calculate the 90% 2-sided
confidence bounds on the cumulative and instantaneous failure intensity.

Solution
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Fisher Matrix Bounds

The partial derivatives for the Fisher Matrix confidence bounds are:

2
g ‘/2‘ ___2 - = —122.43
O\ 0.4239
2
3,312‘ =-3 6212422 —0.4239 - 620°6142(In 620)® = —967.68
A

= — 62091 In 620 = —333.64
o%gp — 620 620 = —333

The Fisher Matrix then becomes:

[122.43 333.64]_1_ Var(}) Cov(ﬁ,ﬁ\)]
333.64 967.68] | Cov(B,}) Var(B)
_ [ 0.13519969  —0.046614609
B [—0.046614609 0.017105343 ]

For 7 — gog hours, the partial derivatives of the cumulative and instantaneous failure intensities
are:

OA(T) ¢

o =XT?11n(T)
=0.4239 - 62073858 1n 620
=0.22811336
O (T) b1
;2 =T
:620—0.3858
=0.083694185
3’\5—? =ATP1 4 TP InT
=0.4239 - 62073858 1 (0.4239 . 0.6142 - 6207%-38%8 In 620
=0.17558519
O (T) _arp-
=pTP1
;)\ s

=0.6142 - 6200-3858
=0.051404969

Therefore, the variances become:

Var(X(T)) = 0.228113362 - 0.017105343 + 0.0836941857 - 0.13519969 — 2 - 0.22811336 - 0.083694185 - 0.046614609
= 0.00005721408

Var(X(T)) = 0.17558519% - 0.01715343 + 0.051404969 - 0.13519969 — 2 - 0.17558519 - 0.051404969 - 0.046614609
= 0.0000431393
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The cumulative and instantaneous failure intensities at 7 — gag hours are:

Ae(T) =0.03548
X (T) =0.02179

So, at the 90% confidence level and for 7 — g0 hours, the Fisher Matrix confidence bounds for
the cumulative failure intensity are:

[Ae(T)], =0.02499
[A(T)]y =0.05039

The confidence bounds for the instantaneous failure intensity are:

[\ (T)], =0.01327
[Ai(T)], =0.03579

The following figures display plots of the Fisher Matrix confidence bounds for the cumulative
and instantaneous failure intensity, respectively.

Failure Intensity vs. Time

0.4 Failure Intensity vs. Time

CB@90% 2-Sided[F]
Datal

Crow-AMSAR (NHPP)
MLE FM

T. Time (hr)= 620.000000
# Data Points

=¥ Termination Line

— Cumulative FI

— Cum-Top CB Tgpe I

— Cum-Bottom CB Type IT

0.24

0.16

Failure Intensity (Failures/hr)

0.08

i T,

Hour (hr)

Beta=0.614210, Lambda (hr)=0.423942
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Failure Intensity vs. Time
0.4

Failure Intensity vs. Time
CB@90% 2-Sided[F]
Datal

Crow-AMSAA (MHPP)
MLE FM

T. Time (hr)= 620.000000
=% Termination Line

— Instantaneous FI

— Inst-Top CB Type II
0.32 = Tnat-Bottom CB Type I1

0.24

Failure Intensity (Failures/hr)

0.08
I

Hour (hr)

Eeta=0.614210, Lambda (hr}=0.423942

Crow Bounds

Given that the data is failure terminated, the Crow confidence bounds for the cumulative failure
intensity at the 90% confidence level and for 7 — g2¢ hours are:

2.1
_20.787476

2 % 620
=0.02402
2
X, a
1-2 on
Pe(Dy =—52—
~60.48089

T 2x620
=0.048775

The Crow confidence bounds for the instantaneous failure intensity at the 90% confidence level
and for 7 — gog hours are calculated by first estimating the bounds on the instantaneous MTBF.
Once these are calculated, take the inverse as shown below. Details on the confidence bounds
for instantaneous MTBF are presented here.
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1
pU()) [ —
_ 1
 MTBF,-U
=0.01179

i ()] =m
1

T~ MTBF, - L
=0.03253

The following figures display plots of the Crow confidence bounds for the cumulative and
instantaneous failure intensity, respectively.

Failure Intensity vs. Time
0.4

Failure Intensity vs. Time

CB@90% 2-Sided[F

Datal

Crow-AMSAA (NHPP)

MLE Crow

T. Time (hr)= 620.000000
# Data Points

- Termination Line

— Cumulative FI

— Cum-Top CB Tgpe 11

— Cum-Bottom CB Type II

0.24

Failure Intensity (Failures/hr)

0.08 ~
\~.\ Tt e-=-LC . __ L
l . _——h--—
e B P
P e I i il S S SR S g —[= 4 - =
GF
140 280 420 560 700
Hour (hr)

Beta=0.614210, Lambda (hr)=0.423942
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Failure Intensity vs. Time

0.4 Failure Intensity vs. Time
CB@90% 2-Sided[F]
Datal

Craw-AMSAA (NHPP)

MLE Crow

T. Time (hr)= 620.000000
= Termination Line

— Instantaneous FI

= Inst-Top CB Type II
0.32 = Inst-Bottom c& Type 11

0.24

0.16

Failure Intensity (Failures/hr)

0.08{1 >

Hour (hr)

Eeta=0.614210, Lambda (hr}=0.423942

EXAMPLE - CONFIDENCE BOUNDS ON MTBF

Calculate the confidence bounds on the cumulative and instantaneous MTBF for the data from
the example given above.

Solution
Fisher Matrix Bounds
From the previous example:

Var(}) =0.13519969
Var(B8) =0.017105343
Cov(B, ) = — 0.046614609

And for 7 — g9 hours, the partial derivatives of the cumulative and instantaneous MTBF are:
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om.(T) 1, 1.5
=— TP IT
op Y
_ 1 0.3858
= 0.4239620 In 620
= —181.23135
6mC(T) - _ LTI—B
o\ ;\2
- _ 1 6200-3858
0.42392
= — 66.493299
3m:(T) __ 1 Tl_ﬂ _ iATl_ﬁ InT
9 g A
1 1
— 6200.3858 _ 6200.3858 In 620
0.4239 - 0.61422 0.4239 - 0.6142
= — 369.78634
Bmi (T) - _ 1 Tl_ﬁ
15)) 5\2 B
— _ 1 . 6200.3858
0.4239% - 0.6142
= —108.26001

Therefore, the variances become:

Var(me(T)) =(—181.23135) - 0.017105343 + (—66.493299)? - 0.13519969
— 2. (—181.23135) - (—66.493299) - 0.046614609
—36.113376

Var(m;(T)) =(—369.78634) - 0.017105343 + (—108.26001) - 0.13519969
— 2. (—369.78634) - (—108.26001) - 0.046614609
=191.33709

So, at 90% confidence level and 7 — g2¢ hours, the Fisher Matrix confidence bounds are:

[me(T)] =th (t)e>eVerte(®)/ ()
=19.84581

[me(T)]y =i (¢)eVVor®)/m
=40.01927

[ms (T)], =i (£)e 2=V Vortm@)/mi(t)
=27.94261

[mi (T)]yy =1 (t)e™ V/Var(ha () /u(t)
=75.34193

The following two figures show plots of the Fisher Matrix confidence bounds for the cumu-
lative and instantaneous MTBFs.
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MTBF vs. Time
50 MTEF vs. Time
CEB@90% 2-Sided[F
Datal
Crow-AMSAA (NHPP)
MLE FM
T. Time {'glr)= 620.000000
& Data Points
=% Termination Line
- — Cumulative MTBF
40 =T — Cum-Top CB Tgpell
- — Cum-Bottomn CB Type IT

30 =

MTBF (hr)
L3
LY
%
by

. _ -
- - T =+

420 560 700
Hour (hr)

Eeta=0.614210, Lambda (hr}=0.423942
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MTBF vs. Time

80 ] MTBF vs. Time
- CB@90% 2-Sided[F

A Datal
- Crow-AMSAA (NHPP)
MLE FM

- T. Time {hr)= 620.000000
- =% Termination Line
- — Instantaneous MTBF
— Inst-Top CB Tgpe II
— Inst-Bottom CB Type II

MTBF (hr)

Lo o =~

Hour (hr}

Eeta=0.614210, Lambda (hr}=0.423942

Crow Bounds

The Crow confidence bounds for the cumulative MTBF and the instantaneous MTBF at the
90% confidence level and for 77 — gg¢ hours are:

1

[mc (T)]L = [Ac(T)]U
=20.5023
1
[mc(T)]U = [/\c(T)]L
=41.6282

[MTBF,|, =MTBF, -TI,
=30.7445

[MTBF)), =MTBF, -,
—84.7972

The figures below show plots of the Crow confidence bounds for the cumulative and instant-
ancous MTBF.
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MTBF vs. Time
80y MTBF vs. Time
I CB@I0% 2-Sided[F
Datal
1 Crow-AMSAA (NHPP)
MLE Crow
1 T. Time (hr)= 620.000000
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|
1
|
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- 1
= | —_— = =
= R
. \ -—-——
o -
= I -
= -
\ -
32 \ — T
-
e ]
]
e ¥ 08 I
—_|= -
v Loo--
16 =
% * -7
® -
- - T
-
-
-
-
0 i
0 140 280 420 560 700
Hour (hr)
Beta=0.614210, Lambda (hr)=0.423942
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MTBF vs. Time

80 = MTBF vs. Time
- CB@90% 2-Sided[F

- Datal
- Craw-AMSAA (NHPP)
- MLE Crow
- T. Time {hr)= 620.000000
- =% Termination Line
al - — Instantaneous MTBF
— Inst-Top CB T II
- — Inst-Bottom Cgpﬁg i}

MTBF (hr)

Hour (hr}

Eeta=0.614210, Lambda (hr}=0.423942

Confidence bounds can also be obtained on the parameters 3 and & . For Fisher Matrix con-
fidence bounds:

ﬂL =l§eza Var(ﬂ)/ﬁ
=0.4325
ﬂU ZBe_Za vV Var(B)/ﬁ

=0.8722
and:
AL :Xeza\/Var(j\)/X
=0.1016

Ay IXC_Z‘I Var(3)/A
=1.7691

For Crow confidence bounds:

B =0.4527
By =0.9350
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and:

Az =0.2870
Ay =0.5827

Multiple Systems

When more than one system is placed on test during developmental testing, there are multiple
data types which are available depending on the testing strategy and the format of the data. The
data types that allow for the analysis of multiple systems using the Crow-AMSAA (NHPP)
model are given below:

e Multiple Systems (Known Operating Times)

e Multiple Systems (Concurrent Operating Times)

e Multiple Systems with Dates

For all multiple systems data types, the Cramer-von Mises (CVM) Test is available. For Mul-
tiple Systems (Concurrent Operating Times) and Multiple Systems with Dates, two additional
tests are also available: Laplace Trend Test and Common Beta Hypothesis.

A description of Multiple Systems (Known Operating Times) is presented on the Reliability
Growth Analysis Data Types page.

Consider the data in the table below for two prototypes that were placed in a reliability growth
test.

Developmental Test Data for Two Identical Systems

Failure Failed Test Time Unit | Test Time Unit Total Test In(T)
Number Unit 1 (hr) 2 (hr) Time (hr)
1 1 1.0 1.7 2.7 0.99325
2 1 7.3 3.0 10.3 2.33214
3 2 8.7 3.8 12.5 2.52573
4 2 233 7.3 30.6 3.42100
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5 2 46.4 10.6 57.0 4.04305
6 1 50.1 11.2 61.3 4.11578
7 1 57.8 22.2 80.0 4.38203
8 2 82.1 27.4 109.5 4.69592
9 2 86.6 38.4 125.0 4.82831
10 1 87.0 41.6 128.6 4.85671
11 2 98.7 45.1 143.8 4.96842
12 1 102.2 65.7 167.9 5.12337
13 1 139.2 90.0 229.2 5.43459
14 1 166.6 130.1 296.7 5.69272
15 2 180.8 139.8 320.6 5.77019
16 1 181.3 146.9 328.2 5.79362
17 2 207.9 158.3 366.2 5.90318
18 2 209.8 186.9 396.7 5.98318
19 2 226.9 194.2 421.1 6.04287
20 1 232.2 206.0 438.2 6.08268
21 2 267.5 233.7 501.2 6.21701
22 2 330.1 289.9 620.0 6.42972

The Failed Unit column indicates the system that failed and is meant to be informative, but it
does not affect the calculations. To combine the data from both systems, the system ages are
added together at the times when a failure occurred. This is seen in the Total Test Time column
above. Once the single timeline is generated, then the calculations for the parameters Beta and
Lambda are the same as the process presented for Failure Times Data. The results of this ana-
lysis would match the results of Failure Times - Example 1.
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A description of Multiple Systems (Concurrent Operating Times) is presented on the Reliability
Growth Analysis Data Types page.

PARAMETER ESTIMATION FOR MULTIPLE SYSTEMS (CONCURRENT OPERATING TIMES)

To estimate the parameters, the equivalent system must first be determined. The equivalent
single system (ESS) is calculated by summing the usage across all systems when a failure
occurs. Keep in mind that Multiple Systems (Concurrent Operating Times) assumes that the sys-
tems are running simultaneously and accumulate the same usage. If the systems have different
end times then the equivalent system must only account for the systems that are operating when
a failure occurred. Systems with a start time greater than zero are shifted back to t = 0. This is
the same as having a start time equal to zero and the converted end time is equal to the end time
minus the start time. In addition, all failures times are adjusted by subtracting the start time
from each value to ensure that all values occur within t = 0 and the adjusted end time. A start
time greater than zero indicates that it is not known as to what events occurred at a time less
than the start time. This may have been caused by the events during this period not being
tracked and/or recorded properly.

As an example, consider two systems have entered a reliability growth test. Both systems have a
start time equal to zero and both begin the test with the same configuration. System 1 operated
for 100 hours and System 2 operated for 125 hours. The failure times for each system are given
below:

e System 1: 25, 47, 80
e System 2: 15, 62, 89, 110

To build the ESS, the total accumulated hours across both systems is taken into account when a
failure occurs. Therefore, given the data for Systems 1 and 2, the ESS is comprised of the fol-
lowing events: 30, 50, 94, 124, 160, 178, 210.

The ESS combines the data from both systems into a single timeline. The termination time for
the ESS is (100 + 125) = 225 hours. The parameter estimates for B and j are then calculated
using the ESS. This process is the same as the method for Failure Times data.

EXAMPLE - CONCURRENT OPERATING TIMES

Six systems were subjected to a reliability growth test, and a total of 82 failures were observed.
Given the data in the table below, which presents the start/end times and times-to-failure for
each system, do the following:
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1. Estimate the parameters of the Crow-AMSAA model using maximum likelihood estimation.

2. Determine how many additional failures would be generated if testing continues until 3,000
hours.

Multiple Systems (Concurrent Operating Times) Data

System # 1 2 3 4 5 6
Start Time 0 0 0 0 0 0
(Hr)

End Time 504 | 541 | 454 | 474 | 436 | 500
(Hr)
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Failure 21 83 26 36 23 7
Times (Fir) 29 83 26 306 46 13
43 83 57 306 | 127 13
43 169 64 334 | 166 31
43 213 169 | 354 | 169 31
66 209 | 213 | 395 | 213 82
115 | 375 | 231 | 403 | 213 | 109
159 | 431 | 231 | 448 | 255 | 137
199 231 | 456 | 369 | 166
202 231 | 461 | 374 | 200
222 304 380 | 210
248 383 415 | 220
248 301
255 422
286 437
286 469
304 469
320
348
364
404
410
429

Solution
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1. To estimate the parameters 8 and %, the equivalent single system (ESS) must first be

determined. The ESS is given below:
Equivalent Single System

Row Time Row Time Row Time Row Time
to to to to
Event Event Event Event
(hr) (hr) (hr) (hr)
1 42 22 498 43 1386 64 2214
2 78 23 654 44 1386 65 2244
3 78 24 690 45 1386 66 2250
4 126 25 762 46 1386 67 2280
5 138 26 822 47 1488 68 2298
6 156 27 954 48 1488 69 2370
7 156 28 996 49 1530 70 2418
8 174 29 996 50 1530 71 2424
9 186 30 1014 51 1716 72 2460
10 186 31 1014 52 1716 73 2490
11 216 32 1014 53 1794 74 2532
12 258 33 1194 54 1806 75 2574
13 258 34 1200 55 1824 76 2586
14 258 35 1212 56 1824 77 2621
15 276 36 1260 57 1836 78 2676
16 342 37 1278 58 1836 79 2714
17 384 38 1278 59 1920 80 2734
18 396 39 1278 60 2004 81 2766
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19 492 40 1278 61 2088 82 2766
20 498 41 1320 62 2124
21 498 42 1332 63 2184

Given the ESS data, the value of 8 is calculated using:

nlnT* —-3". InT;
3 = 0.8939

where ,, is the number of failures and 7+ is the termination time. The termination time is

the sum of end times for each of the systems, which equals 2,909.

A 1s estimated with:

n

T*P
X =0.0657

The next figure shows the parameters estimated using Weibull++.
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2. The number of failures can be estimated using the Quick Calculation Pad, as shown next.
The estimated number of failures at 3,000 hours is equal to 84.2892 and 82 failures were
observed during testing. Therefore, the number of additional failures generated if testing
continues until 3,000 hours is equal to 849892 - 82 — 2.2892 ~ 3
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@ ocp @ X

Muttiple Systems with Concument Operating Times"\Data 1

CNOF(t=300... 84.289154

Number of Failures hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Cumulative MTBF Failure Intensity Time (hr) 3000
Instantanecus MTBF Failure Intensity
Time Given:
Time {hr) —
Failures Murnber of Failures =
Repart
Calculate

An overview of the Multiple Systems with Dates data type is presented on the Reliability
Growth Analysis Data Types page. While Multiple Systems with Dates requires a date for each
event, including the start and end times for each system, once the equivalent single system is
determined, the parameter estimation is the same as it is for Multiple Systems (Concurrent Oper-
ating Times). See Parameter Estimation for Multiple Systems (Concurrent Operating Times) for
details.

Grouped Data

A description of Grouped Data is presented in the Reliability Growth Analysis Data Types page.

For analyzing grouped data, we follow the same logic described previously for the Duane
model. If the E[N(T)] equation from the Background section above is linearized:

In[E(N(T))] = In A+ fInT

According to Crow [9], the likelihood function for the grouped data case, (where ny, ny, ng, ...,
n;, failures are observed and g is the number of groups), is:
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e~ (AT -1l )

H Pr (N —nz)—H (ATf — X1 )" -

i1 n,-!
And the MLE of ) based on this relationship is:

A= 2
T

where ,, is the total number of failures from all the groups.

The estimate of 8 is the value B that satisfies:

k A

T InT; — T 1 T,
Y n - 5l Tl =0
i=1 T Tﬂ

See Crow-AMSAA Confidence Bounds for details on how confidence bounds for grouped data

are calculated.

A chi-squared goodness-of-fit test is used to test the null hypothesis that the Crow-AMSAA reli-
ability model adequately represents a set of grouped data. This test is applied only when the
data is grouped. The expected number of failures in the interval from 7;_, to 7} is approximated

by:

b: =5 (8 -1£,)

For each interval, ; shall not be less than 5 and, if necessary, adjacent intervals may have to be

combined so that the expected number of failures in any combined interval is at least 5. Let the
number of intervals after this recombination be 4, and let the observed number of failures in the
ith new interval be N; . Finally, let the expected number of failures in the j#» new interval be 4; .

Then the following statistic is approximately distributed as a chi-squared random variable with

degrees of freedom g _ 2.

b;)’

M&

:19

The null hypothesis is rejected if the x? statistic exceeds the critical value for a chosen sig-
nificance level. In this case, the hypothesis that the Crow-AMSAA model adequately fits the
grouped data shall be rejected. Critical values for this statistic can be found in chi-squared dis-

tribution tables.
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EXAMPLE - SIMPLE GROUPED

Consider the grouped failure times data given in the following table. Solve for the Crow-
AMSAA parameters using MLE.

Grouped Failure Times Data

Run Cumulative | End Time | In(T;) In (T;)? In (6;) In(T;) -1n(6;)
Number Failures (hours)

1 2 200 5.298 28.072 0.693 3.673
2 3 400 5.991 35.898 1.099 6.582
3 4 600 6.397 40.921 1.386 8.868
4 11 3000 8.006 64.102 2.398 19.198

Sum = 25.693 168.992 5.576 38.321

Solution

Using Weibull++, the value of 8, which must be solved numerically, is 0.6315. Using this
value, the estimator of ) is:

11

3, 0000.6315
=0.0701

X=

Therefore, the intensity function becomes:

p(T) = 0.0701 - 0.6315 - T—0-3685
EXAMPLE - HELICOPTER SYSTEM

A new helicopter system is under development. System failure data has been collected on five
helicopters during the final test phase. The actual failure times cannot be determined since the
failures are not discovered until after the helicopters are brought into the maintenance area.
However, total flying hours are known when the helicopters are brought in for service, and
every 2 weeks each helicopter undergoes a thorough inspection to uncover any failures that may
have occurred since the last inspection. Therefore, the cumulative total number of flight hours
and the cumulative total number of failures for the 5 helicopters are known for each 2-week
period. The total number of flight hours from the test phase is 500, which was accrued over a
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period of 12 weeks (six 2-week intervals). For each 2-week interval, the total number of flight
hours and total number of failures for the 5 helicopters were recorded. The grouped data set is
displayed in the following table.

Grouped Data for a New Helicopter System

Interval Interval Length | Failures in Interval
1 0-62 12
2 62 -100 6
3 100 - 187 15
4 187 - 210 3
5 210 - 350 18
6 350 - 500 16

Do the following:

1. Estimate the parameters of the Crow-AMSAA model using maximum likelihood estimation.

2. Calculate the confidence bounds on the cumulative and instantaneous MTBF using the
Fisher Matrix and Crow methods.

Solution

1. Using Weibull++, the value of 8, must be solved numerically. Once 3 has been estimated
then the value of § can be determined. The parameter values are displayed below:

B = 0.81361

A = 0.44585
The grouped Fisher Matrix confidence bounds can be obtained on the parameters 3 and § at
the 90% confidence level by:

B, =pe™ Var(8)/B
=0.6546
By :Be—za\/m/ﬁ
=1.0112
and:
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Ap =Ae® Var(3)/A
=0.14594
Ay =Ae % Var(3)/A
=1.36207
Crow confidence bounds can also be obtained on the parameters B and i at the 90% con-
fidence level, as:

B =B(1-5)
—0.63552
By =B(1 +S)
=0.99170
and:
2
_Xgow
2.1¢
—0.36197

2
X1-2 onya

Ny =—2
2.1

=0.53697

AL

2. The Fisher Matrix confidence bounds for the cumulative MTBF and the instantaneous
MTBF at the 90% 2-sided confidence level and for 7 — 5o hour are:

[mc (T)] L =mc (t) e%al2 Var (i, (t))/7i(t)

=5.8680
[mc (T)] U =mc (t) e /2 Var(m.(t))/m.(t)
=8.6947

and:

[MTBE;); =1h;(t)e™" Var(ih (t)) /7 (¢)

—6.6483
[MTBF;],; =t (t)e %2V Verths®)/m@)
=11.5932

The next two figures show plots of the Fisher Matrix confidence bounds for the cumulative
and instantaneous MTBF.
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MTBF vs. Time
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The Crow confidence bounds for the cumulative and instantaneous MTBF at the 90% 2-
sided confidence level and for 7 — 5gghours are:

me(T)]; =%t)v

=5.85449

e (T =#)L

=8.79822

and:

[MTBF;], =m;(1— W)
—6.19623

[MTBF,], = (1 + W)
=11.36223

The next two figures show plots of the Crow confidence bounds for the cumulative and
instantaneous MTBF.
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Missing Data

Most of the reliability growth models used for estimating and tracking reliability growth based
on test data assume that the data set represents all actual system failure times consistent with a
uniform definition of failure (complete data). In practice, this may not always be the case and
may result in too few or too many failures being reported over some interval of test time. This
may result in distorted estimates of the growth rate and current system reliability. This section
discusses a practical reliability growth estimation and analysis procedure based on the assump-
tion that anomalies may exist within the data over some interval of the test period but the
remaining failure data follows the Crow-AMSAA reliability growth model. In particular, it is
assumed that the beginning and ending points in which the anomalies lie are generated inde-
pendently of the underlying reliability growth process. The approach for estimating the para-
meters of the growth model with problem data over some interval of time is basically to not use
this failure information. The analysis retains the contribution of the interval to the total test
time, but no assumptions are made regarding the actual number of failures over the interval.
This is often referred to as gap analysis.
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Consider the case where a system is tested for time 7 and the actual failure times are recorded.
The time 7 may possibly be an observed failure time. Also, the end points of the gap interval
may or may not correspond to a recorded failure time. The underlying assumption is that the
data used in the maximum likelihood estimation follows the Crow-AMSAA model with a
Weibull intensity function ABt?~1 . It is not assumed that zero failures occurred during the gap
interval, rather, it is assumed that the actual number of failures is unknown, and hence no
information at all regarding these failure is used to estimate ) and 8.

Let 8y, S; denote the end points of the gap interval, §; < §;. Let0 < X; <Xs <... <Xy, <81
be the failure times over (0, S1) and let S2 <Y1 <Y, <... <Yy, <T be the failure times over
(S2, T) . The maximum likelihood estimates of ) and B8 are values % and B satisfying the fol-
lowing equations.

N1 + N,
SP TP _ oF

>)

N1 + N>
XS ms + TP T - fmsy| - [S™ oy m X+ £%, ¥

B =

In general, these equations cannot be solved explicitly for X and B, but must be solved by an
iterative procedure.

Consider a system under development that was subjected to a reliability growth test for
T = 1,000 hours. Each month, the successive failure times, on a cumulative test time basis, were

reported. According to the test plan, 125 hours of test time were accumulated on each prototype
system each month. The total reliability growth test program lasted for 7 months. One prototype
was tested for each of the months 1, 3, 4, 5, 6 and 7 with 125 hours of test time. During the
second month, two prototypes were tested for a total of 250 hours of test time. The next table
shows the successive )y — gg failure times that were reported for T'= 1,000 hours of testing.

Xi,i=1,2,...,86, N =86, T = 1000

.5 .6 10.7 16.6 18.3 19.2 19.5 253
39.2 394 43.2 44.8 47.4 65.7 88.1 97.2
104.9 105.1 120.8 195.7 217.1 219 257.5 260.4

281.3 283.7 289.8 306.6 328.6 357.0 371.7 374.7
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393.2 403.2 466.5 500.9 501.5 518.4 520.7 522.7
524.6 526.9 527.8 533.6 536.5 542.6 543.2 545.0
547.4 554.0 554.1 554.2 554.8 556.5 570.6 571.4
574.9 576.8 578.8 583.4 584.9 590.6 596.1 599.1
600.1 602.5 613.9 616.0 616.2 617.1 621.4 622.6
624.7 628.8 642.4 684.8 731.9 735.1 753.6 792.5
803.7 805.4 832.5 836.2 873.2 975.1

The observed and cumulative number of failures for each month are:

Month Time Period | Observed Failure Times | Cumulative Failure Times
1 0-125 19 19
2 125-375 13 32
3 375-500 3 35
4 500-625 38 73
5 625-750 5 78
6 750-875 7 85
7 875-1000 1 86

Evaluate the goodness-of-fit for the model.

. Determine the maximum likelihood estimators for the Crow-AMSAA model.

Consider (500, 625) as the gap interval and determine the maximum likelihood estimates of

A and B.

Solution

1.

For the time terminated test:
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2. The Cramer-von Mises goodness-of-fit test for this data set yields:

M " ) 2
Gy = g+ 3 [(B)7 - 5] = 06989
i=1

The critical value at the 10% significance level is 0.173. Therefore, the test indicated that
the analyst should reject the hypothesis that the data set follows the Crow-AMSAA reli-
ability growth model. The following plot shows In N(t) versus 1n¢ with the fitted line
InX+ Blnt, where X — 0.4521 and B = 0.7597 are the maximum likelihood estimates.
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Observing the data during the fourth month (between 500 and 625 hours), 38 failures were
reported. This number is very high in comparison to the failures reported in the other
months. A quick investigation found that a number of new data collectors were assigned to
the project during this month. It was also discovered that extensive design changes were
made during this period, which involved the removal of a large number of parts. It is pos-
sible that these removals, which were not failures, were incorrectly reported as failed parts.
Based on knowledge of the system and the test program, it was clear that such a large num-
ber of actual system failures was extremely unlikely. The consensus was that this anomaly
was due to the failure reporting. For this analysis, it was decided that the actual number of
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failures over this month is assumed to be unknown, but consistent with the remaining data
and the Crow-AMSAA reliability growth model.

3. Considering the problem interval (500,625) as the gap interval, we will use the data over the
interval (0,500) and over the interval (625,1000). The equations for analyzing missing data
are the appropriate equations to estimate ) and g because the failure times are known. In
this case §; = 500, S, = 625 and T = 1000, N; = 35, N, = 13. The maximum likelihood
estimates of ) and g8 are:

B= 0559

A= 11052
The next figure is a plot of the cumulative number of failures versus time. This plot is
approximately linear, which also indicates a good fit of the model.
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Discrete Data

The Crow-AMSAA model can be adapted for the analysis of success/failure data (also called
discrete or attribute data). The following discrete data types are available:
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e Sequential
e Grouped per Configuration
e Mixed

Sequential data and Grouped per Configuration are very similar as the parameter estimation
methodology is the same for both data types. Mixed data is a combination of Sequential Data
and Grouped per Configuration and is presented in Mixed Data.

Suppose system development is represented by ; configurations. This corresponds to ; _ 1 con-
figuration changes, unless fixes are applied at the end of the test phase, in which case there
would be ; configuration changes. Let N; be the number of trials during configuration ; and let
M; be the number of failures during configuration ;. Then the cumulative number of trials
through configuration ; , namely 7; , is the sum of the n; for all ;, or:

T,=) N

And the cumulative number of failures through configuration ; , namely K; , is the sum of the
M; forall;, or:

Ki=ZMi

The expected value of K; can be expressed as E[K;] and defined as the expected number of fail-
ures by the end of configuration ;. Applying the learning curve property to E[K;] implies:

E[K;] = AT/

Denote f; as the probability of failure for configuration 1 and use it to develop a generalized
equation for f; in terms of the T; and N; . From the equation above, the expected number of fail-
ures by the end of configuration 1 is:

E[Ki] =T = ;i\

_ 7

f]_ N,

Applying the E [K;] equation again and noting that the expected number of failures by the end
of configuration 2 is the sum of the expected number of failures in configuration 1 and the
expected number of failures in configuration 2:
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E K] =AT!
=fiN1 + fo,N2
=ATP + /, N,
f = AP —ATP
.. J2 Ng

By this method of inductive reasoning, a generalized equation for the failure probability on a
configuration basis, f;, is obtained, such that:

D

fi = N,

In this equation, ; represents the trial number. Thus, an equation for the reliability (probability
of success) for the jt¢ configuration is obtained:

Ri=1-f

From the Grouped per Configuration section, the following equation is given:

B B
’\Tz’ _ )‘Ti—l

fi= N;

For the special case where N; =1 for all ;, the equation above becomes a smooth curve, g, , that
represents the probability of failure for trial by trial data, or:

g=XP# - (i-1)7°

When N; = 1, this is the same as Sequential Data where systems are tested on a trial-by-trial
basis. The equation for the reliability for the jth trial is:

Ri=1-g

This section describes procedures for estimating the parameters of the Crow-AMSAA model for
success/failure data which includes Sequential data and Grouped per Configuration. An example
is presented illustrating these concepts. The estimation procedures provide maximum likelihood
estimates (MLEs) for the model's two parameters, 5 and 8. The MLEs for ), and g allow for
point estimates for the probability of failure, given by:
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s oarf, AT -1
i N; B N;

And the probability of success (reliability) for each configuration ; is equal to:

Ri=1-1,

The likelihood function is:

M; N;—M;
. (Ni)(mﬂ—m’il) (M-—WHTJL)

H M; N; N;

i=1

Taking the natural log on both sides yields:

A= 3 () oz -zt ) -]

i=1 i

K
+3° @ = M) [In(N; = TP+ ATL,) — n N |
=1

Taking the derivative with respect to  and B respectively, exact MLEs for y and B are values

satisfying the following two equations:

ZHi xS= 0
t;l
YUixS= 0
i=1

where:

Hy =[T/ mT; - T/, InTi 4
M; Ni — M;

5= rf - xtf,] [N - aTf g xr? ]

_7B B
v, =1 - 17,

A one-shot system underwent reliability growth development testing for a total of 68 trials.
Delayed corrective actions were incorporated after the 14th, 33rd and 48th trials. From trial 49

to trial 68, the configuration was not changed.
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Configuration 1 experienced 5 failures,

Configuration 2 experienced 3 failures,

Configuration 3 experienced 4 failures and

Configuration 4 experienced 4 failures.

Do the following:

1.

Estimate the parameters of the Crow-AMSAA model using maximum likelihood estimation.

2. Estimate the unreliability and reliability by configuration.

Solution

1.

The parameter estimates for the Crow-AMSAA model using the parameter estimation for

discrete data methodology yields ) = 0.5954 and B8 = 0.7801 .

The following table displays the results for probability of failure and reliability, and these
results are displayed in the next two plots.
Estimated Failure Probability and Reliability by Configuration

Configuration(;) | Estimated Failure Probability | Estimated Reliability
1 0.333 0.667
2 0.234 0.766
3 0.206 0.794
4 0.190 0.810
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Unreliability vs. Time
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The Mixed data type provides additional flexibility in terms of how it can handle different test-
ing strategies. Systems can be tested using different configurations in groups or individual trial
by trial, or a mixed combination of individual trials and configurations of more than one trial.
The Mixed data type allows you to enter the data so that it represents how the systems were
tested within the total number of trials. For example, if you launched five (5) missiles for a
given configuration and none of them failed during testing, then there would be a row within the
data sheet indicating that this configuration operated successfully for these five trials. If the very
next trial, the sixth, failed then this would be a separate row within the data. The flexibility with
the data entry allows for a greater understanding in terms of how the systems were tested by
simply examining the data. The methodology for estimating the parameters 8 and } are the
same as those presented in the Grouped Data section. With Mixed data, the average reliability
and average unreliability within a given interval can also be calculated.

The average unreliability is calculated as:

At —

Average Unreliability (¢,t2) = ra—
2 —t

and the average reliability is calculated as:

Ath — Ath
Average Reliability (¢ t;) =1— —2—1
! ta — 1
MIXED DATA CONFIDENCE BOUNDS

Bounds on Average Failure Probability

The process to calculate the average unreliability confidence bounds for Mixed data is as fol-
lows:

1. Calculate the average failure probability (¢1,%2) .

2. There will exist a 4+ between ¢; and ¢, such that the instantaneous unreliability at 4+ equals
the average unreliability (t1,%2) . The confidence intervals for the instantaneous unreliability
at ¢ are the confidence intervals for the average unreliability (¢1,%2) .

Bounds on Average Reliability

The process to calculate the average reliability confidence bounds for Mixed data is as follows:
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1. Calculate confidence bounds for average unreliability (t1,t2) as described above.

2. The confidence bounds for reliability are 1 minus these confidence bounds for average unre-
liability.

EXAMPLE - MIXED DATA

The table below shows the number of failures of each interval of trials and the cumulative num-

ber of trials in each interval for a reliability growth test. For example, the first row indicates that
for an interval of 14 trials, 5 failures occurred.

Mixed Data
Failures in Interval | Cumulative Trials
5 14
3 33
4 48
0 52
1 53
0 57
1 58
0 62
1 63
0 67
1 68

Using the Weibull++ software, the parameters of the Crow-AMSAA model are estimated as fol-
lows:

A

B = 0.7950

and:

X =0.5588

As we have seen, the Crow-AMSAA instantaneous failure intensity, A;(T), is defined as:

PAGE 118



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

Ai(T) = AT, with T > 0, A > 0and 8> 0

Using the parameter estimates, we can calculate the instantaneous unreliability at the end of the
test, or 7 — g8.

R;(68) = 0.5588 - 0.7950 - 68%7%%0-1 — 0.1871

This result that can be obtained from the Quick Calculation Pad (QCP), for T = 68, as seen in
the following picture.

@ acp ® x

5-Mixed Data ExampletDatal

Inst. Probabil... 0.187064

Instantaneous Prob. of Failure No Bounds Captions On
Units Bounds - Options -

Calculate Input

Average Reliability Prob. of Failure Trial 68

Instantaneous Reliability Prob. of Failure ]
Failures Mumber of Failures
Report
Calculate

The instantaneous reliability can then be calculated as:
R =1 —0.1871 = 0.8129

Change of Slope

The assumption of the Crow-AMSAA (NHPP) model is that the failure intensity is mono-
tonically increasing, decreasing or remaining constant over time. However, there might be cases
in which the system design or the operational environment experiences major changes during
the observation period and, therefore, a single model will not be appropriate to describe the fail-
ure behavior for the entire timeline. Weibull++ incorporates a methodology that can be applied
to scenarios where a major change occurs during a reliability growth test. The test data can be
broken into two segments with a separate Crow-AMSAA (NHPP) model applied to each seg-
ment.

Consider the data in the following plot from a reliability growth test.
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As discussed above, the cumulative number of failures vs. the cumulative time should be linear
on logarithmic scales. The next figure shows the data plotted on logarithmic scales.
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One can easily recognize that the failure behavior is not constant throughout the duration of the
test. Just by observing the data, it can be asserted that a major change occurred at around 140
hours that resulted in a change in the rate of failures. Therefore, using a single model to analyze

this data set likely will not be appropriate.
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The Change of Slope methodology proposes to split the data into two segments and apply a
Crow-AMSAA (NHPP) model to each segment. The time of change that will be used to split
the data into the two segments (it will be referred to as 73 ) could be estimated just by
observing the data, but will most likely be dictated by engineering knowledge of the specific
change to the system design or operating conditions. It is important to note that although two
separate models will be applied to each segment, the information collected in the first segment
(i.e., data up to 7y ) will be considered when creating the model for the second segment (i.e.,
data after 77 ). The models presented next can be applied to the reliability growth analysis of a
single system or multiple systems.

The data up to the point of the change that occurs at 77 will be analyzed using the Crow-
AMSAA (NHPP) model. Based on the ML equations for ) and B (in the section Maximum
Likelihood Estimators), the ML estimators of the model are:

i
7"
and
B - a
1= n 1nT1 - En1i=1 ]Ilt,
where:

e T, is the time when the change occurs
* p; 1s the number of failures observed up to time T}

e ¢, is the time at which each corresponding failure was observed

The equation for B; can be rewritten as follows:

B m
L In Ty — (Int; +Inty+...+1Int,)
- (lnT1 — lntl) —+ (]II.T1 —].Iltz) + ( ) + (]IIT1 — lnt.nl)
4+t +lnl
1 2 .
or

-~ _ 1'1,1
>
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The Crow-AMSAA (NHPP) model will be used again to analyze the data after 7, . However,
the information collected during the first segment will be used when creating the model for the
second segment. Given that, the ML estimators of the model parameters in the second segment
are:

— n
=g
T2
and:
B e
2 = Tg n T2
'nllnT1 +> P ln?
where:

* p, is the number of failures that were observed after T}
* n=mn; +ny I the total number of failures observed throughout the test

e Ty is the end time of the test. The test can either be failure terminated or time terminated

The following table gives the failure times obtained from a reliability growth test of a newly
designed system. The test has a duration of 660 hours.

Failure Times From a Reliability Growth Test
7.8 99.2 151 260.1 342 430.2

17.6 99.6 163 273.1 350.2 445.7

253 100.3 174.5 274.7 355.2 475.9

15 102.5 177.4 282.8 364.6 490.1
47.5 112 191.6 285 364.9 535
54 112.2 192.7 3154 366.3 580.3

54.5 120.9 213 317.1 379.4 610.6

56.4 121.9 244 .8 320.6 389 640.5
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63.6

125.5

249 32

4.5

394.9

72.2

133.4

250.8 32

4.9

395.2

First, apply a single Crow-AMSAA (NHPP) model to all of the data. The following plot shows
the expected failures obtained from the model (the line) along with the observed failures (the

points).

100

Cumulative Number of Failures

J.

Cum. Number of Failures
Data2

Crow-AMSAA (NHPP)

MLE Crow

T. Time {hr)= 660.000000
#® Data Points

=¥~ Termination Line
— Expected Failures

10

Cumulative Number of Failures

0.1

il

/

10

Hour (hr)

1000

Beta=0.77128%, Lambda (hr)=0.387922

The plot shows that the model does not seem to accurately track the data. This is confirmed by
performing the Cramer-von Mises goodness-of-fit test, which checks the hypothesis that the
data follows a non-homogeneous Poisson process with a power law failure intensity. The model
fails the goodness-of-fit test because the test statistic (0.3309) is higher than the critical value
(0.1729) at the 0.1 significance level. The next figure shows a customized report that displays
both the calculated parameters and the statistical test results.
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@ Results [m} x
B B @ E X
Copy
Paste . Quick  Print Print Sendto | Close
= Paste Special | Print Preview | Excel
Clipboard Common
Fl A B C D E
1 Results Report -
2 Report Type Results
3 User Info
4 Name HBK
5 Company|Hottinger Bruel @ Kjaer
[ Date 7/15/2024
7 Par S
8 Model| Crow-AMSAA (NHPF)
9 Analysis MLE
10 Beta 0.771289
11 Lambda (hr) 0.387922
12 Growth Rate 0.228711
13 DMTBF (hr) 14.753621
14 DFI 0.06778
15 Statistical Tests
16 Significance Level] 0.1
17 CVM\ Failed
18 Other
19 Termination Time (hr)] 660
20 Result Lowier Test Value Upper
21 Cramér-von Mises Failed - 0.330853 0.172933 ¥
4 4w Results R 4

Through further investigation, it is discovered that a significant design change occurred at 400
hours of test time. It is suspected that this modification is responsible for the change in the fail-
ure behavior.

In Weibull++ , you have the option to perform a standard Crow-AMSAA (NHPP) analysis, or
perform a Change of Slope analysis where you specify a specific breakpoint, as shown in the fol-
lowing figure. Weibull++ actually creates a grouped data set where the data in Segment 1 is
included and defined by a single interval to calculate the Segment 2 parameters. However, these
results are equivalent to the parameters estimated using the equations presented here.
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E 6-Change of Slope Example - [m] b4
B67 M H - EJ Main >
Time to Event (hr) Comments Growth Data
F
s 244.8 R [orts) 0=
30 250.8
31 260.1 & | calculation Options (i ]
32 273.1
33 274.7 Standard
34 282.8 # | Change of Slope
35 285
36 315.4 Developmental
37 3171 Failure Times
Eal 320.6 @ Change of Slope - Break Point @ ® MLE Crow
39 324.5 No Gap | Cumulative
40 324.9 Enter the point at which the data set should be divided. An accurate break Ferminated (hr) - 660
41 342 poaint is necessary to ensure validity of calculations; large jumps in the line m
42 350.2 may indicate the break point is not suitable. Not Analyzed
43 355.2
44 364.6 ) )
a5 364.0 Calculation Options
46 366.3 Break Point 400
47 379.4
48 389
OK Cancel
s s oo |
50 395.2 —l
51 430.2 EF Effech:'-.'eness Assodate
52 245.7 Ifactol s !; Profile
53 475.9 | i Ty, Mode
Parameters = Processing
54 490.1 =7 Ch . Transfer T
=7+ Change . Transfer To
55 535 ==l Units ¥ weibul
56 580.3 < Auto Group
57 610.6 = Data
58 640.5
59 v
Datal kd 1 E ¢ m

Therefore, the Change of Slope methodology is applied to break the data into two segments for
analysis. The first segment is set from 0 to 400 hours and the second segment is from 401 to
660 hours (which is the end time of the test). The Crow-AMSAA (NHPP) parameters for the

first segment (0-400 hours) are:

_—

n
AL =

T/

and

B =

- 4001.0359

50

n1

= 0.1008

50 = 1.0359

Y Mg In

E =
t;

250i=1 In

400

t;

The Crow-AMSAA (NHPP) parameters for the second segment (401-660 hours) are:

— n 58
A= —F = ———=— =8.4304
2 T.fz 66002971
%) 8

32=

=0.2971

mm2+y" D "~ 50In

660

58 660
400 + E §=51 lnTi
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The following figure shows a plot of the two-segment analysis along with the observed data. It
is obvious that the Change of Slope method tracks the data more accurately.

. Cumulative Number of Failures -
10

Cum. Number of Failures

Datal

Crow-AMSAA (NHPP)

MLE Crow

T. Time {hr}= 660.000000
Break Point = 400

* Data Points
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— Expected Failures
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Cumulative Number of Failures
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Segment 1: Beta=1.035877, Lambda {hr)=0.100822
|Segment 2: Beta=0.297061, Lambda (hr)=8.430446

This can also be verified by performing a chi-squared goodness-of-fit test. The chi-squared stat-
istic is 1.2956, which is lower than the critical value of 12.017 at the 0.1 significance level;
therefore, the analysis passes the test. The next figure shows a customized report that displays
both the calculated parameters and the statistical test results.
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@> Results
— % Cut 1 I =
B e @ 0 X
[ copy
Paste - Quick: Print Print Send to Close
[ Paste Spedal | Print Preview = Excel
Clipboard Commaon
Fl A B <
1
2 Report Type Results
3 User Info
4 Name HBK
5 Company| Hottinger Bruel @ Kjaer
& Date 7/15/2024
7 Parameters
8 Model| Crow-AMSAA (NHFP)
5 Analysis| MLE
10 Segment 1
11 Beta 1.035877
12 Lambda (hr) 0.100822
13 Growth Rate -0.035877
14 Segment 2
15 Beta 0.297061
16 Lambda (hr) 5.430446
17 Growth Rate 0.702939
18 DMTEF (hr) 38.306267
19 DFI 0.026105
20 Chi-Sq Passed
2 Other
2 Break Point 400
23 Termination Time (hr) 660
24 Result Lower
25 Chi-Squared Passed -
Results P4

Test Value Upper
1.29562 12.01704 -~

When you have a model that fits the data, it can be used to make accurate predictions and cal-
culations. Metrics such as the demonstrated MTBF at the end of the test or the expected number
of failures at later times can be calculated. For example, the following plot shows the instant-
aneous MTBF vs. time, together with the two-sided 90% confidence bounds. Note that con-
fidence bounds are available for the second segment only. For times up to 400 hours, the
parameters of the first segment were used to calculate the MTBF, while the parameters of the
second segment were used for times after 400 hours. Also note that the number of failures at the
end of segment 1 is not assumed to be equal to the number of failures at the start of segment 2.
This can result in a visible jump in the plot, as in this example.
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MTBF vs. Time
1000 MTEF vs. Time
CB@90% 2-Sided[F
Datal
Craw-AMSAA (NHPE)
MLE Crow
T. Time {hr)= 660.000000
Break Point = 400
— Instantaneous MTBF
— Inst-Top CB Tg[}e II
— Inst-Bottom CB Type 11

100

MTBF (hr)
\‘

10

10 100 1000
Hour (hr)

Segment 1: Beta=1.035877, Lambda {hr)=0.100822
|Segment 2: Beta=0.257061, Lambda (hr)=8.430446

The next figure shows the use of the Quick Calculation Pad (QCP) in the Weibull++ software to
calculate the Demonstrated MTBF at the end of the test (instantaneous MTBF at time = 660),
together with the two-sided 90% confidence bounds. All the calculations were based on the para-
meters of the second segment.
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@ ace @ X
ange of Slope Example‘\Datal
Upper Bound (0.95) 62.745584 hr
Lower Bound (0.05) 13.866948 hr
Instantaneocus MTBF hr 25-Both Captions On
Units - Bounds - Options -
Calculate Input
Cumulative MTBF Failure Intensity Time (hr) 660
Instantaneous MTBF = Failure Intensity Confidence Level 0.9
Time Given:
Time (hr) =
Failures Mumber of Failures
Bounds Parameter Bounds
Calculate

More Examples

A prototype of a system was tested at the end of one of its design stages. The test was run for a
total of 300 hours and 27 failures were observed. The table below shows the collected data set.
The prototype has a design specification of an MTBF equal to 10 hours with a 90% confidence
level at 300 hours. Do the following:

1. Estimate the parameters of the Crow-AMSAA model using maximum likelihood estimation.
2. Does the prototype meet the specified goal?

Failure Times Data

2.6 56.5 98.1 190.7

16.5 63.1 101.1 193

16.5 70.6 132 198.7

17 73 142.2 251.9

214 717.7 147.7 282.5

29.1 93.9 149 286.1

333 95.5 167.2
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Solution

1. The next figure shows the parameters estimated using Weibull++.

|} 8-Determing Whether a Design Meets the MTBF Goal - o %
Ads AHEE - - | a Main »
Time to Event (hr) Comments Growth Data
‘ P Model o=
1 2.6 a|lop
2 16.5 Crow-AMSAA (NHPP)
3 16.5 |."£
4 17 %
: 214 & | Calculation Options (i}
B 20.1 ® | Standard
7 333 Change of Slope
8 56.5
9 63.1 Developmental
10 70.6 Falure Times
11 73 MLE I Crow
12 77.7 No Gap [ cumuative
13 93.9
Time Terminated - 300
14 955 e o
15 98.1
16 101.1 Parameters _,,,
17 132
5 142.2 Beta 0.716339
= 147.7 Lambda (hr) 0.453842
P 149 Growth Rate 0.283661
21 167.2 DMTEF (hr) 15.510062
22 190.7 DFI 0.064471
23 193 Statistical Tests
24 198.7 Sigrificance Level 0.1
25 251.9 ('] Passed
26 282.5 Other
27 286.1 Termination Time (hr): 300.000000
)
% Associate
0 EF & Profile
31 2re Alter ip Mode
3 B Parameters “C Processing
33 74 Change = Transfer To
= =S| Units Wil
» o
£
37 A4
Datal W T OE ¢ m

2. The instantaneous MTBF with one-sided 90% confidence bounds can be calculated using
the Quick Calculation Pad (QCP), as shown next. From the QCP, it is estimated that the
lower limit on the MTBF at 300 hours with a 90% confidence level is equal to 10.8170
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hours. Therefore, the prototype has met the specified goal.

Failures

Bounds

@ acp @ x
\8-Determing Whether a Design Meets the MTBF Goal'\Datal
Upper Bound (0.95) 26.086058 hr
IMTBF(t=300... 15.510962 hr
Lower Bound (0.05) 9.867230 hr
Instantaneous MTBF hr 25-Both Captions On
Units - Bounds Options -
Calculate Input
Cumulative MTBF Failure Intensity 300
Instantaneous MTBF = Failure Intensity 0.9
Time Given:
Time {hr)

stantaneous Mior

Number of Failures

Parameter Bounds

Report

A one-shot system underwent reliability growth development for a total of 50 trials. The test
was performed as a combination of configuration in groups and individual trial by trial. The
table below shows the data set obtained from the test. The first column specifies the number of

failures that occurred in each interval, and the second column shows the cumulative number of
trials in that interval. Do the following:

1.

2.

Estimate the parameters of the Crow-AMSAA model using maximum likelihood estimators.

What are the instantaneous reliability and the 2-sided 90% confidence bounds at the end of

the test?

Plot the cumulative reliability with 2-sided 90% confidence bounds.

If the test was continued for another 25 trials what would the expected number of additional

failures be?

Mixed Data

Failures in Interval

Cumulative Trials

Failures in Interval

Cumulative Trials

3

4

1

25

0

5

1

28
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4 9 32
1 12 37
0 13 39
1 15 40
2 19 44
1 20 46
1 22 49
0 24 50
Solution
1. The next figure shows the parameters estimated using Weibull++.
Ea 9-Analyzing Mixed Data for a One Shot System - [m] »
Ad49 - i - M\‘ Main »
p in Interval Trials Comments .
1 3 4 x| oy | Model O =
3 4 9 [::i: — { )
: ; :; “# Calculation Options (i}
[ 1 15 # ) Standard
7 2 19 Change of Slope
8 1 20
9 1 22 Developmental
10 0 24 Mixed Data
11 1 25 MLE | Crow
- ; b= [ Resuts |
13 0 32 —
14 2 37 Parameters -
15 0 39 Beta 0.682572
16 1 40 Lambda 1.284715
17 1 44 Growth Rate 0.317428
18 0 46 DFP 0.273029
19 1 49 DRel 0.726571
20 0 20 Statistical Tests
21 Significance Level 0.1
= Chi-Sq Passed
jj Other
. Termination Trial: 50
26
27
28
2
30
31 v
Datal W @ E © m
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2. The figure below shows the calculation of the instantaneous reliability with the 2-sided 90%
confidence bounds. From the QCP, it is estimated that the instantaneous reliability at stage
50 (or at the end of the test) is 72.70% with an upper and lower 2-sided 90% confidence
bound of 82.36% and 39.59%, respectively.

@ acp ® x
{3-Analyzing Mixed Data for a One Shot System'\Datal
Upper Bound (0.95) 0.823627
Inst. Reliability 0.726971
Lower Bound (0.05) 0.395926
Instantaneocus MTBF Captions On
Units Options -
Calculate
Average Reliability Prob. of Failure Trial 50
Instantaneous | |Reliabilizy = Prob. of Failure Confidence Level 0.9
Failures Mumber of Failures
Bounds Parameter Bounds

Report

3. The following plot shows the cumulative reliability with the 2-sided 90% confidence

bounds.
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Reliability vs. Time
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Beta=0.682572, Lambda =1.384715

4. The last figure shows the calculation of the expected number of failures after 75 trials. From
the QCP, it is estimated that the cumulative number of failures after 75 trials is 96 3770 ~ 27

. Since 20 failures occurred in the first 50 trials, the estimated number of additional failures
is 7.
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@ ocp @ X

-Analyzing Mixed Data for a One Shot System‘\Datal

CNOF(s=7%5) 26.376976

Number of Failures No Bounds Captions On
Units Bounds - Options -
Calculate Input
Average Reliability Prob. of Failure Trial 75
Instantanecus Reliability Prob. of Failure
Failures Mumber of Faiures -
Repart
Calculate

Close

Crow Extended

In reliability growth analysis, the Crow-AMSAA (NHPP) model assumes that the corrective
actions for the observed failure modes are incorporated during the test (test-fix-test). However,
in actual practice, fixes may be delayed until after the completion of the test (test-find-test) or
some fixes may be implemented during the test while others are delayed (test-fix-find-test). At
the end of a test phase, two reliability estimates are of concern: demonstrated reliability and pro-
Jjected reliability. The demonstrated reliability, which is based on data generated during the test
phase, is an estimate of the system reliability for its configuration at the end of the test phase.
The projected reliability measures the impact of the delayed fixes at the end of the current test
phase.

Most of the reliability growth literature are concerned with procedures and models for cal-
culating the demonstrated reliability, and very little attention has been paid to techniques for reli-
ability projections. The procedure for making reliability projections utilizes engineering
assessments of the effectiveness of the delayed fixes for each observed failure mode. These
effectiveness factors are then used with the data generated during the test phase to obtain a pro-
jected estimate for the updated configuration by adjusting the number of failures observed dur-
ing the test phase. The process of estimating the projected reliability is accomplished using the
Crow Extended model. The Crow Extended model allows for a flexible growth strategy that can
include corrective actions performed during the test, as well as delayed corrective actions. The
test-find-test and test-fix-find-test scenarios are simply subsets of the Crow Extended model.
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For developmental testing, the Crow Extended model can be applied when using any of the fol-
lowing data types:

 Failure Times Data

e Multiple Systems (Known Operating Times)

e Multiple Systems (Concurrent Operating Times)
e Multiple Systems with Dates

e Multiple Systems with Event Codes

e Grouped Failure Times

e Mixed Data

As the name implies, Crow Extended is simply an "extension" of the Crow-AMSAA (NHPP)
model. The calculations for Crow Extended still incorporate the methods for Crow-AMSAA
based on the data type, as described on the Crow-AMSAA (NHPP) page. The Crow-AMSAA
model estimates the growth during the test, while the Crow Extended model accounts for the
growth after the test based on the delayed corrective actions. Additional details regarding the cal-
culations for the Crow Extended model are presented in the sections below.

Background

When a system is tested and failure modes are observed, management can make one of two pos-
sible decisions: to fix or to not fix the failure modes. Failure modes that are not fixed are called
A modes and failure modes that receive a corrective action are called B modes. The A modes
account for all failure modes that management considers to be not economical or not justified to
receive corrective action. The B modes provide the assessment and management metric struc-
ture for corrective actions during and after a test. There are two types of B modes: BC modes,
which are corrected during the test, and BD modes, which are corrected only at the end of the
test. The management strategy is defined by how the corrective actions, if any, will be imple-
mented. In summary, the classifications are defined as follows:

¢ A indicates that no corrective action was performed or will be performed (management
chooses not to address for technical, financial or other reasons).

e BC indicates that the corrective action was implemented during the test. The analysis
assumes that the effect of the corrective action was experienced during the test (as with
other test-fix-test reliability growth analyses).
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e BD indicates that the corrective action will be delayed until after the completion of the cur-
rent test. BD modes will provide a jump in the system's MTBF at the termination time.

In terms of assessing a system's reliability, there are three specific metrics of interest:

e Demonstrated (or achieved) MTBF (DMTBF) is the system's instantaneous MTBF at the
termination time.

¢ Projected MTBF (PMTBF) is the system's expected instantaneous MTBF after the imple-
mentation of the delayed corrective actions.

¢ Growth Potential MTBF (GPMTBF) is the maximum MTBF that can be attained for the
system design and management strategy.

These metrics can also be displayed in Weibull++ in terms of failure intensity (FI). The demon-

strated MTBF is calculated using basically the same methods, depending on data type, as presen-
ted on the Crow-AMSAA (NHPP) page. Projected MTBF/FI and growth potential MTBF/FI are

presented in detail in the sections below.

The following picture shows an example of data entered for the Crow Extended model.

kel Test-Fix-Find Test Data - o X
A59 - - | | Main »
Time to
y Event (hr) Classification Mode Comments Growth Data
B
1 07 BC 17 +|lou| | Model Om
3 13.2 BC 17 lﬁ
4 15 BD 1 ] . .
# | Calculation Options
5 17.6 BC 18 = o
& 253 BD Standard
7 475 8D 3 FSlopa
8 54 BD
El 545 BC 19 Developmental
10 56.4 BD 5 Failure Times
11 63.6 A MLE I Crow
12 72.2 8D 5 No Gap | cumulative
13 99.2 BC 20
1 906 B0 5 Time Terminated (hr) - 400
15 1003 8D 7
16 102.5 A
17 112 BD 8
13 112.2 BC 21
19 120.9 BD 2
i) 121.9 BC 22
21 125.5 BD El
22 1334 8D 10 EF Effectveness Assodiate
2 151 BC 23 factors tg Profile
24 163 BC 24 B "'}Ej ] Mc-t!e )
Parameters Processing

25 1647 BD a h ~ TramsferT

- \ange ransfer To
% 1745 8Cc 25 = nits W weibul
27 1774 BD 10

= Auto G
» 1916 BC 2 Tz funsrew
2 192.7 BD 11
30 213 A M

—_—

Datal B z = © m

As you can see, each failure is indicated with A, BC or BD in the Classification column. In
addition, any number or text can be used to specify the failure mode. In this example, numbers
were used in the Mode column for simplicity, but you could just as easily use "Seal Leak," or
whatever designation you deem appropriate for identifying the mode. In Weibull++, a failure
mode is defined as a problem and a cause.
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Reliability growth is achieved by decreasing the failure intensity. The failure intensity for the A
failure modes will not change; therefore, reliability growth can only be achieved by decreasing
the BC and BD mode failure intensity. In general, the only part of the BD mode failure intensity
that can be decreased is that which has been seen during testing, since the failure intensity due
to BD modes that were unseen during testing still remains. The BC failure modes are corrected
during test, and the BC failure intensity will not change any more at the end of test.

It is very important to note that once a BD failure mode is in the system, it is rarely totally elim-
inated by a corrective action. After a BD mode has been found and fixed, a certain percentage
of the failure intensity will be removed, but a certain percentage of the failure intensity will gen-
erally remain. For each BD mode, an effectiveness factor (EF) is required to estimate how effect-
ive the corrective action will be in eliminating the failure intensity due to the failure mode. The
EF is the fractional decrease in a mode's failure intensity after a corrective action has been
made, and it must be a value between 0 and 1. It has been shown empirically that an average
EF, 4, is about 70%. Therefore, about 30 percent, (i.e., 100 (1 —d) percent), of the BD mode
failure intensity will typically remain in the system after all of the corrective actions have been
implemented. However, individual EFs for the failure modes may be larger or smaller than the
average. The next figure displays the Weibull++ software's Effectiveness Factor window where
the effectiveness factors for each unique BD failure mode can be specified.

> Effectiveness Factor O e

S B © # 5 | ™ UseFixed Effectiveness Factor | 0.721250 oK Cancel
Effectiveness

. BD Mode . Comments

1 1 0.67 4

2 2 0.72

3 3 0.77

4 4 0.77

5 3 0.87

5 6 0.92

7 7 0.5

8 8 0.85

9 9 0.89

10 10 0.74

11 11 0.7

12 12 0.63

13 13 0.64

14 14 0.72

15 15 0.69

16 16 0.46

17 A

Average EF: 0.721230

The EF does not account for the scenario where additional failure modes are created from the
corrective actions. If this happens, then the actual EF will be lower than the assumed value. An
EF greater than or equal to 0.9 indicates a significant improvement in a failure mode's MTBF
(or reduction in failure intensity). This is indicative of a design change. The increase in a failure
mode's MTBF, given an EF, can be calculated using:
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Multiplier = 1 _lE I

Using this equation, an gg — .7 corresponds to an increase of 3.3X. Therefore, if a failure
mode had an MTBF of 100 and a delayed fix was applied, an estimate of the failure mode's
MTBEF after the fix is equal to , 333. An g — .9 corresponds to a 10X increase in the failure
mode's MTBF. So there is a large increase between EF = 0.7 and EF = 0.9. Before assigning an
EF to a BD mode, it is recommended to run a test to verify the fix and to validate the assumed
EF value. Ideally, you want to have some sort of justification for using the entered EF value. If
you do not know the EF value for each BD mode, then you can also specify a fixed EF which is
then applied to all modes. The average value of EF = 0.7 is a good place to start, but if you
want to be a bit more conservative, then an EF = 0.4, or a smaller value, could be used.

Test-Find-Test

Test-find-test is a testing strategy where all corrective actions are delayed until after the test.
Therefore, there are not any BC modes when analyzing test-find-test data (only A and BD
modes). This scenario is also called the Crow-AMSAA Projection model, but for the purposes of
the Weibull++ software, it is simply a special case of the Crow Extended model. The picture
below presents the test-find-test scenario.

@ Projected MTBF

MTBF

Demonstrated
MTBF

T

Since there are no fixes applied during the test, the assumption is that the system's MTBF does
not change during the test. In other words, the system's MTBF is constant. The system should
not be exhibiting an increasing or decreasing trend in its reliability if changes are not being
made. Therefore, the assumption is that 8 = 1. Weibull++ will return two 8 values; Beta (hyp)
which always shows a value equal to 1 since this is the underlying assumption, and Beta which
is the Crow-AMSAA (NHPP) estimate that considers all of the failure times. The assumption of
B =1 can be verified by looking at the confidence bounds on 3. If the confidence bounds on g
include one, then you can fail to reject the hypothesis that 8= 1. Weibull++ does this check
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automatically and uses a confidence level equal to 1 minus the specified significance level to
check if the confidence bounds on 8 include one. If the g = 1 assumption is violated, then the
value for Beta (hyp) will be displayed in red text. If the confidence bounds on 8 do not include
1, then the following questions should be considered as they relate to the data:

e If multiple systems were tested, did they have the same configuration throughout the test?
Were the corrective actions applied to all systems?

e Were the test conditions consistent for each system?
e Was there a change in the failure definition?
e Any issues with data entry?

B =1 is then used to estimate the demonstrated MTBF of the system and it is also used in the
goodness-of-fit tests.

Suppose a system is subjected to development testing for a period of time, 7. The system can
be considered as consisting of two types of failure modes: A modes and BD modes. It is
assumed that all BD modes are in series and fail independently according to the exponential dis-
tribution. Also assume that the rate of occurrence of A modes follows an exponential dis-
tribution with failure intensity A, . The system MTBF is constant throughout the test phase since
all of the corrective actions are delayed until after the completion of the test. After the delayed
fixes have been implemented, the system MTBF will then jump to a higher value.

Let g denote the total number of BD modes in the system, and let ; denote the failure intens-
ity for the ;4 BD mode, such thati = 1,2,..., K. Then, at time equal to zero, the system failure
intensity 7(0) is:

’I"(O) =X+ ABD

where:

K
Aep =Y X\
-1 .

During the test (0,T), a random number of ps distinct BD modes will be observed, such that

M < K . Denote the effectiveness factor (EF) for the j## BD mode as d;,i=1,2,...,K . The
effectiveness factor ¢; is the percent decrease in ), after a corrective action has been made for
the ;4 BD mode. That is, the corrective action for the jt+ BD mode removes 100 x d; percent of
the failure rate, and 100 x (1 —d;) percent remains. The failure intensity for the 3t BD failure
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mode after a corrective action is (1 — d;)A; . If corrective actions are taken on the py BD modes
observed by time 7', then the system failure intensity is reduced from 7(0) to:

M

r(T) )\A+Z 1-d)XN+(Asp — Ai)
=1 i=1

%

=A4 + Asp — Zdix,-
i=1

where:

M
> (1—dX

is the failure intensity for the ps modes after the corrective actions

M
(Asp = D X) e

=1 is the remaining failure intensity for all unseen BD modes
All 5y BD modes observed by test time 7 may not be fixed by time 7 so the actual failure
intensity at time 77 may not be 7(T) . However, 7(T) can be viewed as the achieved failure intens-
ity at time p if all fixes were updated and incorporated into the system. All of the fixes for the
BD modes found during the test are incorporated as delayed fixes at the end of the test phase.
Therefore, the system failure intensity is constant at 7(0) = Ax + Agp through the test phase and
will then jump to a lower value r(T) after the delayed fixes have been implemented. Let N,
and Npp be the total number of A and BD failures observed during the test (0,7) and let
N = N, + Npp - In addition, there are ps distinct BD modes observed during the test. After
implementing the ps fixes, the failure intensity for the system at time 7 (after the jump) is
given by the function (T .

r(0) is actually the demonstrated failure intensity, which is based on actual system performance
of the hardware tested and not of some future configuration. A demonstrated reliability value
should be determined at the end of each test phase. The demonstrated failure intensity is:

Ny + Ngp

XD(T) =r(0) = T

The demonstrated MTBF is given by:
MTBFp = Jp(T)]
The detailed procedure for estimating r(T') is given in Crow [20] and is reviewed here.

Let E[-] denote the expected value:
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M M
E[’I’(T)] =M+ Z (1 — di)/\q; + Zd,;Aie_'\‘T
=1 i=1

Under realistic assumptions, E[r(T)] also may be expressed as:

M
E[r(T)] =Aa+ Y (1—di)X + dh(T)
i=1

where ¢ is the mean effectiveness factor and h(T) is the instantaneous rate at which a new BD

mode will occur at time 7. dh(T) is the bias term (or sometimes called the 3rd term), such that:

B(T) = dh(T)

The mean 4 is given by:

- 1
d=Miz=1:d,-

Therefore, the projected failure intensity r(T') is then estimated at the end of the test phase by:

sy — (Na L% AR B
#(T) = (T +i§=;(1—d,) T ) + dh(T)
The projected MTBF is:

MTBFp = [r(T)]*

As indicated previously, the failure intensity of the system at ; — o is given by:

AS"ystem =AA + ABD
:AA + ABDSeeﬂ + A-B-DUrueen

The estimate for the projected failure intensity, after the corrective actions have been imple-
mented, is then:

AProjected =>\A + (1 - d) (’\BD —h (t)) +h (t)
=24+ (1—d)Asp — (1 —d)h(t) +h(?)
=M+ (1—d)Agp —h(t) +dh(t) + h(t)
=Xa + (1 —d)Agp +dh ()
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This is the basic format of the equation for the projected failure intensity when the Crow Exten-
ded model is used with the test-find-test strategy.

h(t) is defined as the unseen BD mode failure intensity. It is also defined as the rate at which
new unique BD modes are being discovered. The maximum likelihood estimate of h(t) is cal-
culated using:

h(t) = XBDEBDtBBD_l

where Bgp is the unbiased estimate. The unbiased estimate is always used when calculating
h(t).

The parameters of the h(t) function, Bgp and App , are calculated using the first occurrence of
each BD mode. In order to have growth, Bz, must be less than one. If B85, is close to one then it
is possible that the program could be in trouble since this indicates that there are very few
repeat occurrences. In this case, each failure tends to be a unique mode. If B, is less than one
then the rate at which new unique BD modes are occurring is decreasing.

Let X; < X5 <...< Xy < T denote the cumulative test times for the first occurrences of BD
modes. Then, the maximum likelihood estimates of A\gp and Bgp are:

Bep = ML
> i In(%)

The unbiased estimate of Bgp is:

_ M-1,
ﬂBD = M IBBD
N M
ABD = —

TPBBD

In particular, the maximum likelihood estimate for the rate of occurrence for the distinct BD
modes at the termination time, T, is:

h(T) =\BpBsD TPl

_ MPBsp
T
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The parameters associated with h(t) can be viewed in Weibull++ by selecting BD modes from
the dropdown to the right of Results (All Modes) in the Results Area on the control panel to the
right of the data sheet. The displayed value for the failure intensity, FI, is h(T) .

Growth Potential, when represented in terms of MTBF, is the maximum system reliability that
can be attained for the system design with the current management strategy. The maximum
MTBEF will be attained when all g BD modes have been observed and fixed with EFs 4; . If the
system is tested long enough then the failures that are observed in this case will be either repeat
BD modes or A modes. In other words, there is not another unique BD mode to find within the
system, and in most cases the growth potential is a value that may never actually be achieved.
The growth potential can be thought of as an upper bound on the system's MTBF and ideally,
should be about 30% above the system's requirement. As the system's MTBF gets closer to the
growth potential, it becomes more difficult to increase the system's MTBF because it is taking
more and more test time to propagate the next unique BD mode. The BD modes present oppor-
tunities for growth, but the rate of occurrence for unique BD modes goes down due to the
decrease in h(t) . The growth potential is reached when h(t) is equal to zero. In other words, the
difference between the projected failure intensity and the growth potential is k() . At about 2/3
of the growth potential it becomes increasingly difficult to increase the system's MTBF as h(t)
function starts to flatten out.

The failure intensity 7(T') will depend on the management strategy that determines the clas-
sification of the A and BD failure modes. The engineering effort applied to the corrective
actions determines the effectiveness factors. In addition, #(T') depends on h(t) , which is the rate
at which problem failure modes are being seen during testing. h(t) drives the opportunity to
take corrective actions based on the seen failure modes and it is an important factor in the over-
all reliability growth rate. The reliability growth potential is the limiting value of #(T') as T
increases. This limit is the maximum MTBF that can be attained with the current management
strategy. In terms of failure intensity, the growth potential is expressed by the following equa-
tion:

K
rgp = A4 + Z 1 —-d)\
=1

In terms of the MTBF, the growth potential is given by:

MTBFGP = 1/7'GP

The procedure for estimating the growth potential is as follows. Suppose that the system is
tested for a period of time 7 and that jy failures have been observed. According to the
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management strategy, N, of these failures are A modes and Ny, of these failures are BD
modes. For the BD modes, there will be ps distinct fixes. As before, N; is the total number of
failures for the jt+ BD mode and d; is the corresponding assigned EF. From this data, the
growth potential failure intensity is estimated by:

M
ap(T) = (% +Z(1—d»%>

The growth potential MTBF is estimated by:

MTBFgp = [fep] ™

Consider the data in the first table below. A system was tested for 7 — 499 hours. There were a
total of py — 4o failures and all corrective actions will be delayed until after the end of the 400
hour test. Each failure has been designated as either an A failure mode (the cause will not
receive a corrective action) or a BD mode (the cause will receive a corrective action). There are
N4 =10 A mode failures and Npp, = 32 BD mode failures. In addition, there are py — 14 dis-
tinct BD failure modes, which means 16 distinct corrective actions will be incorporated into the

system at the end of test. The total number of failures for the 5 observed distinct BD mode is

Npp = i N;
denoted by NNj , and the total number of BD failures during the test is =1 . These val-
ues and effectiveness factors are given in the second table
Do the following:

1. Determine the projected MTBF and failure intensity.
2. Determine the growth potential MTBF and failure intensity.
3. Determine the demonstrated MTBF and failure intensity.
Test-Find-Test Data
i X; Mode i X; Mode
1 15 BD1 22 260.1 BD1
2 25.3 BD2 23 263.5 | BDS
3 47.5 BD3 24 273.1 A
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4 54 BD4 25 27477 | BD6
5 56.4 BD5 26 285 BD13
6 63.6 A 27 304 BD9
7 72.2 BD5 28 3154 | BD4
8 99.6 BD6 29 317.1 A
9 100.3 BD7 30 3206 | A
10 1025 | A 31 324.5 BDI12
11 112 BDS 32 3249 | BDIO
12 120.9 | BD2 33 342 BD5
13 125.5 BD9 34 350.2 | BD3
14 133.4 | BDIO 35 364.6 | BDI10
15 164.7 | BD9 36 3649 | A
16 177.4 | BDI10 37 366.3 BD2
17 192.7 | BDI1 38 373 BDS8
18 213 A 39 379.4 | BDl14
19 2448 | A 40 389 BD15
20 249 BD12 41 3949 | A
21 2508 | A 42 395.2 | BDI6
Effectiveness Factors for the Unique BD Modes
BD Mode | Number N; | First Occurrence EF d;
1 2 15.0 .67
2 3 253 72
3 2 47.5 a7
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4 54.0 77
5 54.0 .87
6 99.6 92
7 100.3 50
8 112.0 85
9 125.5 .89
10 133.4 74
11 192.7 70
12 249.0 63
13 285.0 64
14 379.4 72
15 389.0 69
16 395.2 46

Solution

1. The maximum likelihood estimates of B, and Agp are determined to be:

B M
BD =S LT
ZMi=1 ln(%)
=0.7970
App =0.1350
The unbiased estimate of 3 is:
= M-—-1 .
/BBD ZT:BBD
=0.7472

M
d=4; ) di =0.72125

Based on the test data, i=1

. Therefore, B(T) = d¥£22 = 0.0215 . The pro-
jected failure intensity due to incorporating the 16 corrective actions is:
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M . — —
r(T) =(% + Z (1- dz)%) +d (%ﬂBD)

=0.0661
The projected MTBF is:

MTBFp = [r(T)] ™ =15.127

2. To estimate the maximum reliability that can be attained with this management strategy, use
the following calculations.

N4/T = 0.0250

1 16
TZ (1 — d;)N; = 0.0196
=1

The growth potential failure intensity is estimated by:

. Ni | v N;
fep(T) = (?A + ; (1- di)?)

=0.0250 + 0.0196
=0.0446

The growth potential MTBF is:
MTBFgp = [fgp|™ = 22.4467
3. The demonstrated failure intensity and MTBF are estimated by:

N4 + Npp

Xp(T) = T

42

400
=0.1050

MTBFp =[p(T)]

=9.5238
The first chart below shows the demonstrated, projected and growth potential MTBF. The
second shows the demonstrated, projected and growth potential failure intensity.
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Final MTBF
30 Final MTBE
Datal
Crow Extended
MLE Crow
T. Time éhr): 400.000000
W DMTBF
W PMTEF
W GPMTEF
24
18
=
=
—
(T8
o
'—
=
12
6
0
DMTBF PMTEF GPMTBF

Beta (hyp) = 1.000000, Beta (UnB)=1.238430, Lambda [hr)=0.025164
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Final Failure Intensity
0.2 Final F1

Crow Extended
MLE Crow
T. Tinl;lia (hr)= 400.000000

0.12

0.08

Failure Intensity (Failures/hr)

0.04

DFI GPFI

Beta (hyp) = 1.000000, Beta (UnB)=1.238430, Lambda [hr)=0.025164

Test-Fix-Find-Test

Traditional reliability growth models provide assessments for two types of testing and corrective
action strategies: test-fix-test and test-find-test. In test-fix-test, failure modes are found during
testing and corrective actions for these modes are incorporated during the test. Data from this
type of test can be modeled appropriately with the Crow-AMSAA model. In test-find-test,
modes are found during testing, but all of the corrective actions are delayed and incorporated
after the completion of the test. Data from this type of test can be modeled appropriately with
the Crow-AMSAA Projection model, which was described above in the Test-Find-Test section.
However, a common strategy involves a combination of these two approaches, where some cor-
rective actions are incorporated during the test and some corrective actions are delayed and
incorporated at the end of the test. This strategy is referred to as fest-fix-find-test. Data from this
test can be modeled appropriately with the Crow Extended reliability growth model, which is
described next.

Recall that B failure modes are all failure modes that will receive a corrective action. In order to
provide the assessment and management metric structure for corrective actions during and after
a test, two types of B modes are defined. BC failure modes are corrected during the test and BD
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failure modes are delayed until the end of the test. Type A failure modes are defined as before;
(i.e., those failure modes that will not receive a corrective action, either during or at the end of
the test).

Let Agp denote the constant failure intensity for the BD failure modes, and let h(¢|BD) denote
the first occurrence function for the BD failure modes. In addition, as before, let g be the num-
ber of BD failure modes, let d; be the effectiveness factor for the s#¢ BD failure mode and let ¢
be the average effectiveness factor.

The Crow Extended model projected failure intensity is given by:
K J—
AEM = Aga — ABD + Z (1 — dz)/\z + dh(TlBD)
=1
where Aca = A\BTP1 is the achieved failure intensity at time 7.

The Crow Extended model projected MTBEF is:

Mgm =1/Xem

This is the MTBF after the delayed fixes have been implemented. Under the extended reliability
growth model, the demonstrated failure intensity before the delayed fixes is the first term, Ao, -
The demonstrated MTBF at time 7 before the delayed fixes is given by:

Mea = [Aoa]™

If you assume that there are no delayed corrective actions (BD modes), then the model reduces
to a special case of the Crow-AMSAA model where the achieved MTBF equals the projection,
Aca - That is, there is no jump. If you assume that there are no corrective actions during the test
(BC modes) then the model reduces to the test-find-test scenario described in the previous sec-
tion.

In the general estimation of the Crow Extended model, it is required that all failure times during
the test are known. Furthermore, the ID of each A, BC and BD failure mode needs to be
entered.

The estimate of the projected failure intensity for the Crow Extended model is given by:
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M

-~ o~ o~ Ny -

AEM = AocA — ABD + E (1- di)? + dh(T|BD)
=1

where N; is the total number of failures for the ;4 BD mode and d; is the corresponding
assigned EF. In order to obtain the first term, Xgy4 , fit all of the data (regardless of mode clas-
sification) to the Crow-AMSAA model to estimate # and X, thus:

’ch = /XBTB\_I

The remaining terms are analyzed with the Crow Extended model, which is applied only to the
BD data.

Npp
T

R(T|BD) =AspBgpTPe!

=M,§BD
T

ABp =

Bap is the unbiased estimated of 8 for the Crow-AMSAA model based on the first occurrence
of pr distinct BD modes.

The structure for the Crow Extended model includes the following special data analysis cases:

1. Test-fix-test with no failure modes known or with BC failure modes known. With this type
of data, the Crow Extended model will take the form of the traditional Crow-AMSAA ana-

lysis.

2. Test-find-test with BD failure modes known. With this type of data, the Crow Extended
model will take the form of the Crow-AMSAA Projection analysis described previously in
the Test-Find-Test section.

3. Test-fix-find-test with BC and BD failure modes known. With this type of data, the full cap-
abilities of the Crow Extended model will be applied, as described in the following sections.

The growth potential and some maturity metrics for the Crow Extended model are calculated as
follows.

e Initial system MTBF and failure intensity are given by:
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and:

~ — . —1
Xr =[]

where B and & are the estimators of the Crow-AMSAA model for all data regardless of the fail-
ure mode classification (i.e., A, BC or BD).

e The A mode failure intensity and MTBF are given by:

-~ N,
=7
— ~ .—1
M4 = [A4]

¢ The Initial BD mode failure intensity is given by:

~ N,
ABp = %

e The BC mode initial failure intensity and MTBF are given by:

XI(BC) =Xr—Xa—Xpp

— -1

M sy = Prsoy)]

¢ Failure intensity A(T|BC) and instantanecous MTBF M(T|BC) for new BC failure modes at
the end of test time 7+ are given by:

R(T|BC) = ABTP?
M(T|BC) = (R(T|BC)]

where B and 3 are the estimators of the Crow-AMSAA model for the first occurrence of dis-
tinct BC modes.

e Average effectiveness factor for BC failure modes is given by:

- 1Y T
NzgcﬁB(; ) _ No
r (1+@)

dBoz-N(l)_

Bre
I‘(l-}-,.—)
ﬂBC
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where Ngo is the total number of observed BC modes, Mgo is the number of unique BC
modes and Bgg is the MLE for the first occurrence of distinct BC modes. If Bgc > 1 then
dpc equals zero.

* Growth potential failure intensity and growth potential MTBF are given by:
~ ~ = M N;
AGp = Aca — ABp + ; (1- dz')?

Mgp = rxcp]_l

Management controls the resources for corrective actions. Consequently, the effectiveness
factors are part of the management strategy. For the BD mode failure intensity that has been
seen during development testing, 100 4 percent will be removed and 100 (1 —d) percent will
remain in the system. Therefore, after the corrective actions have been made, the current system
instantaneous failure intensity consists of the failure intensity due to the A modes plus the fail-
ure intensity for the unseen BC modes, and plus the failure intensity for the unseen BD modes
plus the failure intensity for the BD modes that have been seen. The following pie chart shows
how the system's instantaneous failure intensity can be broken down into its individual pieces
based on the current failure mode strategy.
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Failure Mode Strategy

Type BC - Seen (0.134)

Type BC - Unseen (0.318)

Type A (0.0948) Type BD - Removed (0.0872)

Type BD - Remained (0.0337)

Type BD - Unseen {0.332)

Failure Mode Strateqy

Datal

Crow Extended

MLE Crow

T. Time (hr}= 400.000000

| Type A

O] Type BC - Unseen

O Type BC - Seen

il Type BD - Unseen

] Type BD - Remained
Type BD - Removed

Keep in mind that the individual components of the system's instantaneous failure intensity will
depend on the classifications defined in the data. For example, if BC modes are not present
within the data, then the BC mode MTBF will not be a part of the overall system MTBF. The
individual pieces of the pie, as shown in the above figure, are calculated using the following

equations.

Let:

#(T) = AT

where T is the test time and B and & are the maximum likelihood estimates of the Crow-
AMSAA model for all of the data. B is the biased estimate of 8. Therefore:

N

T n(E)

\g

>
Il
H)|=
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where jy is the total number of failures, and X; is the jt¢ time-to-failure. Let the successive fail-
ures 0 < X; < X, <...< X3 < Xy be partitioned into the A mode failures ( N, ), BC first
occurrence failures ( Ngor ), BC remaining failures ( Ngog ), BD first occurrence failure (
Nppr ) and the BD remaining failures ( Ngpg ). For continuous data, each portion of the pie
chart, due to each of the modes, is calculated as follows:

A modes

1= () |2l

¢ BC modes unseen

)]

Npcr
BCunseen = ( ) Z In (XBCFt) lf.(T)
e BC modes seen
T Npcr T
BCieen = | —5 L "
Cseen (NZ ) [; n(XBCRi ) T( )
e BD modes unseen
T Nppr T N
BDypscen = (F) ; 1n<X BDFi) T(T)
¢ BD modes seen
T Nzpr T R
BD,.., = (F) ; ln(XBDRi) T(T)

e BD modes remain
BD-rema'i'n ={1-—-— dq, * BDseen
M=
= (1 - (_i) ‘ B-Dseen
¢ BD modes removed

removed = Ed BDseen

:d . B-Dseen
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For grouped data, the maximum likelihood estimates of 8 and ) from the Crow-AMSAA
(NHPP) model are calculated such that the following equations are satisfied:

: t? ln(t,-) — t?—l ].n(t,;_l) _

M

Nz 2 InT| =0
P &) —t
" N
A= —
Ty
K
. N=> N
where g is the number of groups and =1
* A modes

(%)

¢ BC modes unseen

#(T)

Naln(T) — Z -N;Az' (tf ln(tf )A_ tf—Al 1n(tf_1) _ l)
= P )

T K Npor [ In(@#?) — ¢ ()
BCunseen = (—) NBCF ln(T) _ - 1 1 _ ’L_,l 3—1 _ 1 ﬁ(T)
N l ; B 9 — 4
e BC modes seen
T K Npors (£ () — ¢ ()
BCseen = (_> NBC’R ln(T) - ~ t t "_Al i1l _ 1 ’i"(T)
N* l ;1 B t —t7

e BD modes unseen

T
B-D'u,nseen = (F)

¢ BD modes seen

K (Bl — ¢ 8
Nppr In(T) — Z NBPFz (tz In(t; ) t‘il In(¢ ;) _ 1)]
=B s

EK: NBpri t? 1n(tf) - tf_1 ln(tf—l) 1
B

T
BDseen =\ 72 NBDR ln(T) - > =
N t—t
3 i—

=1

¢ BD modes remain

1 M
B-Drema'in = (1 - HZ dq,) : BDseen
=1

~(1-d) - BDyeun
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¢ BD modes removed

1 M
BDremoved =MZ di : BDseen
i=1

:E . B-Dseen

Consider the data given in the first table below. There were 56 total failures and 77 — 49 . The
effectiveness factors of the unique BD modes are given in the second table. Determine the fol-

lowing:

1. Calculate the demonstrated MTBF and failure intensity.

2. Calculate the projected MTBF and failure intensity.

3. What is the rate at which unique BD modes are being generated during this test?

4. If the test continues for an additional 50 hours, what is the minimum number of new unique
BD modes expected to be generated?

Test-Fix-Find-Test Data
i X; Mode i X; Mode
1 0.7 BC17 29 192.7 | BDI1
2 3.7 BC17 30 213 A
3 13.2 BC17 31 2448 | A
4 15 BDl1 32 249 BDI12
5 17.6 BC18 33 2508 | A
6 253 BD2 34 260.1 BDI1
7 47.5 BD3 35 263.5 BDS
8 54 BD4 36 273.1 A
9 54.5 BCI19 37 2747 | BD6
10 56.4 BD5 38 282.8 | BC27
11 63.6 A 39 285 BD13
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12 72.2 BD5 40 304 BD9
13 99.2 BC20 41 3154 | BD4
14 99.6 BD6 42 317.1 A

15 100.3 | BD7 43 3206 | A

16 1025 | A 44 324.5 BD12
17 112 BD8 45 3249 | BDI0
18 112.2 | BC21 46 342 BD5
19 120.9 | BD2 47 350.2 | BD3
20 121.9 | BC22 48 3552 | BC28
21 125.5 | BD9 49 364.6 | BDI0
22 133.4 | BDI10 50 3649 | A

23 151 BC23 51 366.3 | BD2
24 163 BC24 52 373 BD8
25 164.7 | BD9 53 3794 | BD14
26 174.5 | BC25 54 389 BD15
27 177.4 | BD10 55 3949 | A

28 191.6 | BC26 56 395.2 | BDl6

Effectiveness Factors for the Unique BD Modes

BD Mode EF 4;
1 .67
2 72
3 a7
4 7
5 .87
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6 92
7 .50
8 .85
9 .89
10 74
11 .70
12 .63
13 .64
14 T2
15 .69
16 46

Solution

1. In order to obtain Xgy , use the traditional Crow-AMSAA model for test-fix-test to fit all 56

data points, regardless of the failure mode classification to get:

B =0.91026
X =0.23969

Thus the achieved or demonstrated failure intensity is estimated by:

Xoa =X§Tﬁ‘1
=0.23969 x 0.91026 x 400(0-91026-1)
=0.12744

The achieved or demonstrated MTBF, Mg, , is the system reliability attained at the end of

test, 7 — 400 , and is estimated by:
Moa = [hoa] = 7.84708

2. For this data set, py — 16 and 7 — 400 -

~ _ Ngp 32
ABp = T —400—0.08
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M
d=> d;/M=0.72125

i=1

16
> (1 - di)N; /T = 0.01955
=1

Calculate maximum likelihood estimates, 8 and 4, of the BD modes:

Bpp =0.74715
Xsp =0.18197
Then:

dh(T|BD) = 0.0215
Therefore:

o~

K
AEM =Aca — ABD + i=El (1 — d,,)? + dh(T|BD)
=0.12744 — 0.08 + 0.0196 + 0.0215

=0.08854
The Crow Extended model projected MTBEF is:

Meu =D:EM]_1
=11.29418
Consequently, based on the Crow Extended model and the data shown in the tables above,
the MTBF grew to 7.85 as a result of the corrective actions for the BC failure modes during
the test. The MTBF then jumped to 11.29 after the test as a result of the delayed corrective
actions for the BD failure modes. The management strategy can be summarized by the Fail-
ure Mode Strategy plot, as shown next.
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Failure Mode Strategy

Fallure Mode Strategy
Datal

Crow Extended

MLE Crow

T. Time (hr)j= 400.000000
I Type A

O] Type BC - Unseen
& Type BC - Seen

il Type BD - Unseen
] Type BD - Remained
Type A (0.0948) Type BD - Removed (0,0872) O Type BD - Removed

Type BD - Remained (0.0337)

Type BC - Seen (0.134)

Type BD - Unseen {0.332)

Type BC - Unseen (0.318)

Beta (UnB}=0.510256, Lambda (hr)=0.239688
This pie chart shows that 9.48% of the system's failure intensity has been left in (A modes),
31.81% of the failure intensity due to the BC modes has not been seen yet and 13.40% was
removed during the test (BC modes - seen). In addition, 33.23% of the failure intensity due
to the BD modes has not been seen yet, 3.37% will remain in the system since the cor-
rective actions will not be completely effective at eliminating the identified failure modes,
and 8.72% will be removed after the delayed corrective actions.

3. The rate at which unique BD modes are being generated is equal to k(T|BD)™" , where:

1
XBD,B\BDTEBD_I
_ T

MBgp
=33.4605

h(T|BD) ™" =

4. Unique BD modes are being generated every 33.4605 hours. If the test continues for another
50 hours, then at least one new unique BD mode would be expected to be seen from this
additional testing. As shown in the next figure, the MTBF of each individual failure mode
can be plotted, and the failure modes with the lowest MTBF can be identified. These are the
failure modes that cause the majority of the system failures.
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3000

Individual Mode MTBF

Individual Mode MTBE

Datal

Crow Extended

MLE Crow

T. Time (hr}= 400.000000
W BD-Before

I BD-After

] BC

A

2400

1800

MTBF (hr)

1200

600 o | |

u].i" 118 2 3 419 5<A>20 6 7 8 2122 9 10 23 24 25 26 11 12 27 13 28 14 15 16

Beta (UnB}=0.510256, Lambda (hr)=0.239688

Confidence Bounds

The Weibull++ software provides two methods to estimate the confidence bounds for the Crow
Extended model when applied to developmental testing data. The Fisher Matrix approach is

based on the Fisher Information Matrix and is commonly employed in the reliability field. The
Crow bounds were developed by Dr. Larry Crow.

See the Crow Extended Confidence Bounds chapter for details on how these confidence bounds

are calculated.

Calculate the 2-sided 90% confidence bounds on the demonstrated, projected and growth poten-

tial failure intensity for the Test-Find-Test data given above.

Solution
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The estimated demonstrated failure intensity is Ap(T) = X482 = 0.1050 . Based on this value,

the Fisher Matrix confidence bounds for the demonstrated failure intensity at the 90% con-
fidence level are:

. 02 . 04

[AD(T)]L =}\D(T) + 7 - AD(T)C'2 + T
=0.08152

. 02 . C4

Po(D)ly =An(T) + 5 + \/)\D(T)Ca +
=0.13525

The Crow confidence bounds for the demonstrated failure intensity at the 90% confidence level
are:

2
RN X(2N,1-a/2)
o (1)), =Ko (T) 2L
=0.07985

2
o X(2N,a/2)
Po(Dly =A0(T) =55 —

=0.13299

The projected failure intensity is:

. N Y N - (M-
Ap ="+ (1—d,~)—+d(—ﬂ)
T ; T T
= 0.06611

Based on this value, the Fisher Matrix confidence bounds at the 90% confidence level for the
projected failure intensity are:

Ap(T)], =Ap(T)eVVorr@)/Ae(@)
=0.04902

[XP (T)] v =;\P (T) e Var(Ap(T))/Ap(T)
=0.08915

The Crow confidence bounds for the projected failure intensity are:
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2

Ap(T)]p =Ap(T) + % — \/:\p(T) LC? 4 CT4

=0.04807

. C? < ct

P(D)y =Ap(T) + —— + 4/ Xp(T)- C* + —

[Ap(T)]y =Ap(T) 5 Xp(T)- C? 1
=0.09090

The growth potential failure intensity is:

Ny ¥ .
fap(T) = (TA +) (1- di)%) = 0.04455
i=1 .

Based on this value, the Fisher Matrix and Crow confidence bounds at the 90% confidence level

for the growth potential failure intensity are:

2 4

rp =fgp + % — f'ngz + CT
=0.03020

c? ct

Ty ngp + T + Tgpcz + —

=0.0656

The figure below shows the Fisher Matrix confidence bounds at the 90% confidence level for

the demonstrated, projected and growth potential failure intensity.
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Growth Potential FI
0.15 Growth Potential FI
CB@90% 2-Sided[F]
Datal
Crow Extended
—_ MLE FM
T. Time (hrL: 400.000000
— Growth Potential
+ Projected
— Demonstrated
— Growth Potential Bounds
0.12 — Projected Bounds
— Demgnstrated Bounds
0.105—
-
=
W
E 0.09 =
2 4
-
Z
w
3
= 0.0661 4
=
v 0.06
=2
™
w —
{0.0445—
0.03
0
0 100 200 300 400 500
Hour (hr)

The following figure shows these bounds based on the Crow method.
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Growth Potential FI
0.15 Growth Potential FI
CB@90% 2-Sided[F]
Datal
Crow Extended
MLE Crow
—_ T. Time (hrL: 400000000
— Growth Potential
+ Projected
— Demonstrated
— Growth Potential Bounds
0.12 — Projected Bounds
— Demgnstrated Bounds
0.105—
-
=
w
E 0.09 =
&
— i
Z
7]
3
& 0.0661 4
=]
w 0.06
=2
™
w —_
(1.0445—
0.03
0
0 100 200 300 400 500
Hour (hr)

Calculate the 2-sided confidence bounds at the 90% confidence level on the demonstrated, pro-
jected and growth potential MTBF for the Test-Fix-Find-Test data given above.

Solution

For this example, there are A, BC and BD failure modes, so the estimated demonstrated failure
intensity, Ap(T), is simply the Crow-AMSAA model applied to all A, BC, and BD data.

Ap(T) = Aga = NBTP! = 0.12744

Therefore, the demonstrated MTBF is:

MTBFp = [Ap(T)] " = 7.84708

Based on this value, the Fisher Matrix confidence bounds for the demonstrated failure intensity
at the 90% confidence level are:
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Ao (T)], =Aca (T)e™V Var(Aoa(T))/Aca(T)
=0.09339

Ap(T)]y =3ga(T)e =V VerGoa@)/AoalT)
=0.17390

The Fisher Matrix confidence bounds for the demonstrated MTBF at the 90% confidence level
are:

MTBFp, ———

o (T)]y
=5.75054

1
MIBED =@,

=10.70799

The Crow confidence bounds for the demonstrated MTBF at the 90% confidence level are:

1

MIBED, =5,
_ 1

Ap(T) W
—5.6325
_ 1

Ap(T)];,
_ 1

XD (T) Xz(ZI\;,;,—a/ 2)
—10.8779

MTBFp,

The projected failure intensity is:

M
Ap(T) = Xoa — Aep + Y (1 — di) % + dR(T|BD)
=1

= 0.0885

Based on this value, the Fisher Matrix confidence bounds at the 90% confidence level for the
projected failure intensity are:

Ap(T)], =Ap(T)e=VVarde@/ArT)
=0.0681

AP (T)]y =Ap(T)e 2V Ve O/ Ar(T)
—0.1152
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The Fisher Matrix confidence bounds for the projected MTBF at the 90% confidence level are:

1
MIBEe =5 Dy

=8.6818
1
MTBFp, =
DR
=14.6926

The Crow confidence bounds for the projected failure intensity are:

P (T)]; =Ap(T) + %2 — \/:\p(T) e @

4
=0.0672
. 02 . C4
e (T)]y =Ap(T) + - \//\P(T) LC? 4+ Ve

=0.1166

The Crow confidence bounds for the projected MTBF at the 90% confidence level are:

1
P (T)ly
=8.5743
__ 1
P (T)];
—14.8769

MTBFp, =

MTBFp,

The growth potential failure intensity is:

M
Xep =Xca —App + 3 (1—di) % = 0.0670
=1
Based on this value, the Fisher Matrix and Crow confidence bounds at the 90% confidence level
for the growth potential failure intensity are:

2 C4

rp =fep + 5 — fapC* + -
=0.0488

C? %

Ty =’I"GP + 7 + ’IA'GPC'2 + T

=0.0919
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The Fisher Matrix and Crow confidence bounds for the growth potential MTBF at the 90% con-
fidence level are:

MTBFgp, =%
=10.8790

MTBFgp, =%
=20.4855

The figure below shows the Fisher Matrix confidence bounds at the 90% confidence level for
the demonstrated, projected and growth potential MTBF.

Growth Potential MTBF

30 Growth Potential MTBF
CE@90% 2-Sided[F

Datal

Crow Extended

MLE FM

T. Time (hrL: 400.000000
=+ Growth Potential

+ Projected

+ Demonstrated

— Growth Potential Bounds

24 — Projected Bounds
— Demonstrated Bounds

18

MTBF (hr)
’

12

7.85

Hour (hr)

The next figure shows these bounds based on the Crow method.
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Growth Potential MTBF

30 Growth Potential MTBF
CE@90% 2-Sided[F
Datal

Crow Extended

MLE Crow

T. Time [hrL: 400.000000
=+ Growth Potential

+ Projected

+ Demonstrated

— Growth Potential Bounds
24 — Projected Bounds

— Demanstrated Bounds

18

MTBF (hr)
$

12

7.85

Hour (hr)

Grouped Data

Parameter estimation for grouped data using the Crow Extended model is the same as the pro-
cedure used for the traditional Crow-AMSAA (NHPP) model. The equations used to estimate
the parameters of the Crow Extended model are presented next. For test-find-test data, the max-
imum likelihood estimates of Agp and Bgp are calculated using the first occurrences of the BD

modes such that:

k B B

T' InT;, — T, InT;_
E n; i 1 = l_i - L —lnTk =0
T/ - T,

where p; is the number of distinct BD modes within the jt¢ interval. For test-fix-find-test data,
the maximum likelihood estimates of Agc and Bpc are estimated in the same manner using the
first occurrences of the BC modes.
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e Parameters: The confidence bounds on the parameters for the Crow Extended model for
grouped data are calculated using the same procedure presented in the Crow-AMSAA Con-

fidence Bounds chapter.

e Failure Intensity and MTBF:

e [f there are no BC modes, the confidence bounds on the demonstrated failure intensity
and MTBF, projected failure intensity and MTBF and growth potential failure intensity
and MTBEF are the same as the procedure presented for non-grouped data.

e [f there are BC modes, then the confidence bounds on the demonstrated failure intensity
and MTBF are the same as the procedure presented in the Crow-AMSAA Confidence
Bounds chapter, and the confidence bounds on the projected failure intensity and MTBF
and growth potential failure intensity and MTBF are the same as for non-grouped data.

e Time: The confidence bounds on time are the same as the procedure presented in the Crow-
AMSAA Confidence Bounds chapter.

Mixed Data

The Crow Extended model can also be applied to discrete data from one-shot (success/failure)
testing. In the Weibull++ software, the Discrete Data > Mixed Data option creates a data sheet
that can accommodate data from tests where a single unit is tested for each successive con-
figuration (individual trial-by-trial), where multiple units are tested for each successive con-
figuration (configurations in groups) or a combination of both. This data sheet can be analyzed
with either the Crow-AMSAA (NHPP) model or the Crow Extended model.

For discrete data, corrective actions cannot take place at the time of failure. With that in mind,
the mixed data type does not allow for BC modes. For discrete data there are only A or BD
modes. In terms of practical applications, think of a growth test for missile systems. Because
missiles are one-shot items, any corrective actions applied to the failure modes are delayed until
at least the next trial.

Note that for calculation purposes, it is required to have at least three failures in the first inter-
val. If that is not the case, then the data set needs to be grouped before calculating. The
Weibull++ software performs this operation in the background.

A one-shot system underwent reliability growth testing for a total of 20 trials. The test was per-
formed as a combination of groups of units with the same configuration and individual trials.
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The following table shows the data set. The Failures in Interval column specifies the number
of failures that occurred in each interval and the Cumulative Trials column specifies the cumu-
lative number of trials at the end of that interval. In other words, the first three rows contain the
data from the first trial, in which 8 units with the same configuration were tested and 3 failures
(with different failure modes) were observed. The next row contains data from the second trial,
in which 2 units with the same configuration were tested and no failures occurred. And so on.

Mixed Data
Failures in Interval | Cumulative Trials Classification Mode
1 8 BD 1
1 8 BD 2
1 8 BD 3
0 10
0 11
0 12
1 13 BD 2
0 14
0 15
1 16 BD 4
0 17
0 18
0 19
1 20 BD 5

The table also gives the classifications of the failure modes. There are 5 BD modes. The aver-
age effectiveness factor for the BD modes is 0.7. Do the following:

1. Calculate the demonstrated reliability at the end of the test.

2. Calculate the growth potential reliability.
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Solution

1. Based on the equations presented in Crow-AMSAA (NHPP), the parameters of the Crow-
AMSAA (NHPP) model are estimated as follows:

o~

B = 0.8572
and:

X = 0.4602
However, because there are only A or BD modes for mixed data, there is no growth during

the test. In other words, the hypothesis for the B parameter is that 8 = 1. From the Crow-
AMSAA (NHPP) model, we know that:

N n
A=
TS

or, if 8 = 1, this becomes:

ﬁ
T,
6

=

n

20
=0.3

As we have seen, the Crow-AMSAA instantaneous failure intensity, Ai(T), is defined as:

Ai(T) = MBTP ,with T > 0, A > 0and 8> 0
Using trials instead of time, and accommodating for 8 = 1, we can calculate the instant-
aneous failure probability at the end of the test, or 77 — 99 :

Q;(20)=X=0.3
So the instantaneous reliability at the end of the test, or demonstrated reliability, is:

Ri(20) =1 — Q;(20)
=1-0.3
=0.7
The next figure shows the data sheet as calculated in the Weibull++ software.
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kel 3-Mixed Data - u] X
aaa - B ~| & mMan ’
y in?é':;\? = cu r.}?ﬁ:?; ve Classification Mode Comments
1 1 8 BD 1 «|[5il| roder (i L
3 1 8 BD 3 p

b 0 10 ‘& | calculation Options 0o
5 0 11

6 0 12 Standard

7 1 13 BD 2 Change of Slope

8 0 14

] 0 15 Developmental

10 1 16 BD 4 Mixed Data

11 i 17 MLE [ Crow

- ; = [ Resurs |
13 0 19

14 1 20 BD 5 Parameters 0J
15 Results (All Modes)

16 Beta (hyp) 1.000000

17 Beta 0.857194

it Lambda 0.460163

13 DFP 0.300000

n DRel 0.700000

2 Statistical Tests

2 Significance Level 0.1

ij Chi-5gq Passed

25 Results (BD Modes)

. Beta (LUnB) 0.660162

27 Lambda 0.691957

28 DFP 0.165041

29 DRel 0.834959

30 Chi-5g Passed

1 Other

32 Termination Trial: 20

33 Effecti Mod

;: EF Facbcor:eness a“bG Proocissing
] mal ;“itlzlmetels

37

38 -

Datal | FlotofDatal B ® OE & m

2. The growth potential unreliability is:
A (N4 & N;
Qep(T) —(? + ; (1- dz)?>

M
N,
_Zyl—an?;

1+1+1+1+1+1)
20

=0.3 * (

=0.09
So the growth potential reliability is:

Rap(T) =1 - Ogp(T)
=1-0.09
=0.91
The figures below show the calculation of the growth potential reliability for the mixed data

using the Weibull++ software's QCP, followed by the growth potential plot.
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@ ocp @ X
Mixed Data‘\Datal
h Potential Reliability No Bounds Captions On
Units Bounds - Options -
Calculate Input
Demonstrated Reliability Prob. of Failure
Projected Reliability Prob. of Failure
Growth Potential | |Relabilicy = Prob. of Failure
Discovery Rat
bt ry Rate
MTBF BD Unseen
Fielded Data Expected Fleet Failures
Failures Mumber of Failures
Repart
Calculate
Growth Potential Reliability
1 Growth Potential Reliability
Datal
Crow Extended
MLE Crow
T. Trial= 20
=+ Growth Potential
+ Projected
— Demonstrated
0e ._g‘__’ — Instantaneous
0.8 % ¢

Reliability

0.5
0

Trials

Beta (hyp) = 1.000000, Beta=0.857154, Lambda =0.460168
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Multiple Systems with Event Codes

The Multiple Systems with Event Codes data type is used to analyze the failure data from a reli-
ability growth test in which a number of systems are tested concurrently and the implemented
fixes are tracked during the test phase. With this data type, all of the systems under test are
assumed to have the same system hours at any given time. The Crow Extended model is used
for this data type, so all the underlying assumptions regarding the Crow Extended model apply.
As such, this data type is applicable only to data from within a single test phase.

As previously presented, the failure mode classifications for the Crow Extended model are
defined as follows:

e A indicates that no corrective action was performed or will be performed (management
chooses not to address for technical, financial or other reasons).

e BC indicates that the corrective action was implemented during the test. The analysis
assumes that the effect of the corrective action was experienced during the test (as with
other test-fix-test reliability growth analyses).

¢ BD indicates that the corrective action will be delayed until after the completion of the cur-
rent test.

Therefore, implemented fixes can be applied only to BC modes since all BD modes are assumed
to be delayed until the end of the test. For each BC mode, there must be a separate entry in the
data set that records the time when the fix was implemented during the test.

A Multiple Systems with Event Codes data sheet that is analyzed with the Crow Extended
model has an Event column that allows you to indicate the types of events that occurred during
a test phase. The possible event codes that can be used in the analysis are:

e [I: denotes that a certain BC failure mode has been corrected at the specific time; in other
words, a fix has been implemented. For this data type, each BC mode must have an asso-
ciated / event. The 7 event is essentially a timestamp for when the fix was implemented dur-
ing the test.

e (: indicates that the failure was due to a quality issue. An example of this might be a failure
caused by a bolt not being tightened down properly. You have the option to decide whether
or not to include quality issues in the analysis. This option can be specified by checking or
clearing the Include Q Events check box under Event Code Options on the Analysis tab.
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P: indicates that the failure was due to a performance issue. You can determine whether or
not to include performance issues in the analysis. This option can be specified by checking
or clearing the Include P Events check box under Event Code Options on the Analysis tab.

X: indicates that you wish to exclude the data point from the analysis. An X can be placed
in front of any existing event code (e.g., XF to exclude a particular failure time) or entered
by itself. The row of data with the X will not be included in the analysis.

S indicates the system start time. This event code is only selectable in the Normal View.

F: indicates a failure time.

E: indicates the system end time. This event code is only selectable in the Normal View.

The analysis is based on the equivalent system that combines the operating hours of all the sys-
tems.

In order to analyze a Multiple Systems with Event Codes data sheet, the data are converted into
a Crow Extended equivalent single system. The implemented fixes (/ events) are taken into
account when building the equivalent single system from the data for multiple systems.

The basic assumptions and constraints for the use of this data type are listed below:

¢ Failure modes are assumed to be independent of each other and with respect to the system
configuration. The same applies to their related implemented fixes (/ events). As such, each
mode and its related implemented fixes (/ events) are examined separately in terms of their
impact to the system configuration.

 If there are BC modes in the data set, there must be at least 3 unique BC modes to analyze
the data (together with implemented fixes for each one of them).

e [f there are BD modes in the data set, there must be at least 3 unique BD modes to analyze
the data.

¢ To be consistent with the definition of BC modes in the Crow Extended model, every BC
mode must have at least one implemented fix (/ event) on at least one system.

¢ Implemented fixes (/ events) cannot be delayed to a later phase, because the Crow Extended
model applies to a single phase only.

The following list shows the basic rules for calculating the equivalent single system on which
the Crow Extended model is applied. Note that the list is not exhaustive since there is an infinite
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number of scenarios that can occur. These rules cover the most common scenarios. The main
concept is to add the time that each system was tested under the same configuration.

1.

To get to the equivalent single system, each failure time for A modes and BD modes is cal-
culated by adding the time that each system was tested under the same configuration. In
practice this means multiplying the failure time in the system by the number of total sys-
tems under test. For example, if we have 4 total systems, and system 2 has a BD1 mode at
time 30, the BD1 mode failure time in the equivalent single system would be g « 4 — 120 - If
system 3 had another BD1 mode at time 40, then that would yield another BD1 mode in the
equivalent single system at time 40 4 4 — 160 - These calculations are done assuming that the
start time for the systems are at time zero. If the start time is different than zero, then that
time would have to be subtracted from the failure time on each system. For example, if sys-
tem 1 started at time S=10, and there was a failure at time 30, the equivalent system time
would be (30 — 10) x4 =80 .

Each failure time for a BC mode that occurred before an implemented fix (/ event) for that
mode is also calculated by multiplying the failure time in the system by the number of total
systems in test, as described above.

The implemented fix (/ event) time in the equivalent single system is calculated by adding
the test time invested in each system before that / event takes place. It is the total time that
the system has spent at the same configuration in terms of that specific mode.

If the same BC mode occurs in another system after a fix (/ event) has been implemented in
one or more systems, the failure time in the equivalent single system is calculated by adding
the test time for that BC mode, and one of the following for each of the other systems:

e [fa BC mode occurs in a system that has already seen an / event for that
mode, then you add the time up to the / event.

or

e If the I events occurred later than the BC failure time or those systems did
not have any / events for that mode, then you add the time of the BC failure.

If the same BC mode occurs in the same system after a fix (/ event) has been implemented
in one or more systems, the failure time in the equivalent single system is calculated by
adding the test time of each system after that / event was implemented to the / event time in
the equivalent single system, or zero if an / event was not present in that system.

EXAMPLE: EQUIVALENT SINGLE SYSTEM

Consider the data set shown in the following figure.
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Q 4-Equivalent Single System - [m] x
A49 MK v ~| k) Main >
Time to § .
System ID Event Event (r) Classification Mode Comments Growth Data
4 p—
Bn
i System1 5 0 Start x| la] | Model Ui ]
3 System 1 F 150 BC 10 .
4 System1 I 200 BC 10 ¥ Developmental
5 System 1 F 350 BC 20 Multiple Systems - Event Codes
5  System1 F 375 BC 10 MLE [ Crow
7 System 1 E 500 End
s Sysem2 s 0 Start [ Resus 1
3 System 2 F 25 BC 5 Parameters [
10 System 2 I 175 BC 10 Results (All Modes)
11 System2 F 250 BC 20 Beta (Ur) 0.818185
12 System 2 F 280 A 110 Lambda (hr) 0.022578
13 System 2 ! 300 BC 20 Growth Rate 0.181815
i: gyiem i é ggg BC 5 End DMTEF (hr) 203.702841
ystem n
CFIL 0.004509
16 System 3 S 0 Start e ——
17 System 3 F 100 BD 3 r: Ll |
B System3 I 200 BC 10 Sanificance Level 0.1
1@ System 3 I 400 BC 20 M Passed
2 System3 F 450 BD 2 Laplace Mo Trend
21 System 3 E 500 End CBH Mot available
Daculte (A Modac)
22
23 EF Effectiveness ap Mode
24 Factors €C Processing
25 + Alter = Event
25 - Parameters =k Report
« . o Batch Auto
;B? Se  Switch View s un
29 :}:__’ S::I;ge ™ Transfer
= , Transfer To
i Weibull
32
33 A
Datal (A E ¢ m
Solution

The first step to creating the equivalent system is to isolate each failure mode and its imple-
mented fixes independently from each other. The numbered steps follow the five rules and are
presented in the same numbering sequence.

1. The next figure illustrates the application of rule #1 for mode BD1. The mode in the equi-
valent single system is calculated as (754 75 + 75) = 225 or 75 % 3 = 225.
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System 1

System 2

System Operation

BD1

75

System 3

Equivalent

BD1

System Operation

Datal

Crow Extended

MLE Crow

T. Time (hr)= 1500.000000
== System Operation

& Implemented Fixes

225

Hour (hr})

1200

1500

Beta (UnB)=0.818185, Lambda (hr)=0.022678

The next figure illustrates the application of rule #1 for mode A110. The mode in the equi-

valent single system is calculated as (280 + 280 + 280) = 840 or 280 % 3 = 840.
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System Operation

System Operation

Datal

Crow Extended

MLE Crow

T. Time (hr)= 1500.000000
== System Operation

& Implemented Fixes

System 1
ALL0
System 2
280
System 3
Al10
Equivalent i 7'r
840
300 600 900 1200
Hour (hr})

1500

Beta (UnB)=0.818185, Lambda (hr)=0.022678

2. The next figure illustrates the application of rule #2 for the first occurrence of the mode
BC10 in system 1. The mode in the equivalent single system is calculated as
(150 + 150 + 150) = 450 or 150 % 3 = 450.
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System Operation

Datal

Crow Extended

MLE Crow

T. Time (hr)= 1500.000000
== System Operation

& Implemented Fixes

System Operation
BC10 IBC10 BC10
System 1 —
150 200 375
IBC1
System 2
175 \
IBC10
System 3 -
200
BC10
Equivalent i 7'r
450
0 300 600 900 1200
Hour (hr})

1500

Beta (UnB)=0.818185, Lambda (hr)=0.022678

3. The next figure illustrates the application of rule #3 for implemented fixes (/ events) of the
mode BC10. In the graph, the / events are symbolized by having the letter "I'" before the
naming of the mode. In this case, IBC10 is for the implemented fix of mode BC10. The
IBC10 in the equivalent single system is calculated as (200 + 175 + 200) = 575 .
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System Operation
System Operation
Datal
Crow Extended
MLE Crow
T. Time (hr)= 1500.000000
== System Operation
& Implemented Fixes
BC10 IBC10 BC10
System 1 —
150 200 375
IBC10
System 2
175
IBC10
System 3 ' -
200
IBC1D
Equivalent i 7'r
575
0 300 600 900 1200 1500
Hour (hr})
Beta (UnB)=0.818185, Lambda (hr)=0.022678

4. The next figure illustrates the application of rule #4 for the mode BC20 in system 1, which
occurs after a fix for the same mode was implemented in system 2. The mode in the equi-
valent single system is calculated as (350 + 300 + 350) = 1000.
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System Operation
System Operation
Datal
Crow Extended
MLE Crow
T. Time (hr)= 1500.000000
== System Operation
- & Implemented Fixes
L
BL20
System 1
330
BC20 | IBL20
System 2 =
250 300
IBC20
System 3 ' s
400
=
BC20
Equivalent i 7'r
1000
0 300 600 900 1200 1500
Hour (hr})
Beta (UnB)=0.818185, Lambda (hr)=0.022678

5. The next figure illustrates the application of rule #5 for the second occurrence of the mode
BC10 in system 1, which occurs after an implemented fix (/ event) has occurred for that
mode in the same system. The mode in the equivalent single system is calculated as
575+ (175 + 200 + 175) = 1125.
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System Operation

Datal

Crow Extended

MLE Crow

T. Time (hr)= 1500.000000
== System Operation

& Implemented Fixes

System Operation
‘1?5 [
BC10 1Bc1o | Bf10
System 1
150 200 3p5
| 200 [
IBC10
System 2
175
175 [
IBC10
System 3 -
200
| 17542004175
|
IBC10 BC10
Equivalent i 7'r
575 1125
0 300 600 900 1200
Hour (hr})

1500

Beta (UnB)=0.818185, Lambda (hr)=0.022678

After having transferred the data set to the Crow Extended equivalent system, the data set is
analyzed using the Crow Extended model. The last figure shows the growth potential

MTRBEF plot.
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Growth Potential MTBF

300 Growth Potential MTBF
Datal
Crow Extended
285—4p MLE Crow
T. Time (hr)= 1500.000000
=+ Growth Potential
+ Projected
=+ Demonstrated
= Instantaneous
260
PEER =

220

MTBF (hr)

180 /
140 /

100 0 400 800 1200 1600 2000

Hour (hr)

Beta (UnB)=0.818185, Lambda (hr)=0.022678

Weibull++ provides the capability to transfer a Multiple Systems with Event Codes data sheet to
various other data types. The following picture shows the available data types that the data sheet
can be converted into. When selecting to transfer to an equivalent single system, the data sheet
is converted to a Crow Extended - Continuous Evaluation data sheet.

PAGE 187



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

(@) Transfer to New Data Type 3] *

Select an available data type and dick '0K to transfer the
data to a new sheet in this folio,

Current Data Type
Multiple Systems with Event Codes

Available Data Types

Multiple Systems - Concurrent
Multiple Systems - Dates

Multiple Systems with

NPl N aTa
ent Lodes

Fielded Systems - Repairable
Fielded Systems - Fleet

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

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

The Crow Extended - Continuous Evaluation model is designed for analyzing data across mul-
tiple test phases, while considering the data for all phases as one data set. Familiarity with this
model is necessary for the discussion presented in this section.

When using the Crow Extended - Continuous Evaluation model to transfer the data sheet from
Multiple Systems with Event Codes to an equivalent single system, the following rules are used
(in addition to the five basic rules presented earlier for calculating the equivalent single system):

¢ BD modes in the Crow Extended data sheet become BD modes in the equivalent single sys-
tem of the Crow Extended - Continuous Evaluation data sheet.

¢ BC modes in the Crow Extended data sheet become BD modes in the equivalent single sys-
tem of the Crow Extended - Continuous Evaluation data sheet. These BD modes will have
associated implemented fixes (/ events). Implemented fixes (/ events) for BC modes in the
Crow Extended data sheet become implemented fixes (/ events) for the converted BD
modes in the equivalent single system of the Crow Extended - Continuous Evaluation data
sheet.

e If an implemented fix (/ event) occurred at the same time as the failure, and was imple-
mented at that exact time across all systems, then this becomes a BC mode in the equivalent
single system. If the fixes (/ events) were not all implemented at the same time or if the fix
was not implemented on all systems at the failure time, then this becomes a BD mode in the
equivalent single system.
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The next figure shows the transferred equivalent single system Crow Extended - Continuous
Evaluation data sheet from the Multiple Systems with Event Codes data sheet for the data from
the Equivalent Single System example given above.

Q 4-Equivalent Single System - a x
F1 +| kg Main »
Event Time to Event (hr)  Classfication Mode Comments Growth Data

4 B
1 F 75 8D 5 o |loy | Model Li L
3 F 300 BD 3 —
4 F 450 8D 10 B Den
5 1 575 BD 10 YT ———
5 F 750 BD 20 WME T Crow
7 F 840 A 110 Cumuative
R 125 B 0 e
3 F 1125 80 10 —
10 I 1200 BD 20 Parameters -
11 F 1350 BD 2 Results (All Modes)
12 I 1380 BD 3 Beta (UnB) 0.818185
13 PH 1500 Lambda () 0.022678
4 p 0.500000
15 Growth Rate 0.181815
1? DMTEE (fr) 203.702841
:a oFl 0.004309
19 Statistical Tests
b Significance Level 0.1
o o Passed
n Results (A Modes)
5 MTBF fhr) 1500,000000
24 Fl 0.000667 .
25
Effectveness @y Mode
% b
2 EF Factors €C Processing
S Alte Us Event
= B, S
= 71 Change Batch Auto
20 =S Units % Run
3
= Auto Group - Transfer To
32 Tz oot W weba
3
3 M
Datal | Plotof Datal Data2 kd 3 : o m

When recording modes for transfer from the Multiple Systems with Event Codes to a Crow
Extended -Continuous Evaluation equivalent single system, it is recommended to consider using
an iteration method to name subsequent recurrences of the same mode. This will help alleviate
any issues with the conversion of the definitions of the modes from the Crow Extended model
to the Crow Extended - Continuous Evaluation model. For example, if the first occurrence of a
mode is BC25, then the second occurrence is suggested to be named as BC25.1. The reasoning
behind this recommendation is that in the case that BC25 in the Multiple Systems with Event
Codes data sheet has received implemented fixes (/ events) at the same time that the failure
occurred in all systems, then this mode will be translated as a BC mode in the Crow Extended -
Continuous Evaluation equivalent single system. The next recurring failure would also be
treated as a BC mode, but in reality it did not have an implemented fix (/ event) at the time of
failure.

For example, consider the data set shown in the following figure, which represents one system
only for simplicity. Notice that the modes BC25, BC35 and BC45 received implemented fixes
at the time of failure. Based on that, when they get transferred to the Crow Extended - Continu-
ous Evaluation equivalent single system, they will be considered as BC modes. The subsequent
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failures of the modes 25, 35 and 45 will also be converted to BC modes, when in reality they
had implemented fixes (/ events) at a later time.

[l 5-Iteration Methed for Repeated Modes - o X
Systems < || E < -| @ mMain »
| system 1 Time to
’ vsEm Event Event (hr) Classfication Mode Comments Growth Data
rl P
i
1 0 Start o[ log| | Model o=
3 F 40 8D 1 %
ace
4 F 100 BC 25 =] D
5 1 100 BC 25 Multiple Systems - Event Codes
5 F 110 BC 35 MLE [ Crow
: : 120 0 R [N - |
8 F 120 8D 2 .
9 F 180 BD 3 Parameters &
10 F 200 BC 20 Results (All Modes)
11 F 225 BC 45 Beta (UnE) 0.375817
12 I 225 BC 45 Lambda (r) 0.047598
3 I 250 BC 20 Growth Rate 0124183
4 F 300 BC 10 DMTEF (r) 51899581
S = o I possae
Statistical Tests
v F 360 BC 35 eiaretom To1
- : 370 ac b ignificance Level 0.
19 F 375 BC 25 om Passed
20 1 390 ac 25 Laplace No Trend
2 I 305 5 25 caH Nt available
2 Results (BC Modes)
23 £p Effectveness @y Mode
2 Factors G processing
25 % Alter Uz Event
% =31 parameters =t Report
27 © . " Batch Auto
- S Switch View zx Ren
3 2] ﬁ:fgge ™) Transfer
30
Transfer To
3 W Weibul
2
3 -
Datal H B E & m

The Weibull++ software will display a warning if you try to convert this data sheet without
using iterations.

The next figure shows the same data sheet with the use of iterations for the modes 25, 35 and
45. The subsequent failures are named as BC25.1, BC35.1 and BC45.1.

kg 5-Tteration Method for Repeated Modes - o X
Systems < | D& ME v -| B main >
» [/ System 1 Time to
4 Event Event (hr) Classification Mode Comments Growth Data
4
[
1 0 Start o | lou| | Model Li L
3 F 40 BD 1 |::—:
4 F 100 BC 25 B Developmental
5 I 100 BC 25 Multiple Systems - Event Codes
6 F 110 BC 35 MLE Crow
7 I 110 BC 35
s = 120 BD 2 Beta (UnB) 0.402051 -
B F 180 BD 3 Lambda (hr) 0.246603
10 F 200 BC 20 MTEF (hr) 414,541354
11 F 225 BC 45 F1 0.002412
2 1 225 BC 45 M Passed
13 I 250 BC 20 Other
14 F 300 BC 10 Termination Time {hr): 500.000000
15 F 310 BC 45.1 Systems: 1/1
16 1 350 BC 10 Individual System Results
7 F 360 BC 35.1 System 1
18 I 370 BC 35.1 Beta (UnE) 0.875817
2 F 375 BC 25.1 Lambda (hr) 0.047538
JI— = = =
: Laplace No Trend -
22
23 g Effectveness  [ap Mode
24 Factors €C Processing
25 ® Alter U= Event
% B30 Parameters =k Report
7 ® " Batch Auto
7 L2 Switch View =
[7] Change -
:2 L2 ek Transfer
= Transfer To
31 vigibull
32
33 -
Datsl | Data2 B EE & m
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This way, the conversion to the Crow Extended - Continuous Evaluation model occurs in a
valid fashion, because although the original BC modes are converted to BC25, BC35 and BC45,
the subsequent failures are converted to BD25.1, BD35.1 and BD45.1 together with their
respective implemented fixes (/ events). This is shown in the next figure below. Note that the
use of iterations is recommended only when transferring to the Crow Extended - Continuous
Evaluation equivalent single system; it is not necessary when using the Multiple Systems with
Event Codes data sheet that is calculated with the Crow Extended model.

|| 5-Iteration Method for Repeated Modes - o x
F1 -z - | [ main »
Event Time to Event (hr) Classification Mode Comments Growth Data
rl
B
1 F 40 BD 1 « | low] | Model o=
3 F 110 BC 35 o
4 F 120 BD 2 S Developmental
5 F 180 BD 3 Multi-Phase Tmes
3 F 200 BD 20 MLE [ crow
7 F 225 BC 45 Cumulative
. : 0 0 T N - |
3 F 300 BD 10 —
10 F 310 BD 45.1 Parameters ]
11 I 350 BD 10 Results (All Modes)
12 F 360 BD 35.1 Beta (UnB) 0.875817
13 I 370 BD 35.1 Lambda (hr) 0.047598
14 F 375 BD 25.1 b 0.375000
15 I 390 BD 5.1 Growth Rate 0.124183
:j FL 233 BD 451 DMTEF (hr) 51899551
= DFL 0.019258
o Statistical Tests
- Sigificance Level 0.1
o cum Passed
2 Results (BC Modes)
2 Beta (Ung) 0.509934
24 Lambda (hr) 0.126132
25 MTEF (hr) 326.8394H45
%
27 Effectiveness ap Mode
= EF Factors €C Processing
2 # Alter U= Event
- =51 parameters =& Report
77 Change Batch Auto
31 =4l Units % run
32
= Auto Group Transfer To
33 T; Data Weibull
34
35 -
Datal | Data2 | Data3 kd z = @ m

More Examples

Three systems were subjected to a reliability growth test to evaluate the prototype of a new
product. Based on a failure analysis on the results of the test, the proposed management strategy
is to delay corrective actions until after the test. The tables shown next display the data set and
the associated effectiveness factors for the unique BD modes.

Multiple Systems (Concurrent Operating Times) Data

System 1 System 2 System 3

Start Time 0 0 0

PAGE 191



RELIABILITY GROWTH AND REPAIRABLE SYSTEM

DEVELOPMENTAL TESTING

End Time 541 454 436
Times-to-Failure | 83 BD37 26 BD25 23 BD30
83 BD43 26 BD43 46 BD49
83 BD46 57 BD37 127 BD47
169 A45 64 BD19 166 A2
213 A18 169 A45 169 BD23
299 A42 213 A32 213 BD7
375 Al 231 BDS 213 BD29
431 BD16 231 BD25 255 BD26
231 BD27 369 A33
231 A28 374 BD29
304 BD24 380 BD22
383 BD40 415 BD7

Effectiveness factors

BD Mode | Effectiveness Factor
30 0.75
43 0.5
25 0.5
49 0.75
37 0.9
19 0.75
46 0.75
47 0.25
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23 0.5
7 0.25
29 0.25
8 0.5
27 0.5
26 0.75
24 0.5
22 0.5
40 0.75
16 0.75

The prototype is required to meet a projected MTBF goal of 55 hours. Do the following:

1. Estimate the parameters of the Crow Extended model.
2. Based on the current management strategy what is the projected MTBF?

3. If the projected MTBF goal is not met, alter the current management strategy to meet this
requirement with as little adjustment as possible and without changing the EFs of the exist-
ing BD modes. Assume an EF = 0.7 for any newly assigned BD modes.

Solution
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1. The next figure shows the estimated Crow Extended parameters.

Q 6-Adjusting the Failure Mode Management Strategy - [m] X
Systems < | AT3 -t v -| B Main »
” Classification Mode Comments Growth Data
W 4 Event (hr) o
@ 54 1 0 ooy Model o=
+ || System 2 2 541 I£ Crow Extended
o 3 83 BD 37
w0 4 83 8D 43 &
Calculation Options
& o 5 83 BD 46 o
~ |+| System 3 5 169 A 45 Standard
o 7 213 A 18 Change of Slope
® % ] 299 A 42
9 375 A 1 Developmental
10 431 BD 16 Multiple Systems - Concurrent
11 MLE I Crow
- [ ke W
13
14 Parameters l_,.]
15 Results (All Modes)
16 Beta (hyp) 1.000000
17 Beta (UnE) 0.881741
18 Lambda (hr) 0.052307
13 DMTEF (hr) 44,718750
= DFL 0.022362
21 Statistical Tests
= Significance Level 0.1
z VM Passed
24
as Laplace Mo Trend
% CBH Passed
A
27 Results (A Modes)
28 EF Effectiveness ap Mode
2 Factors % Processing
¥ Alter Batch Auto
:Ul = Parameters 7 Run
32 g Switch View ) Transfer
= 77 Change v Transfer To
3 =2 units Weibul
35
36 v
—
Datal kel T = @ m

2. There are a couple of ways to calculate the projected MTBF, but the easiest is via the Quick
Calculation Pad (QCP). The following result shows that the projected MTBF is estimated to
be 53.9390 hours, which is below the goal of 55 hours.
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@ ocp @ X

\6-Adjusting the Failure Mode Management Strategy'\Datal

Projected MT... 53.938954

Projected hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Demonstrated MTBF Failure Intensity Time: (hr) 1431
Projected MTBF = Failure Intensity
Growth Potential MTBF Failure Intensity
Discavery Rate
h{T)

MTBF BD Unseen

Failures Mumber of Failures

Repart

Calculate

3. To reach our goal, or to see if we can even get there, the management strategy must be
changed. The effectiveness factors for the existing BD modes cannot be changed; however,
it is possible to change an A mode to a BD mode, but which A mode(s) should be changed?
To answer this question, create an Individual Mode Failure Intensity plot with just the A
modes displayed, as shown next. As you can see from the plot, failure mode A45 has the
highest failure intensity. Therefore, among the A modes, this particular failure mode has the
greatest negative effect on the system MTBF.
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0.002

0.0016

0.0012

0.0008

Failure Intensity (Failures/hr)

0.0004

Individual Mode FI

Individual Mode FI

Datal

Crow Extended

MLE Crow

T. Time (hr)= 1431.000000
WA

45

18

42

1 32

28 2 33

Beta (hyp) = 1.000000, Beta (UnB)=0.881741, Lambda (hr]=0.052807

Change A45 to BD45. Be sure to change all instances of A45 to a BD mode. Enter an effect-
iveness factor of 0.7 for BD45, and then recalculate the parameters of the Crow Extended
model. Now go back to the QCP to calculate the projected MTBF, as shown below. The pro-
jected MTBEF is now estimated to be 55.5903 hours. Based on the change in the man-
agement strategy, the projected MTBF goal is now expected to be met.
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@ ocp @ X

\E-Adjusting the Failure Mode Management Strategy\Updated A45to BD45

Projected MT... 55.590297

Projected hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Demonstrated MTBF Failure Intensity Time: (hr) 1431
Projected MTBF = Failure Intensity
Growth Potential MTBF Failure Intensity
Discavery Rate
h{T)

MTBF BD Unseen

Failures Mumber of Failures

Repart

Calculate

A reliability growth test was conducted for 200 hours. Some of the corrective actions were
applied during the test while others were delayed until after the test was completed. The tables
below give the data set and the effectiveness factors for the BD modes. Do the following:

1. Estimate the parameters of the Crow Extended model.
2. Determine the average effectiveness factor of the BC modes using the Function Wizard.

3. What percent of the failure intensity will be left in the system due to the BD modes after
implementing the delayed fixes?

Grouped Failure Times Data
Number at Event | Time to Event Classification Mode
3 25 BC 1
1 25 BD 9
1 25 BC 2
1 50 BD 10
1 50 BD 11
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1 75 BD 12
1 75 BC 3
2 75 BD 13
1 75 A

1 100 BC 4
1 100 BD 14
1 125 BD 15
1 125

1 125

1 125 BC 5
1 125 BD 10
1 125 BC 6
1 150 A

1 150 BD 16
1 175 BC 4
1 175 BC 8
1 175 A

1 175 BC 7
1 200 BD 16
1 200 BC 3
1 200 BD 17

Effectiveness Factors

BD Mode

Effectiveness Factor

PAGE 198



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

9 0.75

10 0.5

11 0.9

12 0.6

13 0.8

14 0.8

15 0.25

16 0.75

17 0.8

Solution

1. The next figure shows the estimated parameters of the Crow Extended model.

Q 7-Estimating the Failure Intensity Remanining After Fixes - [m] »

AT70 Bk v - | kg Main >

y in Interval End Time (hr) Classification Mode Comments —

1 3 25 BC 1 o|[ol] | 1oder o=

: I > e 5 M Crow Extended

4 1 50 BD 10 & | calculation Options 0

5 1 50 BD 11

6 1 75 BD 12 Standard

7 1 75 BC 3 Change of Slope

8 2 75 BD 13

9 1 75 A Developmental

10 1 100 BC 4 Grouped Failure Times

11 1 100 BD 14 MLE [ Crow

12 1 125 BD 15 - -

13 1 125 A Failure Terminated

15 1 125 BC 5 Parameters =

16 1 125 BD 10

7 1 125 BC 5 Results (All Modes)

18 1 150 A Beta 0.903620

19 1 150 BD 16 Lambda (hr) 0.241624

20 1 175 BC 4 Growth Rate 0.096330

21 1 175 BC 8 DMTEF (hr) 7.632133

22 1 175 A DFL 0.131025

23 1 175 BC 7 Statistical Tests

24 1 200 BD 16 Significance Level 0.1

25 1 200 BC 3 Chi-5g Passed v

= 1 200 = 17 Effectiveness ay Mode

27 EF Factors “bG Processing

j; + Alter - Transfer To
B Parameters Weibull

0 “7- Change

31 | Units

32

33 v

Datal b ® B & m
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2. Insert a general spreadsheet

into the folio, and then access the Function Wizard. In the Func-

tion Wizard, select Average Effectiveness Factor from the list of available functions and
under Avg. Eff. Factor select BC modes, as shown next. Click Insert and the result will be
inserted into the general spreadsheet. The average effectiveness factor for the BC modes is

0.6983.

Function Wizard

ACTGPMTEF
ACTGPPROBFAIL
ACTGPREL
ACTPFI
ACTPMTEF
ACTPPROBFAIL
ACTPREL
AMEAN
AMEAN_S
ASTDEY
ASTDEV_S
ATYPE
AVAR
AVGACTEF
AVGNOMEF
AVGPROBFAIL
AVGREL

“ Function

AVGEF(Data_Src,Mode Type)

Returns the average effectiveness factor for the selected mode type, based on the Crow Extended or
Crow Extended - Continuous Evaluation models.

Mode Type BC Modes -

Data Source

RGA!7-Estimating the Failure Intensity Remanining After Fixes!Datal

v | | Help on This Function...

Insert Close

3. The failure intensity left in the system due to the BD modes can be determined using the

Failure Mode Strategy plot,

as shown next. Therefore, the failure intensity left in the system

due to the BD modes is 1.79%.
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Failure Mode Strategy

Fallure Mode Strategy
Datal

Crow Extended

MLE Crow

T. Time (hr)j= 200.000000
I Type A

O] Type BC - Unseen

& Type BC - Seen

il Type BD - Unseen
e @907 =RCHEC

Type BD - Removed (0.0386)
Type BD - Remained (0.0179)

Type BC - Seen (0.207)

Type BD - Unseen (0.336)

Type BC - Unseen (0.31)

Beta=0.903620, Lambda (hr)=0.241624

Determining if Design Will Meet MTBF Goal

Two prototypes of a new design are tested simultaneously. Whenever a failure is observed for
one unit, the current operating time of the other unit is also recorded. The test is terminated after
300 hours. All of the design changes for the prototypes were delayed until after completing the
test. The data set is given in the table below. Assume a fixed effectiveness factor equal to 0.7.
The MTBF goal for the new design is 30 hours. Do the following:

1. Estimate the parameters of the Crow Extended model.
2. What is the projected MTBF and growth potential?

3. Under the current management strategy, is it even possible to reach the MTBF goal of 30
hours?

Multiple Systems (Known Operating Times) Data

Failed Unit ID | Time Unit1 | Time Unit 2 Classification Mode
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1 16.5 0 BD seal leak
1 16.5 0 BD valve

1 17 0

2 20.5 0.9

2 253 3.8 BD hose

2 28.7 4.6 BD operator error
1 41.8 14.7 BD bearing
1 45.5 17.6

2 48.6 22

2 49.6 234 BD seal leak
1 51.4 26.3 A

1 58.2 35.7 BD seal leak
2 59 36.5 A

2 60.6 37.6 BD hose

1 61.9 39.1 BD seal leak
1 76.6 55.4 BD bearing
2 81.1 61.1

1 84.1 63.6

1 84.7 64.3

1 94.6 72.6

2 100 78.1 BD valve

1 104 81.4 BD bearing
2 104.8 85.9 BD spring

2 105.9 87.1 BD operator error
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1 108.8 89.9 BD hose

2 132.4 119.5 BD spring

2 132.4 150.1 BD operator error
2 132.4 153.7 A

Solution

1. The next figure shows the estimated Crow Extended parameters.

Q B-Determining if Design Will Meet MTBF Goal - [m] x
A52 ME -| k@ Main »
Failed Time Time Growth Data

4 System ID System 1 (hr) System 2 (hr) Cassfication Mode Comments e
| 1 16.5 0 BD seal leak «|log]| Model Om=
3 1 17 0 A .
b 2 20.5 0.8 A “HE | Calculation Options 0
5 2 25.3 3.8 BD hose
[ 2 28.7 4.6 BD operator error Standard
7 1 41.8 14.7 BD bearing Change of Slope
8 1 45.5 17.6 A
9 2 48.6 22 A Developmental
10 2 49.6 23.4 BD seal leak Multiple Systems - Known
1 1 51.4 26.3 A MLE | Crow
12 1 58.2 35.7 BD seal leak Cumulative
13 2 39 36.5 A

Time Terminated (hr) - 300
14 2 60.6 37.6 BD hose me Temnzted {r)
16 1 76.6 55.4 BD bearing Parameters ]
17 2 81.1 61.1 A
13 1 841 63.6 A Results (All Modes)
- 1 84.7 64.3 A Beta (hyp) 1.000000
2 1 94.6 726 A Beta (UnE) 0795380
21 2 100 78.1 BD valve Lambda () 0.299851
2 1 104 81.4 BD bearing DMTEF (hr) 10.714285
23 2 104.8 85.9 BD spring DFI 0.093333
24 2 105.9 87.1 BD operator error Statistical Tests
25 1 108.8 89.9 BD hose Significance Level 0.1
26 2 132.4 119.5 BD spring cyMm Failed v
27 2 132.4 150.1 BD operator error

Effectiveness ay Mode
iz 2 1324 153.7 A EF| Factors £C Processing
+ Alter

:Dl = Parameters

~7- Change
32 =S Units
33
34 A
Datal | PlotofDatal M EE & m

2. One possible method for calculating the projected MTBF and growth potential is to use the
Quick Calculation Pad, but you can also view these two values at the same time by viewing
the Growth Potential MTBF plot, as shown next. From the plot, the projected MTBF is
equal to 16.87 hours and the growth potential is equal to 18.63 hours.
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Growth Potential MTBF
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Datal

Crow Extended

MLE Crow

T. Time {hr}= 300.000000
— Growth Potential
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— Demonstrated

12

10,7

MTBF (hr)

80

240
Hour (hr)

320

Beta (hyp) = 1.000000, Beta (UnB)=0.735380, Lambda [hr]=0.230851

3. The current projected MTBF and growth potential MTBF are both well below the required
goal of 30 hours. To check if this goal can even be reached, you can set the effectiveness
factor equal to 1. In other words, if all of the corrective actions were to remove the failure
modes completely, what would be the projected and growth potential MTBF? Change the
fixed effectiveness factor to 1, then recalculate the parameters and refresh the Growth Poten-
tial plot, as shown next. Even if you assume an effectiveness factor equal to 1, the growth
potential is still only 27.27 hours. Based on the current design process, it will not be pos-
sible to reach the MTBF goal of 30 hours. Therefore, you have two options: start a new
design stage or reduce the required MTBF goal.
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Growth Potential MTBF
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0 80 160 240 320 400
Hour (hr)
etz (hyp) = 1.000000, Beta (UnB)=0.795360, [ambda (Nr)=0.299851

Crow Extended - Continuous Evaluation

The Crow Extended model is designed for a single test phase. However, in most cases, testing
for a system will be conducted in multiple phases. The Crow Extended - Continuous Evaluation
model is designed for analyzing data across multiple test phases, while considering the data for
all phases as one data set. To perform the analysis in the Weibull++ software, you would use
the Multi-Phase data sheet.

The Crow Extended - Continuous Evaluation (3-parameter) model is an extension of the Crow
Extended model, and is designed for practical testing situations where we need the flexibility to
apply corrective actions at the time of failure or at a later time during the test, at the end of the
current test or during a subsequent test phase. This three-parameter model is free of the con-
straint where the test must be stopped and all BD modes must be corrected at the end of the test,
as in the Crow Extended model. The failure modes can be corrected during the test or when the
testing is stopped for the incorporation of the fixes, or even not corrected at all at the end of the
test phase. Based on this flexibility, the end time of the test is also not predefined, and it can be
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continuously updated with new test data. This is the reason behind the name, "continuous eval-
uation."

Definitions

Under the Crow Extended - Continuous Evaluation model, corrective actions can be fixed at the
time of failure or delayed to a later time (before time 7, at time 7 or after time 7, where
indicates the test's end time). The definition of delayed is expanded to include all type B failure
modes corrected after the time of failure. This will include most, if not all, design-related failure
modes requiring a root cause failure analysis. Failure modes that are corrected at the time of fail-
ure are typically related to human factors, such as manufacturing, operator error, etc.

For the Crow Extended - Continuous Evaluation model, the classifications are defined as fol-
lows:

e A indicates that a corrective action will not be performed (management chooses not to
address these modes for technical, financial or other reasons).

* BC is defined as a failure mode that receives a corrective action at the time of failure and
before the testing resumes. Typically, a type BC failure mode does not require extensive
root cause failure analysis, and therefore can be corrected quickly. Type BC modes are gen-
erally easy to fix, and are usually related to issues such as quality, manufacturing, operator,
etc.

e BD is defined as a failure mode that receives a corrective action at a test time after the first
occurrence of the failure mode. Therefore, a fix is considered delayed if it is not imple-
mented at the time of failure. A delayed fix can then occur at a later time during the test, at
the end of the test (before the next phase) or during another test phase. Type BD failure
modes typically require failure analysis and time to fabricate the corrective action. During
the period (0,T) into the test, there may be BD modes with corrective actions incorporated
into the systems and other BD modes that have been seen, but not yet fixed.

The following table shows a comparison between the definitions of the classifications in the
Crow Extended and Crow Extended - Continuous Evaluation models:

Comparison of Classification Definitions

Classification Crow Extended Crow Extended - Continuous Evaluation
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A Corrective action will not be Same as Crow Extended
performed

BC Corrective action during the Corrective action at the time of failure
test

BD Corrective action delayed Corrective action delayed to a test time
until after the completion of after the first occurrence of the failure
the test mode

Reliability growth is achieved by decreasing the failure intensity. The failure intensity for the A
failure modes will not change. Therefore, reliability growth can be achieved only by decreasing
the BC and BD mode failure intensities. In general, the only part of the BD mode failure intens-
ity that can be decreased is the part that has been seen during testing. The BC failure modes and
fixed BD modes (delayed fixes implemented during the test) are corrected during testing, and
their failure intensities will not change any more at the end of test.

A Multi-Phase data sheet that is analyzed with the Crow Extended - Continuous Evaluation
model has an Event column that allows you to indicate the types of events that occurred during
testing. The possible event codes that can be used in the analysis are:

F: indicates a failure time.

I: denotes that a fix has been implemented for a BD failure mode at the specific time. BD
modes that have not received a corrective action by time 7+ would not have an associated /
event in the data set.

Q: indicates that the failure was due to a quality issue. An example of this might be a fail-
ure caused by a bolt not being tightened down properly. You have the option to decide
whether or not to include quality issues in the analysis. This option can be specified by
checking or clearing the Include Q Events check box under Continuous Options on the
Analysis tab.

P: indicates that the failure was due to a performance issue. You can determine whether or
not to include performance issues in the analysis. This option can be specified by checking
or clearing the Include P Events check box under Continuous Options on the Analysis tab.

AP: indicates an analysis point. Analysis points can be shown in a multi-phase plot to track
overall project progress and can be compared to an idealized growth curve.

PAGE 207



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

e PH: indicates the end of a test phase. Test phases can be shown in a multi-phase plot to
track overall project progress and can be compared to planned growth phases. The
Weibull++ software allows for a maximum of seven test phases to be defined.

¢ X: indicates that the data point will be excluded from the analysis. An X can be placed in
front of any existing event code or entered by itself. The row of data with the the X will not
be included in the analysis.

The next figure shows an example of a Crow Extended - Continuous Evaluation folio with all of
the possible event codes. As you can see, each failure is indicated with A, BC or BD in the Clas-
sification column. In addition, any text can be used to specify the mode. In this figure, failure
codes were used in the Mode column for simplicity, but you could just as easily use Seal Leak,
or whatever designation you deem appropriate for the failure mode.

kd 1-Intro - o *
ES0 ~|: - Ea Main »
. Event Time to Event (hr) Classification Mode Comments
1 F 1 A 1 o |lof] | model o=
2 Q 302 BD 3000 |£ Crow Bxt. - Continuous

3 F 450 BC 400 P

4 Q 534 A 4 EC Developmental

5 F 602 A 1 Multi-Phase Times

5 F 657 BD 5000 MiE [ Crom

7 AP 1000 Cumulative

3 F 1057 BC 600

. F 1237 & s000 " - |
1 F 1298 BC 400 Parameters )

i1 AP 2000 Results (All Modes)

12 F 2757 BD 8000 Beta (UnB) 0.691576

13 PH 3000 Lambda {hr) 0.056123

14 F 3121 BD 5000 5 0.428571

15 F 3359 8C 700 Grawth Rate 0.308424

157 if 3222 ﬁ i DMTEF {hr) 454448715

18 F 3670 BD 8000 o L 0.007200

18 F 3703 BC 100 Startsrical bests

20 E 3780 BD 5000 Significance Level 0.1

2 AP 4000 CVM Passed

2 E 4615 A 2 Results (A Modes)

- 1 4680 BD 2000 MTBF (hr) 1375.000000

24 F 4710 BC 700 FI 0.000727

25 F 4762 BC 400 Results (BC Modes)

% F 4915 BD 1300 Beta (UnB) 0.707427

27 AP 5000 Lambda {hr) 0.011069

28 F 5075 BC 110 MTEF {hr) 1943,663687

29 F 5356 BC 120 FI 0.000514

30 F 5658 BD 5000 VM passed

3 F 5954 BD 1300 v
32 FH 6000

33 P 6113 BD 2000 s ET&E:EHESS a"‘é rl;qruo‘iisswng
34 1 6959 BD 1300 o Alter U Event

35 AP 7000 B30 Parameters =k Report

3 F 7352 ED 1400 7 change 2 o Auto
37 F 7448 A 2 =Sl Units Run

38 F 7847 A 3 =

39 AP 8000 Yé S:E Growe @ ESZ:EISUT" T
40 F 8169 BC 160

41 F 8195 BD 1400

42 F 8228 BC aoo

43 F 8306 BD 5000

44 F 8959 BC 400

45 AP 9000

45 1 9278 BD 5000 v

Datal R EE & m
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In the Crow Extended - Continuous evaluation, there is a certain probability of not incorporating
a corrective action by time . This is the additional (third parameter), as compared to the Crow
Extended model. We define p as:

_ All modes such that, if seen, will be corrected at time T, or later
Al failure modes such that, if seen, the corrective action will be delayed

p

It is assumed that the ratio p remains fixed over (0,T) . This implies that each time a distinct fail-
ure mode is seen, the probability that the corrective action is delayed until time 7+ or later is p.
In other words, each time a new BD mode is seen over (0,T) there is a probability p that the
corrective action for that mode will not have been incorporated into the system by time .
Under the Crow Extended two-parameter model, this probability is always equal to 1 at time 7,

It is very important to note that failure modes are rarely totally eliminated by a corrective
action. After failure modes have been found and fixed, a certain percentage of the failure intens-
ity will be removed, but a certain percentage of the failure intensity will also remain. For each
BD mode, an effectiveness factor (EF) is required to estimate how effective the corrective action
will be in eliminating the failure intensity due to the failure mode. The EF is the fractional
decrease in a mode's failure intensity after a corrective action has been made, and it must be a
value between 0 and 1. A study on EFs showed that an average EF, d, is about 0.7. Therefore,
about 30% , (i.e., 100(1 — d)% ) of the BD mode failure intensity will typically remain in the sys-
tem after all of the corrective actions have been implemented. However, individual EFs for the
failure modes may be larger or smaller than the average.

Similar to the Crow Extended model, each BD mode has an effectiveness factor that represents
the decrease in failure intensity for that mode once the corrective action has been incorporated
into the system. In addition, a delayed fix can be incorporated any time after the first occurrence
of the failure mode. Therefore, delayed fixes can be incorporated before the end of the test
phase, at the end of the test phase (just like the Crow Extended delayed fixes) or not incor-
porated at all at the end of the current test phase but postponed for a subsequent test phase. For
calculation purposes, any delayed fixes that are incorporated during the test (those with an /
event code) do not need to have an effectiveness factor specified, since the fix is already incor-
porated in the system. The next figure shows how effectiveness factors are defined in the Crow
Extended - Continuous Evaluation model in the Weibull++ software. The figure also shows that
you can specify whether the delayed fix was actually implemented at the end of the current test
phase, at a later phase or not implemented at all.

PAGE 209



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

@ Effectiveness Factor ] *
M 2 ® £ | ™  UseFixed Effectiveness Factor | 0,650000 oK Cancel
do .

Effectiveness Implemented at
4 PLhais Factor End of Phase # Comments
1 3000 0.3 1 i
2 2000 0.6 3
3 1400 0.7 3
4 1500 0.8 Mot Implemented

v

Average EF: 0.650000

For a Type BD failure mode that is not yet corrected but still deferred, the Actual Effectiveness
Factor for that mode is zero. The Actual Effectiveness Factor for a deferred Type BD failure
mode will stay at zero until the point when the corrective action will be incorporated is reached.
At that time, the Actual Effectiveness Factor is changed to equal the Assigned Effectiveness
Factor for that mode. At this point, the Nominal Effectiveness Factor (the effectiveness factor,
assuming that fixes are implemented at the end of the specific phase) and the Actual Effect-
iveness Factor are the same. In other words, if a fix is not incorporated for a BD mode, its
actual effectiveness for reducing failure intensity is zero, and the assigned effectiveness factor
will be used only for projecting the MTBF (or failure intensity). This topic will be discussed in
the Growth Potential and Projections section.

The next figure shows an event report in the Weibull++ software. At the end of the test phase,
depending on whether the BD mode was specified as fixed or not fixed, the actual EF is zero
(e.g., mode BD3000) or equal to the nominal EF (e.g., mode BD1500).
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A Event Report [m] ®
B @B @ E X
Copy
Paste - Quick Print Print Send to Close
) Paste Spedal | Print Preview Excel
Clipboard Common

F A B C o] E F G

1 Results Report .
2 Report Type Mode Summary

3 User Info

4 MName HBK

5 Company|Hottinger Bruel @ Kjaer

g Date 7/16/2024

7 Report

3 Mode Classification F'|_r5t 'I:ol:al Nominal EF Phase Fixed Actual EF

Failure Failures

g 1 A 1 3

10 3000 BD 302 1 0.5 1 0.5

11 400 BC 450 4

12 4 A 534 1

13 5000 BD 657 G

14 600 BC 1057 1

15 8000 BD 2757 2

16 700 BC 3359 2

17 100 BC 3703 1

18 2 A 4615 3

19 1300 BD 4915 2
20 110 BC 5075 1
21 120 BC 5356 1
22 2000 BD 6113 1 0.6 3 0.6
23 1400 BD 7352 2 0.7 3 0.7
24 3 A 7847 1
25 160 BC 8169 1
i) a00 BC 8228 1
27 1500 BD 9916 1 0.8 Not Implemented 0 A
44 4 v | Results | Implemented Fixes  Quality Events  Perf: 4 2

The Average Nominal EF is:
d _ ZMi=1 dNi
N M

where pr is the total number of open and distinct BD modes at time T'; , and dy, is the Nominal
Effectiveness Factor as specified for each of the BD mode.

The Average Actual EF is:

ZMz'=1 dai

dg = ==

where s is the total number of open and distinct BD modes at time Ty, and d4; is the Actual
Effectiveness Factor at time T} for each BD mode.
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The failure intensity that remains in the system will depend on the management strategy that
determines the classification of the A, BC and BD failure modes. The engineering effort applied
to the corrective actions determines the effectiveness factors. In addition, the failure intensity
depends on h(t) , which is the rate at which unique BD failure modes are being discovered dur-
ing testing. The rate of discovery drives the opportunity to take corrective actions based on the
seen failure modes and it is an important factor in the overall reliability growth rate. The reli-
ability growth potential is the limiting value of the failure intensity as time 7 increases. This
limit is the maximum MTBF that can be attained with the current management strategy. The
maximum MTBF will be attained when all BD modes have been observed and fixed.

If all seen BD modes are corrected by time 7, that is, no deferred corrective actions at time 7,
then the growth potential is the maximum attainable based on the type BD designation of the
failure modes, the corresponding assigned effectiveness factors and the remaining A modes in
the system. This is called the nominal growth potential.

If some seen BD modes are not corrected at the end of the current test phase, then the prevailing
growth potential is below the maximum attainable with the type BD designation of the failure
modes and the corresponding assigned effectiveness factors.

The Crow-AMSAA (NHPP) model is used to estimate the current demonstrated MTBF or
MTBFp. The demonstrated MTBF does not take into account any type of projected improve-
ments. Refer to the Crow-AMSAA (NHPP) chapter for more details.

The corresponding current demonstrated failure intensity is:

Ap = ABT#!
or:
1
Ap = MTBFp

The nominal growth potential factor is:

S Ni
ANGPFactor = Y, (1 — dni) T

i=1

where:
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e 3 is the total number of distinct unfixed BD modes at time Tj .
* dy; is the assigned (nominal) EF for the ;¢ unfixed BD mode at time Tj.
e N; is the total number of failures over (0, Z; ) for the distinct unfixed BD mode ;.

The nominal growth potential factor signifies the failure intensity of the 3y modes after cor-
rective actions have been implemented for them, using the nominal values for the effectiveness
factors.

Similarly, the actual growth potential factor is:

McPFactor = Y, (1 —das) T
i1

where dy; is the actual EF for the jt* unfixed BD mode at time Tj.

The actual growth potential factor signifies the failure intensity of the p; modes after corrective
actions have been implemented for them, using the actual values for the effectiveness factors.

Based on the definition of BD modes for the Crow Extended - Continuous Evaluation model,
the estimate of p at time T} is calculated as follows:

B Total number of distinct unfixed BD modes at time Tj
~ Total number of distinct BD modes at time T} (both fixed and unfixed)

p

The unfixed BD mode failure intensity at time Tj is:

Total number of unfixed BD failures at timeT}
T;

ABDwnfi:tr;ed =

Similar to the Crow Extended model, the discovery function at time = for the Crow Extended -
Continuous Evaluation model is calculated using all the first occurrences of the all the BD
modes, both fixed and unfixed. k() is the unseen BD mode failure intensity and is also the rate
at which new unique BD modes are being discovered.

R(T|BD) =  AppBgpTPwt
MBgzp
T

where:
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e Bgp is the unbiased estimated of B for the Crow-AMSAA (NHPP) model based on the first
occurrence of ps distinct BD modes.

e Xpp is the unbiased estimated of ) for the Crow-AMSAA (NHPP) model based on the first
occurrence of ps distinct BD modes.

The parameters Bep and Agp are also known as the Rate of Discovery Parameters.
The nominal growth potential failure intensity is:

ANGP = AD — ABDunfixed + ANGPFactor + dn - P - h(T) — dnh(T)
and the nominal growth potential MTBF is:

1
NGP

MTBFngp = X

The nominal projected failure intensity at time 7 is:
Anp = Angp +dnh(T)
and the nominal projected MTBF at time 7 is:

MTBFyp = ﬁ

The actual growth potential failure intensity is:
AMGP = Ap — ABDunfixed + MGPFactor +da - p- h(T) — dsh(T)
and the actual growth potential MTBF is:

1
Aacp

MTBFgp =

The actual projected failure intensity at time 7 is:

Aap = Aagp +da-h(7T)
and the actual projected MTBF at time 7 is:

MTBF,p = L
Aap
In terms of confidence intervals and goodness-of-fit tests, the calculations are the same as for

the Crow Extended model.
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Example - Single Phase

The following table shows a date set with failure and fix implementation events.

Multi-Phase Data for a Time Terminated Test at 7 — 400

Event | Time Classificatio | Mode Event | Time Classificatio | Mode
to n to n
Event Event

F 0.7 BD 1000 F 2448 | A 3
F 15 BD 2000 F 249 BD 13000
F 17.6 | BC 200 F 250.8 | A 2
F 253 | BD 3000 F 260.1 | BD 2000
F 475 | BD 4000 F 2731 | A 5
I 50 BD 1000 F 274.7 | BD 11000
F 54 BD 5000 I 280 BD 9000
F 545 | BC 300 F 282.8 | BC 902
F 564 | BD 6000 F 285 BD 14000
F 63.6 | A 1 F 3154 | BD 4000
F 72.2 | BD 5000 F 317.1 | A 3
F 99.2 | BC 400 F 3206 | A 1
F 99.6 | BD 7000 F 3245 | BD 12000
F 100.3 | BD 8000 F 3249 | BD 10000
F 1025 | A 2 F 342 BD 5000
F 112 BD 9000 F 350.2 | BD 3000
F 112.2 | BC 500 F 355.2 | BC 903
F 120.9 | BD 2000 F 364.6 | BD 10000
F 121.9 | BC 600 F 3649 | A 1
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F 125.5 | BD 10000 I 365 BD 10000
F 133.4 | BD 11000 F 366.3 | BD 2000
F 151 BC 700 F 379.4 | BD 15000
F 163 BC 800 F 389 BD 16000
F 174.5 | BC 900 I 390 BD 15000
F 177.4 | BD 10000 I 393 BD 16000
F 191.6 | BC 901 F 3949 | A 3

F 192.7 | BD 12000 F 3952 | BD 17000
F 213 A 1

The following figure shows the data set entered in the Weibull++ software's Multi-Phase data
sheet. Note that because this is a time terminated test with a single phase ending at 7 — 490 , the
last event entry is a phase (PH) with time to event = 400.
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B 2-Example with One Phase - [m] x
B57 M v ~| [ main >
y Event Time to Event (hr) Classification Mode Comments
1 F 0.7 BD 1000 LB | Modet o=
2 F 15 BD 2000 Crow Bxt. - Continuous
3 F 17.6 BC 200
4 F 25.3 BD 3000 U Developmental
5 F 47.5 BD 4000 Multi-Phase Times
5 I 50 BD 1000 MLE [ Crow
7 F 54 BD 5000 Cumulative
] F 54.5 BC 300
. . <64 s 6000
10 F 63.6 A 1 Parameters m
1 F 72.2 BD 5000 Results (All Modes)
12 F 99.2 BC 400 Beta 0.986600
13 F 99.6 BD /000 Lambda (hr) 0.135449
14 F 100.3 BD 8000 b 0.705882
15 F 102.5 A 2 Growth Rate 0.013400
; 2 122 ac S0 i v
13 F 120.9 BD 2000 DA - 0.125525
18 F 121.9 BC 600 Stafisfical Tests
20 E 135.5 BD 10000 Significance Level 0.1
2 F 133.4 BD 11000 cvm Passed
2 F 151 BC 700 Results (Aldes)
13 F 163 BC 800 MTEF (hr) 40.000000
24 F 174.5 BC 900 FI 0.025000
25 F 177.4 BD 10000 Results (BC Modes)
% F 191.6 BC 901 Beta 0.854462
27 F 192.7 BD 12000 Lambda {hr) 0.065771
3 F 213 A 1 MTEF (hr) 42.557365
29 F 244.8 A 3 FI 0.023498
) F 249 BD 13000 VM Passed
31 F 250.8 A 2 Results (BD Modes) hd
32 F 260.1 BD 2000 ]
33 F 273.1 A 5 B ™ (3 por g
34 F 274.7 BD 11000 < Alter . Event
Al U=
35 I 280 BD 9000 ] Parameters = Report
% F 282.8 BC 902 7] Change & BathAuto
37 F 285 BD 14000 =8l Units Run
38 F 315.4 ED 4000 Y: Auto Group - Transfer To
39 F 317.1 A 3 Z Data Weibul
40 F 320.6 A 1
41 F 324.5 BD 12000
42 F 324.9 BD 10000
43 F 342 BD 5000
44 F 350.2 BD 3000
45 F 355.2 BC 903
46 F 364.6 BD 10000
47 F 364.9 A 1 v
Datal HEE & =

The next figure shows the effectiveness factors for the unfixed BD modes, and information con-
cerning whether the fix will be implemented. Since we have only one test phase for this
example, the notation "1" indicates that the fix will be implemented at the end of the first (and
only) phase.
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@ Effectiveness Factor O 4

p s =1 & > E:‘ ™ Use Fixed Effectiveness Factor | 0.699157 oK Cancel
Effectiveness Implemented at

y BD Mode Factor Enl; of Phase # Comments

1 2000 0.67 1 .

2 3000 0.72 Mot Implemented

3 4000 0.77 1

4 5000 0.77 Not Implemented

5 6000 0.87 1

& 7000 0.92 Mot Implemented

7 8000 0.5 Not Implemented

] 11000 0.74 1

9 12000 0.7 Mot Implemented

10 13000 0.63 Mot Implemented

11 14000 0.64 1

12 17000 0.46

13 Mot Implemented

14 1-Phase 1 M

Average EF: 0.699167

Do the following:

1. Determine the current demonstrated MTBF and failure intensity at time .
2. Determine the nominal and actual average effectiveness factor at time 7.
3. Determine the p ratio.
4. Determine the nominal and actual growth potential factor.
5. Determine the unfixed BD mode failure intensity at time 7.
6. Determine the rate of discovery parameters and the rate of discovery function at time .
7. Determine the nominal growth potential failure intensity and MTBF at time 7,
8. Determine the nominal projected failure intensity and MTBF at time 7.
9. Determine the actual growth potential failure intensity and MTBF at time 7,
10. Determine the actual projected failure intensity and MTBF at time 7.

Solution

1. As described in the Crow-AMSAA (NHPP) chapter, for a time terminated test, 8 is estim-
ated by the following equation:

PS n
P = BT —>"_ T,
where 7+ is the termination time and ,, is the total number of failures. In this example,
T+ — 400 and , — 5o . Note that there are 5 fix implementation events and 1 event that marks
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the end of the phase. These should not be counted as failures. So in this case, we find that

B = 0.9866. We calculated the biased estimate of 8, but note that we could have used the
unbiased estimate as presented in the Crow-AMSAA (NHPP) chapter. The choice of cal-
culating the biased or unbiased estimate of 8 can be configured in the Application Setup
window in the Weibull++ software. Solve for A, based on the Crow-AMSAA (NHPP) equa-
tion explained in the Crow AMSAA (NHPP) chapter:

~ n
A ZW
50
= 40009566
=0.1354

The demonstrated MTBF of the system at time 7 — 49¢ is:

1

MTBFp ————

P NBTAT
—8.1087

The corresponding current demonstrated failure intensity is:

1
- MTBFp
=0.1233

Ap

2. The average nominal effectiveness factor at time 7 is:

dN — ZMi=1 dNi
M
_ 0.67+0.72+ 0.77 + 0.77 + 0.87 + 0.92 + 0.5 + 0.74 + 0.7 + 0.63 + 0.64 + 0.46
- 12
=0.6992

The average actual effectiveness factor at time 7 is given by:

dy = 2M1:=1 dai
M
_067+0+0.77+0+0.87+0+0+0.74+0+ 0+ 0.64 +0
o 12
=0.3075

3. The p ratio is calculated by:

_ Total number of distinct unfixed BD modes at time 400

" Total number of distinct BD modes at time 400 (both fixed and unfixed)
12

1245

=0.7059

p

PAGE 219



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

4. The nominal growth potential factor is:

M N'
ANGPFactor = Y, (1 — dni) ?z

=1

The total number p7 of distinct unfixed BD modes at time 400 is p7 — 12,

dy; 1s the assigned (nominal) EF for the st¢ unfixed BD mode at time T}, (which is
shown in the picture of the Effectiveness Factors window given above).

N; is the total number of failures over (0, 400) for the distinct unfixed BD mode ;.
This is summarized in the following table.

Number of Failures for Unfixed BD Modes
Classification Mode Number of Failures

BD 2000 4
BD 3000 2
BD 4000 2
BD 5000 3
BD 6000 1
BD 7000 1
BD 8000 1
BD 11000 2
BD 12000 2
BD 13000 1
BD 14000 1
BD 17000 1

Sum =21

Based on the information given above, the nominal growth potential factor is calculated as:

ANGPFactor = 0.0153
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The actual growth potential factor is:

MGPFactor = Y, (1 — da;) T
i=1

where dy; is the actual EF for the jt+ unfixed BD mode at time 400, depending on whether
a fix was implemented at time 400 or not. The next figure shows an event report from the
Weibull++ software where the actual EF is zero if a fix was not implemented at 400, or
equal to the nominal EF if the fix was implemented at 400.
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> Event Report O x
B BER I X
IJ_;Ij Copy
Paste . Quick  Print Print Send to Close
= Paste Spedal | Print Preview | Excel
Clipboard Common

4 A B C D E F G

1 Results Report a
2 Report Type Mode Summary

3 User Info

- Name HBK

5 Company|Hottinger Bruel @ Kjaer

3 Date 7/16/2024

7 Report

8 Mode Classification FI.rSt T_ol:al Nominal EF Phase Fixed Actual EF

Failure Failures

9 1000 BD 0.7 1

10 2000 BD 15 4 0.67 1 0.67

11 200 BC 17.6 1

12 3000 BD 25.3 2 n.72 Not Implemented 0

13 4000 BD 47.5 2 0.77 1 0.77
14 5000 BD 54 3 0.77 Not Implemented 0

15 300 BC 54.5 1

16 6000 BD 56.4 1 0.87 1 0.87
17 1 A 63.6 4

13 400 BC 00.2 1

19 7000 BD 29.5 1 n.92 Not Implemented 0

20 8000 BD 100.3 1 0.5 Mot Implemented 0

21 2 A 102.5 2

22 ao00 BD 112 1

23 500 BC 112.2 1

24 600 BC 121.9 1

25 10000 BD 125.5 4

26 11000 BD 133.4 2 0.74 1 0.74

27 700 BC 151 1

23 800 BC 163 1

29 200 BC 174.5 1

30 201 BC 191.6 1

31 12000 BD 192.7 2 0.7 Mot Implemented 0

32 3 A 244.8 3

33 13000 BD 249 1 0.63 Mot Implemented 0

34 ] A 273.1 1

35 Q02 BC 282.8 1

36 14000 BD 285 1 0.64 1 0.64
37 03 BC 355.2 1

33 15000 BD 3794 1

39 16000 BD 389 1
40 17000 BD 395.2 1 0.46 Mot Implemented 0 -
44 4 v | Results | Implemented Fixes A 4

Based on the information given above, the actual growth potential factor is calculated as:

AAGPFactor = 0.0344
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5. The total number of unfixed BD modes listed in the data table is 21. The unfixed BD mode

failure intensity at time 400 is:

Total number of unfixed BD failure at time 400
ABD'un_fi:ced = 400

21

400
=0.0525

The discovery rate parameters at time 400 are calculated by using all the first occurrences of
all the BD modes, both fixed and unfixed. Bgp is the unbiased estimated of 8 for the Crow-
AMSAA (NHPP) model based on the first occurrence of the 17 distinct BD modes in our
example. App is the unbiased estimate of )\ for the Crow-AMSAA (NHPP) model based on
the first occurrence of the 17 distinct BD modes. The next figure shows the first time to fail-
ure for each of the 17 distinct modes and the results of the analysis using the Crow-
AMSAA (NHPP) model in the Weibull++ software (note that in this case, the calculation
settings in the User Setup is configured to calculate the unbiased 3).

30
31
32

Datal BD Modes

B 2-Example with One Phase — m] x
AS0 ME ~| B main >
Time to Event (hr) Comments Growth Data
A —
En
! 0.7 BD 1000 x|loyl | Model o=
3 25.2 BD 3000 e
4 47.5 BD 4000 4 Developmental
3 54 BD 5000 Failure Times
[ 56.4 BD 6000 MLE | Crow
7 99.6 BD 7000 No Gap | cumulative
8 100.3 BD 8000 -
a 112 BD 9000 Time Terminated (hr) - 400
11 133.4 BD 11000
Pi et
12 192.7 BD 12000 arameters =
13 249 BD 13000 Beta (UnB) 0.605410
14 285 BD 14000 Lambda (hr) 0,451997
15 379.4 BD 15000 Growth Rate 10,394590
16 389 BD 16000 DMTEF (hr) 38.865252
17 305.2 BD 17000 DFL 0.025730
18 Statistical Tests
19 Significance Level 0.1
20 VM Passed
21 Other
22 Termination Time {hr): 400.000000
23
74 Effectiveness Associate
25 EL Factors !_Li-'f Profile
2% |7+ Alter a Mode
2 #31 parameters €2 Processing
23 7+ Change Transfer To
=S Units Weibull

Y’: Auto Group
= Data

BT o m

So we have:
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Bsp = 0.6055

and:

Asp = 0.4518

The equations used to determine these parameters have been explained in question 1 of this
example and are also presented in detail in the Crow-AMSA (NHPP) chapter.

The discovery rate function at time 400 is:

R(T\BD) =ppBgp TP
=0.4518 - 0.6055 - 400°-605°—1
=0.0257

This is the failure intensity of the unseen BD modes at time 400. In this case, it means that
0.0257 new BD modes are discovered per hour, or one new BD mode is discovered every
38.9 hours.

7. The nominal growth potential failure intensity is:

ANGP =AD — ABDunfived + ANGPFactor + dn - D - h(400) — dxn h(400)
=0.1233 — 0.0525 4 0.0153 + 0.6992 - 0.7059 - 0.0257 — 0.6992 - 0.0257
=0.080
This is the minimum attainable failure intensity if all delayed corrective actions are imple-
mented for the modes that have been seen and delayed corrective actions are also imple-
mented for the unseen BD modes, assuming testing would continue until all unseen BD
modes are revealed. The nominal growth potential MTBEF is:

1

ANGP
1

~0.080
—12.37

This is the maximum attainable MTBF if all delayed corrective actions are implemented for
the modes that have been seen and delayed corrective actions are also implemented for the
unseen BD modes, assuming testing would continue until all unseen BD modes are

MTBFygp =

revealed.
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8.

10.

The nominal projected failure intensity at time 4gq is:

Anp =Ancp + dnh(400)
=0.080 + 0.6992 - 0.0257
=0.0988
This is the projected failure intensity assuming all delayed fixes have been implemented for
the modes that have been seen. The nominal projected MTBF at time 400 is:

1
1

~0.0988
=10.11

This is the projected MTBF assuming all delayed fixes have been implemented for the
modes that have been seen.

The actual growth potential failure intensity is:

A4GP =AD — ABDunfized + AAGPFactor + d4 - D - h(400) — d4h(400)
=0.1233 — 0.0525 4 0.0344 + 0.3075 - 0.7059 - 0.0257 — 0.3075 - 0.0257
=0.1029
This is the minimum attainable failure intensity based on the current management strategy.
The actual growth potential MTBF is:

1

AGP
1

~0.1029
=9.71

This is the maximum attainable MTBF based on the current management strategy.

MTBFycp =

The actual projected failure intensity at time 400 is:

Aap =Aagp +da - h(400)
=0.1029 + 0.3075 - 0.0257
=0.1108
This is the projected failure intensity based on the current management strategy. The actual

projected MTBF at time 400 is:

1
MTBFAP :E
1

~0.1108
=9.01

This is the projected MTBF based on the current management strategy. The next figure
demonstrates how we can derive the results of this example by using the software's Quick
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Calculation Pad (QCP). Here we chose to calculate the actual projected MTBF.

> qcp @ X

\2-Example with One Phase'\Datal

Actual Proje... 9.223453

\Actual Projected hr Neo Bounds Captions On
Units - Bounds - Options -
Calculate Input
Demonstrated MTBF Failure Intensity Time (hr) 400
Nominal Projected MTBF Failure Intensity
Actual Projected MTBF ™ Faiure Intensity
RommallCiath MTBF Failure Intensity

Potential

Actual Growth r p
— MTBF Failure Intensity

Discovery Rate
MTBF BD Unseen

h(T)

Report
Calculate

Close

Basic Calculations Multi-Phase Calculations

Example - Six Phases

The Crow Extended - Continuous Evaluation model allows data analysis across multiple phases,
up to seven individual phases. The next figure shows a portion of failure time test results
obtained across six phases. Analysis points are specified for continuous evaluation every 1,000
hours. The cumulative test times at the end of each test phase are 5,000; 15,000; 25,000; 35,000;
45,000 and 60,000 hours.
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8 3-Example with Six Phases - o X
A320 ~| ¥ ~| B mMain >
. Event Time to Event (hr) Classification Mode Comments Growth Data

L F 110 BC 100 +| Bl | mocer o=
2 F 224 8D 5004 [%4) Crow Ext. - Continuous

3 F 3313 8D 5002 ace.

4 F 555 8D 5001 g Developmental

5 F 645 BC 101 Wit Phase Times

3 F 700 A 8 MLE | Crow

7 F 789 BC 102 Cumulative

8 AP 1000

B F 1090 BD 5002 Resuks -
10 F 1248 8D 5003 Parameters ]
1 F 1261 8D 5002 Results (All Modes)

12 F 1692 8D 5008 Beta (Un) 0.810827

13 F 1880 BD 5004 Lambda (hr) 0.031090

14 1 1900 8D 5002 B 0.242424

15 AP 2000 Growth Rate 0.183073

5 F 2015 A 2 DMTEF () 317.51141

t; E zggz sg zggi DFL 0.003143

18 F 2802 8D 5005 Stottstical Tests

» ap 2000 Significance Level 0.1

2 F a1 A 1 om Pazed

» . 01 u 3 Results (A Modes)

23 F 3333 BD 5001 MTEF (hr) 2000.000000

24 F 3456 8D 5004 i 0000500

25 F 3501 BD 5003 Results (BC Modes)

% F 3619 BC 100 Beta (UnB) 0.727573

7 AP 4000 Lambda (hr) 0.008641

5 F 4111 8D 5006 MITEF () 3169.993016

E7] F 4212 A 2 £ 0.000315

0 F 4839 8D 5006, cvm Passed -
31 F 4851 A

2 F 4876 80 s003 g Sffecivenss gy Mod

3 F 4983 8D 5005 - Processing
# PH 5000 B e & RSN

35 F 5115 8D 5008

% F 5139 8D 006 g Chence F B i
7 F 5168 8D 5004 = Auto Group Transfer To
] F 5403 A 1 = pata Weibul

3 F 5656 BC 100

© AP 5000 M

Datal B EE O =

The next figure shows the effectiveness factors for the BD modes that do not have an associated
fix implementation event. In other words, these are unfixed BD modes. Note that this specifies
the phase after which the BD mode will be fixed, if any.

@i Effectiveness Factor u] X

w B M * JS‘ ™ UseFixed Effectiveness Factor | 0,700000 OK Cancel
Effectiveness Implemented at

P Ee Factor End of Phase # Comments

1 5004 0.69 Not Implemented a

2 5014 0.71 Not Implemented

3 5007 0.78 Not Implemented

4 5013 0.66 6

5 5017 0.79 2

[ 5018 0.67 3

7 5020 0.65 3

3 5021 0.83 6

9 5023 0.65 6

10 5025 0.58 5

11 5026 0.56 G

12 5028 0.78 6

13 5030 0.69 5

14 5031 0.66 5

15 5033 0.8 5

16 v

Average EF: 0.700000

The next plot shows the overall test results in terms of demonstrated, projected and growth
potential MTBF.
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[ 3-Example with Six Phases - o X
!
Growth Potential MTBF k| piot ,
Gruwth Data
Plot Type Om
i | Growth Potentia MTEF -
* | Units Hour (hr) -
s 3
K2
0 v | Auto Refresh
— e
V&
3 3

No future projection

MTBF (hr)

Parameters

Results (All Modes)

Beta (UnB) 0310827
Lambda ) 0031090
P 0.242424
Growth Rate 0.185073
317.551141
0003148

14000 28000 42000 56000 70000
Hour (hr)

Datal | Plotof Datal

The next chart shows the "before" and "after" MTBFs for all the individual modes. Note that the

"after" MTBFs are calculated by taking into account the respective effectiveness factors for each
of the unfixed BD modes.

Individual Mode MTBF
200000 Individual Mode MTBF
Datal
Crow Ext. - Continuous
MLE Crow
T. Time (hr)= 60000.000000
M BD-Before
W BD-After
[ BC
WA
160000
120000
-
=
L
m
=
=
80000
40000
.|IH thln ntiniie ‘ LI |
100--30802-+ 2 1-cA%09-+--303-194---+0067-12Q -+ 10828 -+ 10 H12--1251312226 G 1A 18

The analysis points are used to track overall growth inside and across phases, at desired inter-
vals. The Weibull++ software allows you to create a multi-phase plot that is associated with a
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multi-phase data sheet. In addition, if you have an existing growth planning folio in your
Weibull++ project, the multi-phase plot can plot the results from the multi-phase data sheet
together with the reliability growth model from the growth planning folio. This allows you to
track the overall reliability program against the goals, and set plans at each stage of the test.
Additional information on combining a growth planning folio and a multi-phase plot is presen-
ted in the Reliability Growth Planning chapter.

The next figure shows the multi-phase plot for the six phases of the reliability growth test pro-
gram. This plot can be a powerful tool for overall tracking of the reliability growth program. It
displays the termination time for each phase of testing, along with the demonstrated, projected
and growth potential MTBFs at those times. The plot also displays the calculated MTBFs at spe-
cified analysis points, which are determined based on the "AP" events in the data sheet.

Multi-Phase Plot _
400 ¥ ¥ Multi-Phase Plot
Phase 1
=% Termination Line
— Demonstrated
357 Phase 2
== Termination Line
+ Growth Potential
+ Proj
— Demonstrated
3201 Phase 3
== Termination Line
+ Growth Potential
+ Projected
— Demonstrated
Phase 4
- Termination Line
385, — Demonstrated
Phase 5
240+ =% Termination Line
+ Growth Potential
- + Projected
= — Demonstrated
o Phase 6
o0 by ¥ Termination Line
= + Growth Potential
s + Projected
— Demonstrated
160+ =+ Growth Potential
== Projec
== Demonstrated
80
0 t t t t
0 14000 28000 42000 56000 70000
Cumulative Time (hr)
Test Data - All Test Phases!Datal: Beta {UnB)=0.810927, Lambda (hr}=0.031090
Test Plan: Initial Time = 72.765566, Goal Failure Intensity = 0.003333, T Goal {Act) = 58050.982472

Mixed Data

The Crow Extended - Continuous Evaluation model also can be applied for discrete data from
one-shot (success/failure) testing. In the Weibull++ software, you can create a multi-phase data
sheet that is configured for mixed data to accommodate data from tests where a single unit is
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tested for each successive configuration (individual trial-by-trial), where multiple units are
tested for each successive configuration (configurations in groups) or a combination of both.

Corrective actions cannot take place at the time of failure for discrete data. With that in mind,
the mixed data type does not allow for BC modes. The delayed corrective actions over time can
be either fixed or unfixed, based on a subsequent implementation (I) event. So, for discrete data
there are only unfixed BD modes or fixed BD modes. As a practical application, think of a
multi-phase program for missile systems. Because the systems are one-shot items, the fixes for
the failure modes are delayed until at least the next trial.

Note that for calculation purposes, it is required to have at least three failures in the first inter-
val. If that is not the case, then the data set needs to be grouped until this requirement is met
before calculating. The Weibull++ software performs this operation in the background.

A one-shot system underwent reliability growth development for a total of 20 trials. The test
was performed as a combination of configuration in groups and individual trial-by-trial. The fol-
lowing table shows the obtained data set. The Failures in Interval column specifies the number
of failures that occurred in each interval, and the Cumulative Trials column specifies the cumu-
lative number of trials at the end of that interval.

Mixed Data
Event Failures in Interval | Cumulative Trials Classification Mode
F 1 8 BD 1
F 1 8 BD 2
F 1 8 BD 3
F 0 10
F 0 11
F 0 12
F 1 13 BD 2
F 0 14
F 0 15
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I 0 15 BD 3
F 1 16 BD 4
F 0 17 A

I 0 17 BD 4
F 0 18

F 0 18

F 1 20 BD 5

The table also gives the classifications of the failure modes. There are 5 BD modes. Of these 5
modes, 2 are corrected during the test (BD3 and BD4) and 3 have not been corrected by time
T — 20 (BD1, BD2 and BDS). Do the following:

1. Calculate the parameters of the Crow Extended - Continuous Evaluation model.
2. Calculated the demonstrated reliability at the end of the test.

3. Calculate parameter p.

4. Calculate the unfixed BD mode failure probability.

5. Calculate the nominal growth potential factor.

6. Calculate the nominal average effectiveness factor.

7. Calculate the discovery failure intensity function at the end of the test.

8. Calculate the nominal projected reliability at the end of the test.

9. Calculate the nominal growth potential reliability at the end of the test.

Solution
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1. The next figure shows the data entered in the Weibull++ software.

[l 4-Multi-Phase Discrete Data Example — o x
A48 SE - | k main »
. Event m?'fgffal cur}qﬁait e Classification Mode Comments
1 F 1 8 BD 1 o ol todel o=
2 F 1 8 BD 2 I£ Crow BExt. - Continuous

3 F 1 8 BD 3

4 F 0 10 A ECD Developmental

5 F 0 11 A Multi-Phase Mixed

5 F 0 12 A MLE [ Crow

7 F 1 13 BD 2

s F o 14 A
g E ] 15 A Parameters l_.:]
10 I 0 15 BD 3 Results (All Modes)

11 F 1 16 BD 4 Beta 0.857194

12 F 0 17 A Lambda 0.460168

13 I 0 17 BD 4 b 0.600000

i: E g 13 i Growth Rate 0.142806

S E 1 20 0 5 DFP 0.257158

= DRel 0.742842

& Statistical Tests

19 Significance Level 0.1

20 Chi-5g Passed

21 Results (BD Modes)

7 Beta (UnB) 0.660162

23 Lambda 0.691957

24 DFP 0.165041

25 DRel 0.834959

il Chi-5g Passed

27 Other

i} Termination Trial: 20

29

n ffe ol

:; EF EECthE:EnESS a"% I:roocissing

33 o Alter U= Event

2 - Parameters =i Report

35 z Ei:dﬂ fute

36

37 L

Datal W E B © m

The parameters 8 and ) are calculated as follows (the calculations for these parameters are

presented in detail in the Crow-AMSAA (NHPP) chapter):

o~

B = 0.8572

and:

X = 0.4602

2. The corresponding demonstrated unreliability is calculated as:

fp=MTP Y, withT >0, A\>0and 8> 0

Using the parameter estimates given above, the instantaneous unreliability at the end of the

test (or 7 — 9 ) is equal to:

fp(20) = 0.8572 - 0.4602 - 20°8572-1 — 0.2572
The demonstrated reliability is:
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Rp =1—fp
=1—0.2572 = 0.7428
Note that in discrete data, we calculate the reliability and not MTBF because we are dealing

with the number of trials and not test time.

3. Assume that the following effectiveness factors are assigned to the unfixed BD modes:

Classification Mode Effectiveness Factor | Implemented at End of Phase
BD 1 0.65 Phase 1
BD 2 0.70 Phase 1
BD 5 0.75 Phase 1

The parameter p is the total number of distinct unfixed BD modes at time 7 divided by the
total number of distinct BD (fixed and unfixed) modes.

In this example:
3
=—-=0.6
P=3

4. The unfixed BD mode failure probability at time 7 is the total number of unfixed BD fail-
ures (classified at time 7 ) divided by the total trials. Based on the table at the beginning of
the example, we have:

4
fBD,unﬁa:ed = % =0.2

5. The nominal growth potential factor is:

M N.
ANGPFactor = , (1 — di) ?z
i1

B N N, Ny

1 2 1
=(1-0.65) 55 + (1= 0.70) o5 + (1~ 0.75) o5
=0.06
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6. The nominal average effectiveness factor is:

EMi=1 dni
M
~ 0.65+0.70 +0.75

3

dy =

=0.70

7. The discovery function at time 7 is calculated using all the first occurrences of all the BD

modes, both fixed and unfixed. In our example, we calculate Bep and Azp using only the
unfixed BD modes and excluding the second occurrence of BD2, which results in the fol-

lowing:

Bsp = 0.6602
and:

Xsp = 0.6920

So the discovery failure intensity function at time 7 — 9q is:

A(T|BD) =XppBspTPm~
=0.6920 - 0.6602 - 20066021
=0.16507

The next figure shows the plot for the discovery failure intensity function.
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Rate of Discovery Plot
0.5

Discovery Rate

Datal

Crow Ext, - Continuous
MLE Crow

T. Trial= 20

== Termination Line
— Discovery Rate

0.4

Failure Intensity (Failures/hr)
[=]
w

0.1

0 6 12 18 24 30
Trials

Beta (UnB) {BD Modes)=0.660162, Lambda {BD Modes}=0.651957

8. The nominal projected failure probability at time 7 — 9¢ is:

fnp =fngp + dnh(T)
=0.0701 + 0.7 - 0.16507
=0.1865

Therefore, the nominal projected reliability is:

Rp =1—-0.1856 =
=0.8135

9. The nominal growth potential unreliability is:

fnep = fp — fBDunfizeda + ANGPFactor + dn - P - h(T) — dnh(T)
Based on the previous calculation for this example, we have:

fngp =0.2572 — 0.2+ 0.06 4 0.7 - 0.6 - 0.16507 — 0.7 - 0.16507
=0.0709

So the nominal growth potential reliability is:

Ryep =1-0.0709
=0.9291

The next figure shows the plot for the instantaneous demonstrated, projected and growth

PAGE 235



RELIABILITY GROWTH AND REPAIRABLE SYSTEM DEVELOPMENTAL TESTING

potential reliability.

Growth Potential Reliability
1 Growth Potential Reliability
Data2
Crow Ext. - Continuous
MLE Crow
T. Trial= 20
== Growth Potential
+ Projected
== Demonstrated
0.920—4p
0.92
0.84
g 0814 4
3
s
a
o
0.76
74—
0.68
0.6
"0 6 12 18 24 30
Trials

Statistical Tests for Effectiveness of Corrective Actions

The purpose of the statistical tests is to explore the effectiveness of corrective actions during or
at the end of a phase. Say we have two phases, phase 1 and phase 2. Suppose that corrective
actions are incorporated during or at the end of phase 1. The system is then operated during
phase 2. The general question is whether or not the corrective actions have been effective.

There are two questions that can be addressed regarding the effectiveness of the corrective
actions:

Question 1. Is the average failure intensity for phase 2 statistically less than the average failure
intensity for phasel?

Question 2. Is the average failure intensity for phase 2 statistically less than the Crow-AMSAA
(NHPP) instantaneous failure intensity at the end of phase 1?
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The purpose of this test is to compare the average failure intensity during phase 2 with the aver-
age failure intensity during phase 1.

The average failure intensity for phase 1 is:

M
1= Tl
where T; is the phase 1 test time and N; is the number of failures during phase 1.

Similarly, the average failure intensity for phase 2 is:

-7

T2
where T, is the phase 2 test time and N, is the number of failures during phase 2.

The overall test time, 7, is:

T=T1+T

The overall number of failures, py, is:

N=N;+N,
Define p as:
T
P=7

If the cumulative binomial probability B(k; P,N) of up to N, failures is less than or equal to the
statistical significance ,,, then the average failure intensity for phase 2 is statistically less than
the average failure intensity for phase 1 at the specific significance level.

The cumulative binomial distribution probability is given by:

B(k; P,N) = zk: (];) Pf(1— PN

=0

which gives the probability that the test failures, f, are less than or equal to the number of allow-
able failures, or acceptance number g in py trials, when each trial has a probability of suc-
ceeding of p.
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EXAMPLE

Suppose a test is being conducted and is divided into two phases. The test time for the first
phase is 7} = 27 days, and the test time for the second phase is T, = 18 days. The number of fail-
ures during phase 1 is N; = 11, and the number of failures during phase 2 is N, = 2.

The average failure intensity for phase 1 is:

_ M 11
1 = ?1 = 2—7 = 0.4074.

Similarly, the average failure intensity for phase 2 is:

N, 2
=22 _ % _o1111
=Ty =13 °

Although the average failure intensities are different, we want to see, if at the 10% statistical sig-
nificance level, the average failure intensity for phase 2 is statistically less than the average fail-
ure intensity for phase 1.

Solution
Concerning the total test time, we have:

T=T1+T,=27+18 =45

The total number of failures is equal to:

N=N1+N,=114+2=13
Then, we calculate p as:

T 18

Using the cumulative binomial distribution probability equation, we have:
B(k’PvN) :B(N2,P7N)
Ny
=3 ( N ) Pfa1- PN
7= V2

2
= (13) 0.4/ (1—0.4)B
=N
=0.058
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Because 0.058 is lower than 0.10, the conclusion is that at the 10% significance level of the the
average failure intensity for phase 2 is statistically less than the average failure intensity for
phase 1. The conclusion would be different for a different significance level. For example, at the
5% significance level, since 0.058 is not lower than 0.05, we fail to reject the null hypothesis. In
other words, we cannot statistically prove any significant difference between the average failure
intensities at the 5% level.

The purpose of this test is to compare the average failure intensity during phase 2 with the
Crow-AMSAA (NHPP) instantaneous (demonstrated) failure intensity at the end of phase 1.

Once again, the average failure intensity for phase 2 is given by:

-
2—T2

where Ty, is the phase 2 test time and N, is the number of failures during phase 2.

The Crow-AMSAA (NHPP) model estimate of failure intensity at time is #(71). Dr. Larry H.
Crow [16] showed that the Crow-AMSAA (NHPP) estimate is approximately distributed as a

N;
random variable with standard deviation V 3.

We therefore treat #(T1) as an approximate Poisson random variable with number of failures:

N
N} = —
1 2
We also set:
N*
T* — 1
1 #(T)

Then we define:

T=T'+T
and:
N =N} + N,
Let:
T
pP="——=
T
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If the cumulative binomial probability B(k; P, N) of up to N, failures is less than or equal to the
statistical significance o, , then the average failure intensity for phase 2 is statistically less than
the Crow-AMSAA (NHPP) instantaneous failure intensity at the end of phase 1, at the specific
significance level. The cumulative binomial distribution probability is again given by:

k(N
B(k;P,N)=>_ ( )Pf(l — p)N-f
=\ f
EXAMPLE

Suppose a test is being conducted and is divided into two phases. The test time for the first
phase is 7} = 21 days, and the test time for the second phase is T, = 18 days. The number of fail-
ures during phase 1 is N; = 11 and the number of failures during phase 2 is N, = 2. The Crow-
AMSAA (NHPP) parameters for the first phase are 8 = 0.7189 and ) — 1.0288 -

The demonstrated failure intensity at the end of phase 1 is calculated as follows:

'f‘(Tl) = AﬂTﬂ_l
= 1.0288 - 0.7189 - 270.7189—1
= 0.2929

The average failure intensity for phase 2 is:

— N, 2
=—=—=0.1111
T2 T2 8 0

Determine if the average failure intensity for phase 2 is statistically less than the demonstrated
failure intensity at the end of phase 1 at the 10% significance level.

Solution

We calculate the number of failures Ny as:

LN 11
Ni=— =7 =55
Then:
N} :
Ty == 55 _ 1578

#(Ty)  0.2929
Concerning the total test time, we have:

T=Tf+T, =18.78 + 18 = 36.78
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Concerning the total number of failures, we have:
N=N;+N;=55+2=175
Then we calculate p as:

T 18

Since the number of failures py — 7.5 is not an integer, we are going to calculate the cumulative
binomial probabilities for ;y — 7 and j — g, and then interpolate to jy — 7.5

For )y — 7, we have:

B(kaP7N) :B(NZ,P,N)
= B(2;0.4894,7)

2
=) (7 ) 0.48947 (1 — 0.4849)"F
=\
= 0.244

And for v — g, we have:

— B(2;0.4804, 8)

2
=> (8 ) 0.48947 (1 — 0.4849)%/
= \f
=0.158

A linear interpolation between two data points (2,%.) and (zs,%s) at the (z,y) interpolant is
given by:

(yb — ya)

y:ya“—(w_za)(wb_wa)

So for ;y — 7.5 we would have that:
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B(N2;Pa8) _B(N2;Pa7)
8—17

B(Ny; P,7.5) = B(Ny; P,7) + (7.5 —17)
0.158 — 0.244

= 0244+ (75 - 7) " —

=0.201
Since 0.201 is greater than 0.10, the conclusion is that at the 10% significance level the average

failure intensity for phase 2 is not statistically different compared to the demonstrated failure
intensity at the end of phase 1.

Using the example with the six phases that was given earlier in this chapter, the following figure
shows the application of the two statistical tests in Weibull++.

@ Test for Fix Effectiveness (] b 4

The 'Statistical Test for Effectiveness of Corrective Actions' (based on the
Crow Extended model) tests whether the fixes applied between two test
phases have been effective to decrease the failure intensity.,

Phase 1 Phase 2
FPhase 1 - 5000 - Phase 2 - 15000 -
Calculation Options

Significance Level 0.1
Results

Is the average failure intensity for the second phase less than the
average failure intensity for first phase (based on the specified
significance level)?

Failed
Iz the averaage failure intensity for the second phase less than the
instantaneous failure intensity at the end of the first phase (based on
the significance level)?

Failed

Report Close

Lloyd-Lipow

Lloyd and Lipow (1962) considered a situation in which a test program is conducted in py
stages. Each stage consists of a certain number of trials of an item undergoing testing, and the
data set is recorded as successes or failures. All tests in a given stage of testing involve similar
items. The results of each stage of testing are used to improve the item for further testing in the
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next stage. For the gth group of data, taken in chronological order, there are n, tests with S
observed successes. The reliability growth function is then given in Lloyd and Lipow [6]:

Ry =Ro —

>R

where:

e R, = the actual reliability during the gtk stage of testing
* R, = the ultimate reliability attained if g _y o

* o> (0= modifies the rate of growth

Note that essentially, B = :—: . If the data set consists of reliability data, then S, is assumed to
be the observed reliability given and n, is considered 1.

Parameter Estimation

When analyzing reliability data in the Weibull++ software, you have the option to enter the reli-
ability values in percent or in decimal format. However, R,, will always be returned in decimal
format and not in percent. The estimated parameters in the Weibull++ software are unitless.

For the gth stage:
Ly = const. R* (1 — Ry)™ **
And assuming that the results are independent between stages:

N
L =[] Ri*(1— Re)™
k=1

Then taking the natural log gives:

N pe N a
A= ;Skln(Roo . E) +k;(nk — Si)In(1- Roo + E)
Differentiating with respect to R,, and a, yields:

oA _i Se ni — S
ORe 44 Ro—2 441-Reot$

00
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aA N i N 1 —Sk
_ B Z 3
(2] a
6a =1 Roo i =1 1 —R —+ *

The resulting equations can be solved simultaneously for g and R

. It should be noted that a

closed form solution does not exist for either of the parameters; thus, they must be estimated

numerically.

To obtain least squares estimators for Ry,

observed success-ratio, Sk/n , is minimized from its expected value, Roo

the parameters R, and o, Therefore, @ is expressed as:

(5

and o, the sum of squares, @, of the deviations of the

— % , with respect to

Taking the derivatives with respect to B, and ,, and setting equal to zero yields:

—=—2Z (__R°°+k):0
—=2Z (——R 2)%:0

Solving the equations simultaneously, the least squares estimates of R,

N N
P Y N e e — T e 3 et e
® N
N k=1k_2_(2 k=1 %)

or:

N 1 N N 1N R
B _E k=1k_22 k=1 Be — 22 kzle k=1 &
- 2
N 1 N 1
Ny e & - (S )

and:

and ,, are:
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N N 5 N S
> et %E k=1n_:_NZ k=1 Tong

Ny kiz - (ENk=1 %)2

& =

or:

N N N R,
> k=1%z k=1Rk—NZ k=1T’c
2
N N
N k= (SN )

& =

EXAMPLE - LEAST SQUARES

After a 20-stage reliability development test program, 20 groups of success/failure data were
obtained and are given in the table below. Do the following:

1. Fit the Lloyd-Lipow model to the data using least squares.

2. Plot the reliabilities predicted by the Lloyd-Lipow model along with the observed reli-
abilities, and compare the results.

The Test Results and Reliabilities of Each Stage Calculated from Raw Data and the Pre-

dicted Reliability
Test Stage Number of Tests Number of Raw Data Lloyd-Lipow
Number (%) in Stage (n; ) Successful Tests (S, Reliability Reliability
)
1 9 6 0.667 0.7002
2 9 5 0.556 0.7369
3 8 7 0.875 0.7552
4 10 6 0.600 0.7662
5 9 7 0.778 0.7736
6 10 8 0.800 0.7788
7 10 7 0.700 0.7827
8 10 6 0.600 0.7858
9 11 7 0.636 0.7882
10 11 9 0.818 0.7902
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11 9 9 1.000 0.7919
12 12 10 0.833 0.7933
13 12 9 0.750 0.7945
14 11 8 0.727 0.7956
15 10 7 0.700 0.7965
16 10 8 0.800 0.7973
17 11 10 0.909 0.7980
18 10 9 0.900 0.7987
19 9 8 0.889 0.7992
20 8 7 0.875 0.7998
Solution

1. The least squares estimates are:

LS SE
— = — = 3.5977
=k Sk
N 20
1 1
— = — = 1.5962
N 20
Z Sk NSk _ 15.4131
=1 T o T
and:
Sk 2,8

= = 2.5632
— k- ng i k- ny

Using these estimates to obtain R, and 4 yields:

N N N N R
B _E k=1 %E k=1 B -2 k=1 %E k=1 Tk
00— 2
N N
NV - (2 )
_ (1.5962)(15.413) — (3.5977)(2.5637)

(20)(1.5962) — (3.5977)°
=0.8104

and:
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ZNk=1 %ENk=1 Ry — NZNk=1 %
2
NENk=1 k% - (ENk=1 %)
_ (3.5977)(15.413) — (20)(2.5637)

(20)(1.5962) — (3.5977)*
=0.2207

& =

Therefore, the Lloyd-Lipow reliability growth model is as follows, where , is the test stage.

0.2201

Ry, =0.8104 — %

2. The reliabilities from the raw data and the reliabilities predicted from the Lloyd-Lipow reli-
ability growth model are given in the last two columns of the table. The figure below shows

the plot. Based on the given data, the model cannot do much more than to basically fit a line

through the middle of the points.

Reliability vs. Time
1 ©
Ll
. i )
° | ]
0.8 '
P —
.
.
. .
®
.

0.6 ® ®
E .
E
2
T
o

0.4

0.2

0
0 12 18 24 30
Development Time/Stage
Alpha=0.220140, R=0.810250

Reliability vs. Time
Dlatadl

Lloyd-Lipow

L5Y=r~| P

T. Time (hr)= 20.000000
& Reliability Points

=7 Termination Line
— Reliability Line

Confidence Bounds

This section presents the methods used in the Weibull++ software to estimate the confidence
bounds under the Lloyd-Lipow model. One of the properties of maximum likelihood estimators
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is that they are asymptotically normal. This indicates that they are normally distributed for large
samples [6, 7]. Additionally, since the parameter , must be positive, | o 1 treated as being nor-
mally distributed as well. The parameter R, represents the ultimate reliability that would be
attained if g — oo . R; 1S the actual reliability during the gt» stage of testing. Therefore, R,, and
R, will be between 0 and 1. Consequently, the endpoints of the confidence intervals of the para-
meters R,, and R, also will be between 0 and 1. To obtain the confidence interval, it is com-
mon practice to use the logit transformation.

The confidence bounds on the parameters , and R,, are given by:

CB,, = Get%nVVar@)/a

A

Ro
Roo + (1 _ Roo)eiz,,,g,/Var(Rw)/[Rwu—Rm)]

CBg,_ =

where Za/2 represents the percentage points of the N(0,1) distribution such that
P{ZZ za/Z} =a/2.

The confidence bounds on reliability are given by:

Ry,
R+ (1 — By Vor/ [R5

CB=

where:
~ ~ 1 2 ~
Var(Ry) = Var(Ry) + =z Var(&) — % Cov(Ry, @

All the variances can be calculated using the Fisher Matrix:

A #a 171 “ ~
l—m ——aaaRm] ~ l Var(By) Cov(Be,8)

— ‘f‘; ﬁm — ngfz\ Cow(Ry,8) Var(a)

From the ML estimators of the Lloyd-Lipow model, taking the second partial derivatives yields:

%A N S N nx — Sk
o~ (R — 2)° 2 (1- R +%)*

g —S

FA - _iv: ¥ _ iv: K
Oa?

= (Bo—2)" = (1-Ru+9)

and:
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=Sk Sk

HMZ

oo+)

The confidence bounds can be obtained by solving for the three equations shown above and the

equation for Var(Ry) , and then substituting the values into the Fisher Matrix.

As an example, you can calculate and plot the confidence bounds for the data set given above in
the Least Squares example as:

A
R = 255.3835 — 937.2902 = —1192.6737
(o o]
A
Soa = — 24.4575 — 43.3930 = —67.8505
A
FT —48.6606 — 140.7518 = —92.0912
00

The variances can be calculated using the Fisher Matrix:

1192.6737 92.0912]‘1_ Var(Ryw) Cov(Re,@d)
92.0912 67.8505| | Cov(R,d) Var(d)
_ [ 0.00093661 —0.00127123
_[—0.00127123 0.01646371 ]

The variance of R, is obtained such that:

Var(Ry) = Var(Rs) —|— -Var(@) — — Co'u(Roo,a)

Py 1
Var(Ry) = 0.00093661 + 2 0.01646371 + E -0.00127123

The confidence bounds on reliability can now be calculated. The associated confidence bounds
at the 90% confidence level are plotted in the figure below with the predicted reliability, R, .
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Reliability vs. Time
1 —E——— nd Reliability vs. Time
————————— - =T - == == == = = — | CB@90% 2-Sided[F]
Dyt
] » Lsmér-'l o
° LA T. Time (hr)= 20.000000
w Reliability Points
== Termination Line
* L] — Reliability Line
0.8 & — Top CB Type 11
: . L —— — Bottom CB Type IT
o
.
[ [ )
L
Y S AP (NS ey SRS PR S
0.6 ® ._ - --"""
e
L -
z .
o g
i ’
= /
’
0.4 7
!
f
I
!
0.2
!
!
)
I
}
0
0 12 18 24 30
Development Time/Stage
Alpha=0.220140, R=0.810250

Consider the success/failure data given in the following table. Solve for the Lloyd-Lipow para-
meters using least squares analysis, and plot the Lloyd-Lipow reliability with 2-sided confidence
bounds at the 90% confidence level.

Success/Failure Data for a Variable Number of Tests Performed in Each Test Stage

Test Stage Number (i) Result Number of Tests (n;, > | Successful Tests (S, = R;)
1 F 1 0
2 F 1 0
3 F 1 0
4 S 1 0.2500
5 F 1 0.2000

PAGE 250



RELIABILITY GROWTH AND REPAIRABLE SYSTEM

DEVELOPMENTAL TESTING

6 1 0.1667
7 1 0.2857
8 1 0.3750
9 1 0.4444
10 1 0.5000
11 1 0.5455
12 1 0.5833
13 1 0.6154
14 1 0.6429
15 1 0.6667
16 1 0.6875
17 1 0.6471
18 1 0.6667
19 1 0.6316
20 1 0.6500
21 1 0.6667
22 1 0.6818

Solution

Note that the data set contains three consecutive failures at the beginning of the test. These fail-
ures will be ignored throughout the analysis because it is considered that the test starts when the
reliability is not equal to zero or one. The number of data points is now reduced to 19. Also,
note that the only time that the first three first failures are considered is to calculate the
observed reliability in the test. For example, given this data set, the observed reliability at stage

4 is 1/4 =0.25 . This is considered to be the reliability at stage 1.

From the table, the least squares estimates can be calculated as follows:
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N
Z % = % = 3.54774
k=1 k=1
N 19
1 1
> = = — =15936
k=1 k=1
S 19

and:

= 1.3002

N S _19 S
Zk-nk_;k-nk

k=1

Using these estimates to obtain Ry, and g yields:

5 (1.5936)(9.907) — (3.5477)(1.3002)
® T (19)(1.5936) — (3.5477)°
=0.6316

and:

(3.5477)(9.907) — (19)(1.3002)
(19)(1.5936) — (3.5477)*
=0.5902

a =

Therefore, the Lloyd-Lipow reliability growth model is as follows, where g, is the number of the
test stage.

0.5902

=0.6316 —
R, = 0.6316 %

Using the data from the table:

&’ A
SR = 176.847 — 40.500 = —217.347
2
% = —146.763 — 2.1274 = —148.891
2
A
6}‘29—% =149.909 — 6.5660 = 143.343

The variances can be calculated using the Fisher Matrix:
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217.347 —143.343] -1

Var(Ry) Cov(Ry,8)
—143.343 148.891

Cov(Ry,8)  Var(@)
[0.0126033 0.0121335]
0.0121335 0.0183977

The variance of R;, is therefore:

P 1 2
Var(Ry) = 0.0126031 + Z 0.0183977 — % 0.0121335
The confidence bounds on reliability can now can be calculated. The associated confidence
bounds on reliability at the 90% confidence level are plotted in the following figure, with the
predicted reliability, R, .

Reliability vs. Time

Reliability vs. Time
\ CB@90% 2-Sided[F
Datal
Lloyd-Lipow
SHM "
- T. Trial= 22

- ® Reliability Points
== Termination Line
— Reliability Line
0.8 — Top CB Type Il

-2 = Bottom CB Type IT

Reliability
L ]

04 /

0.2

Trials

Alpha=0.550230, R=0.631621
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More Examples

A 15-stage reliability development test program was performed. The grouped per configuration
data set is shown in the following table. Do the following:

1. Fit the Lloyd-Lipow model to the data using MLE.
2. What is the maximum reliability attained as the number of test stages approaches infinity?
3. What is the maximum achievable reliability with a 90% confidence level?

Grouped per Configuration Data

Stage, ; | Number of Tests (n,) | Number of Successes (S )
1 10 3
2 10 3
3 10 4
4 10 5
5 10 5
6 12 6
7 12 5
8 12 7
9 14 8
10 14 8
11 14 10
12 14 12
13 14 11
14 14 12
15 14 12

Solution
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1. The figure below displays the entered data and the estimated Lloyd-Lipow parameters.

Q 3-Grouped per Configuration Example - ] b o

A34 - v - Ea Main »
Mumber Mumber Growth Data

4 of Trials of Faiures Comments e

: 10 7 « | loy | Model O m

3 10 6 |0¢£P

4 10 3 L Developmental

5 10 3 Grouped per Configuration

6 12 6 MLE FM

7 12 7 Non-Cum,

: - ; [ Resus |

9 14 6

10 14 6 Parameters m

11 14 4 Alpha 0.530896

12 14 2 R 0.715742

13 14 3 Other

14 14 2 Termination Time: 15

15 14 2

15 e Alter i Mode

17 =30 Parameters = Processing

13

13 v

Datal M B B ¢ m

2. The maximum achievable reliability as the number of test stages approaches infinity is
equal to the value of g . Therefore, g — 9.7157 -

3. The maximum achievable reliability with a 90% confidence level can be estimated by view-
ing the confidence bounds on the parameters in the QCP, as shown in the figure below. The
lower bound on the value of g is equal to 0.6551 .
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@ Results m| b4

| M ocut 1, 1@ D x

B e = 3 A
Paste - Quick  Print Print Send to Close

= Paste Spedal | Print Preview = Excel
Clipboard Common

| A B C o
1 Results Report -
2 Report Type| Parameter Bounds
3 User Info
4 MName HEK.
5 Company|Hottinger Bruel @ Kjaer
6 Date 7/16/2024
7 User Input
8 Confidence Bounds| Two-Sided @ 0.9
9 RGA Output
10 Farameter Bounds Lowrer Alpha Upper
11 0.401089 0.5309 | 0.70271
12 Lower R Upper
13 0.655178 0.71574 | 0.76941 | =
44 4 b b Results A g

Given the reliability data in the table below, do the following:

1. Fit the Lloyd-Lipow model to the data using least squares analysis.

2. Plot the Lloyd-Lipow reliability with 90% 2-sided confidence bounds.
3. How many months of testing are required to achieve a reliability goal of 90%?
4. What is the attainable reliability if the maximum duration of testing is 30 months?
Reliability Data
Time (months) | Reliability (%)
1 33.35
2 42.50
3 58.02
4 68.50
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5 74.20
6 80.00
7 82.30
8 89.50
9 91.00
10 92.10

Solution

1. The next figure displays the estimated parameters.

kel 4-Reliability Data Example - O %
A3l - i < - E[] Main »
Time/Stage (mon) Reliability Comments Growth Data
p—

t 1 33.35 a|lopl | Model o=
3 3 58.02 chp
4 4 68.5 b Developmental
5 3 74.2 Reliability
] ] 80 [ FM
7 7 82.3 Percentage
3 g 89.5
5 o o1 | Resuts |
10 10 22,1 Parameters m
11 Alpha 0.677618
12 R 0.909942
13 Other
14 Termination Time {mon): 10.000000
15
15
7 274 Alter ap Mode

#31 parameters =€ Processing
13 —

774 Change
19 =S Units
20
21 L
Datal b ® B €& m
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2. The figure below displays Reliability vs. Time plot with 90% 2-sided confidence bounds.

Reliability vs. Time
1 —— Reliability vs. Time
- CB@90% 2-Sided]F]
L - Batadl L
. o v 1| e
/s T. Time {mon)= 10.000000
% 3 (oo
JE—
7 ___,______———-—'-—___' —$eliagiE|lr IJneH
Q s P — oy
o ’ / — Bohome p'lggEII
i
} .
! .
i)
i R
0.6 = =
I ° -
.J:- [ - -
= ! g
2 i o
& ] -
! ot s ’
0.4 ; 7
;
{
hd p)
i /
I 1
! ’
0.2+ 7
| +
I i
| I
| 1)
0 f
0 2.2 4.4 6.6 8.8 i1
Development Time/Stage
Alpha=0.677618, R=0.909342

3. The next figure shows the number of months of testing required to achieve a reliability goal

of 90%.
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@ ocp @ X

Reliability Data Example‘\Datal

t(Reliability=... 68.155128 mon

Time Given: Reliability mon No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Reliabili Reliabil 0.9
Probability tr slabiity

Prab. of Failure

Time Given: L]
Time {mon)
Reliability

Repart
Calculate
Close

4. The figure below displays the reliability achieved after 30 months of testing.
@ acp @ x

\-Reliabilty Data Example’Datal

Reliability(t... 0.887355

Reliability mon No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Reliabil - Ti 30
Probability i ime {mon)

Prob. of Failure
Time Given:

Time {morn)
Relizbility

Calculate

Use MLE to find the Lloyd-Lipow model that represents the data in the following table, and
plot it along with the 95% 2-sided confidence bounds. Does the model follow the data?
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Solution

Sequential Data

Run Number Result
1 F
2 F
3 S
4 S
5 S
6 F
7 S
8 F
9 F
10 S
11 S
12 S
13 F
14 S
15 S
16 S
17 S
18 S
19 S
20 S
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The two figures below demonstrate the solution. As can be seen from the Reliability vs. Time
plot with 95% 2-sided confidence bounds, the model does not seem to follow the data. You may

want to consider another model for this data set.

kel 5-Sequential Data Example - O %
A0 -t v ~| kg Main >

Success/Failure Comments Growth Data
A p—

Bn
) E | |oy | Model Om
< F Lloyd-Lipow
: 5 ace
4 5 L Developmental
3 5 Sequential
6 F MLE | FM
7 5
8 F [ Resuts |
9 F Parameters I_,,J
10 5 Alpha 0.287017
11 5 R 0.617524
12 5 Other
13 F Termination Trial: 20
14 5
15 5
16 5
17 5
13 5
19 5
[z74 Alter ap Mode
20 5 =30 Parameters “C Processing
21
22 L
— mmman

Datal kd iz = @ m
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Reliability vs. Time
1 Y Reliability vs. Time
5 CB@I0% 2-Sided[F
Datal
N\ Llogd-Lipr
Y MLE FM
L T. Trial= 20
-~ » Reliability Points
= S =¥ Termination Line
bl T S S S _— e e = — Reliability Line
0.8 — Top CB Type 11
-2 — Bottom CB Type IT
W»
L
[ ]
»
L
0.6 L B
/——_ll ®
Zz * e
o . ] . ®
]
o L 4
f———f 7 | T - - O = === ==
j - -
-
-~
”
/’,
0.2 f
: f
/
}
f
i
0+—o—e !
0 12 18 24 30
Trials
Alpha=0.287017, R=0.617624

Use least squares to find the Lloyd-Lipow model that represents the data in the following table.
This data set includes information about the failure mode that was responsible for each failure,
so that the probability of each failure mode recurring is taken into account in the analysis.

Sequential with Mode Data

Run Number Result Mode
1 S
2 F 1
3 F 2
4 F 3
5 S
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6 S
7 S
8 F 3
9 F 2
10 S
11 F 2
12 S
13 S
14 S
15 S

Solution

The following figure shows the analysis.

Q 6-Sequential Data with Failure Modes Example — ] *
29 -|: vy - Ea Main ¥

Success/Faiure Failure Mode Comments Growth Data
F E .,

En
) S | oy | Model O m
2 F 1 wd-Lipow
: Lloyd-Lipow
4 F 3 L Developmental
5 =] Sequential with Mode
& 5 Ls | FM
7 =]
s F 3 [ Resuts |
a F 2 Parameters ':J
10 S Alpha 0.556982
11 F 2 R 0.822321
12 5 Other
13 s Termination Trial: 15
14 S
15 =)
16
[z7+ Alter ap Mode
17 *31 Parameters =& Processing
18
19 -
— s

Datal W B E O m
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Gompertz Models

This chapter discusses the two Gompertz models that are used in Weibull++: the standard Gom-

pertz and the modified Gompertz.

The Standard Gompertz Model

The Gompertz reliability growth model is often used when analyzing reliability data. It is most
applicable when the data set follows a smooth curve, as shown in the plot below.

ReliaSoft RGA - [Foliol] - v ReliaSoft

Reliability vs. Time

0.8000

0.6000
[ ]

Reliability

0.4000

0.2000

2.0000

4.0000 6.0000 8.0000

Development Time/Stage (Hr)

=05232, b >

The Gompertz model is mathematically given by Virene [1]:

R =abt®

where:

0<a<l

0<b<1

* 0<ce<l1

e T>0

R — the system's reliability at development time, launch number or stage number, 7
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e . — the upper limit that the reliability approaches asymptotically as 7 _s o , Or the max-
imum reliability that can be attained

* qb— Initial reliability at 77 — g

e .— the growth pattern indicator (small values of , indicate rapid early reliability growth
and large values of . indicate slow reliability growth)

As it can be seen from the mathematical definition, the Gompertz model is a 3-parameter model
with the parameters ,,3 and .. The solution for the parameters, given 7; and R; , is accom-
plished by fitting the best possible line through the data points. Many methods are available; all
of which tend to be numerically intensive. When analyzing reliability data in the Weibull++ soft-
ware, you have the option to enter the reliability values in percent or in decimal format.
However, , will always be returned in decimal format and not in percent. The estimated para-
meters in the Weibull++ software are unitless. The next section presents an overview and back-
ground on some of the most commonly used algorithms/methods for obtaining these parameters.

LINEAR REGRESSION

The method of least squares requires that a straight line be fitted to a set of data points. If the
regression is on y , then the sum of the squares of the vertical deviations from the points to the
line is minimized. If the regression is on x, the line is fitted to a set of data points such that the
sum of the squares of the horizontal deviations from the points to the line is minimized. To illus-
trate the method, this section presents a regression on y-. Consider the linear model given by
Seber and Wild [2]:

Y, = BO =+ BlXil + Bin2+- .. +BpXip

or in matrix form where bold letters indicate matrices:

Y = X3
where:
Y;
Y,
v=|"
Yn
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1 Xy -0 Xy

1 X2,1 Xz,p
X =

1 Xyi - Xnp

and:

Bo

By
B=| .

By

The vector 8 holds the values of the parameters. Now let 8 be the estimates of these para-
meters, or the regression coefficients. The vector of estimated regression coefficients is denoted

by:

0

1

®)
Il
. ) ™)

B,
Solving for B in the matrix form of the equation requires the analyst to left multiply both sides
by the transpose of x, xT, or :

Y = X8
(XTX)B = XTy

Now the term (X7 X) becomes a square and invertible matrix. Then taking it to the other side of
the equation gives:

B=(X*X)'xTy
NON-LINEAR REGRESSION

Non-linear regression is similar to linear regression, except that a curve is fitted to the data set
instead of a straight line. Just as in the linear scenario, the sum of the squares of the horizontal
and vertical distances between the line and the points are to be minimized. In the case of the
non-linear Gompertz model R — b , let:

Y; = f(T3,6) = ab”

where:
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I
T
11'; = . y = 172) 7N
Tn
and:
a
d=1b
c

The Gauss-Newton method can be used to solve for the parameters ,,  and ., by performing a
Taylor series expansion on f(T;,d). Then approximate the non-linear model with linear terms
and employ ordinary least squares to estimate the parameters. This procedure is performed in an
iterative manner and it generally leads to a solution of the non-linear problem.

This procedure starts by using initial estimates of the parameters 4, p and ., denoted as g§°’,g§°’

and g;(;o), where (0) is the iteration number. The Taylor series expansion approximates the mean

response, f(Ti,6), around the starting values, g§°),g§°) and ggo). For the jt¢ observation:

p
i) o) ~ 79 © E |: 6f(ﬂ ,_6) :| O — )
f(T ) f(T g ) + s a(sk 5=g(0) ( k gk )

where:
4
g = | g
o
Let:

fq,(O) :f(Tz,g(O))
V,(CO) =(6k _ gg)))
p® :[6f(11-,6)]
by, §=g®©

So the equation Y; = f(T3,0) = ab® becomes:

p
s 104 3
k=1
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or by shifting ffo) to the left of the equation:

YO ~ Z DO

k=1

In matrix form this is given by:

v © ~ p©,0)

Y —
Y-

| YN

& (OT (0)g§

(0) (0)9
(0) (0)9

(0) (O)g“’”’N

— 99

0)Ty
2

1_) O (0)g™

2

) (O)TN (o)g(o)TN

9

where:
Yi- £
(0)
yo_ |25
f(O)
(0 0 0
) Dfy DY
0 0 0
R
DO —
0 0 0
| DYy Dy Dy
(0) (O)Tl
g™
(0) (O)TN
and:
o
b0 = | O
i

0T ]

(0)Tp

0007
(0) 93 (011 ln(g(o))T g( )9

0T
(0) g(O)Tz In(g (0)) (0)9

(0)
(0)

O 11 g (0)) g™

1

1

Note that the equation y©® ~ p©,0) is in the form of the general linear regression model given

in the Linear Regression section. Therefore, the estimate of the parameters () is given by:

50 _ ( DOF D(e)) ~ DOy ©

The revised estimated regression coefficients in matrix form are:
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g0 = 4O 450

The least squares criterion measure, @, should be checked to examine whether the revised
regression coefficients will lead to a reasonable result. According to the Least Squares Principle,
the solution to the values of the parameters are those values that minimize @ . With the starting

coefficients, ¢ , Q is:

Q¥ =3 [t - 5 (2:,99)]
i=1

And with the coefficients at the end of the first iteration, g , Q is:

QW =3 [t - 7 (z,g)]"
i=1

For the Gauss-Newton method to work properly and to satisfy the Least Squares Principle, the
relationship Q%" < Q® has to hold for all g, meaning that g*+V) gives a better estimate than
¢® . The problem is not yet completely solved. Now g are the starting values, producing a

new set of values g® . The process is continued until the following relationship has been sat-
isfied:

QLY _Q¥ ~o

When using the Gauss-Newton method or some other estimation procedure, it is advisable to try
several sets of starting values to make sure that the solution gives relatively consistent results.

CHOICE OF INITIAL VALUES

The choice of the starting values for the nonlinear regression is not an easy task. A poor choice
may result in a lengthy computation with many iterations. It may also lead to divergence, or to a
convergence due to a local minimum. Therefore, good initial values will result in fast com-
putations with few iterations, and if multiple minima exist, it will lead to a solution that is a min-
imum.

Various methods were developed for obtaining valid initial values for the regression parameters.
The following procedure is described by Virene [1] in estimating the Gompertz parameters. This
procedure is rather simple. It will be used to get the starting values for the Gauss-Newton
method, or for any other method that requires initial values. Some analysts use this method to
calculate the parameters when the data set is divisible into three groups of equal size. However,
if the data set is not equally divisible, it can still provide good initial estimates.
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Consider the case where ,,, observations are available in the form shown next. Each reliability

value, R; , is measured at the specified times, 7; .

T; R;
Ty Ry
T Ry
T Ry
Tn1 Rpa

where:

* m=3n,, Is equal to the number of items in each equally sized group

o T, —T, 1 = const
e 1=0,1,...,m—1

The Gompertz reliability equation is given by:

R=ab"
and:
In(R) = In(a) + ¢’ In(b)
Define:
n—1 n—1
= Z In(R;) = nin(a) + In(b) Z ck
i =0
2n—1 2n—1
Z In(R;) = nin(a) + In(b) Z &
Zln (R;) = nin(a) + In(b Zc
i=2n i=2n
Then:

Ss—8 _ Yigam—1ch -yt

S =8 iy ¢F

S3—5 _ r Yign—1ch _CTE o
S=5 ™ aynia

S3— S8y _ - Ton — IHT

S-S -1
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Without loss of generality, take Tu, =0 ; then:

S3— Sy _ ol
Sy —S1

Solving for . yields:

(5= wT
“\5 =5

Considering the definitions for §; and g, , given above, then:

n—1
S1 —n - In(a) =1n(b)Z ch
=0
2n—1
S2 —n - In(a) =In(b) Z ck

or:

S —n-ln(a) 1

Sy —n-ln(a) I

Reordering the equation yields:

1 Sy — 5
In(a) = (5'1 + 12_ c"'; )

1 S2—51
a =e|:n (Sl+ 1—c* )]

If the reliability values are in percent then , needs to be divided by 100 to return the estimate in

decimal format. Consider the definitions for g, and S, again, where:

n—

1
S1 — In(b) Z & = nin(a)
=0
2n—1
S2 — In(b) Z cf = nin(a)

1 —In(b) 31 *
Sy —In(B) T, cF
n—1 2n—1
S1—in(b) Y cF =8 —inb) ) "
=0

i=n

=1

Reordering the equation above yields:
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1n(b) — (S2 - Sl)(c[ 2_ 1)
(1— )

[(sz—sl)(cl—1) ]
=€

(1—cT)?

Therefore, for the special case where y — 1, the parameters are:

(Ss_sz)l
S1
%(Sﬁ lc,. )}
(S

—81)(c— 1)]
(1-eny?

Cc

=]
I

!
pmel

To estimate the values of the parameters a,b and ., do the following:

1. Arrange the currently available data in terms of 7 and g as in the table below. The 7 val-
ues should be chosen at equal intervals and increasing in value by 1, such as one month, one

hour, etc.
Design and Development Time vs. Demonstrated Reliability Data for a
Device
Group Number | Growth Time 77 (months) | Reliability i (%) InR

0 58 4.060

1 1 66 4.190
S, =8.250

2 72.5 4.284

2 3 78 4.357
S, = 8.641

4 82 4.407

3 5 85 4.443
S5 = 8.850

2. Calculate the natural log g .
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3. Divide the column of values for log g into three groups of equal size, each containing ,,
items. There should always be three groups. Each group should always have the same num-
ber, ,, , of items, measurements or values.

4. Add the values of the natural log g in each group, obtaining the sums identified as §; , S,
and g , starting with the lowest values of the natural log .

5. Calculate , using the following equation:

1
S3— S\ »
CcC =
S2 — 51

6. Calculate , using the following equation:

(5055
w\S+am
a:e[n l—c®

7. Calculate j using the following equation:

e

8. Write the Gompertz reliability growth equation.

9. Substitute the value of 7, the time at which the reliability goal is to be achieved, to see if
the reliability is indeed to be attained or exceeded by 7.

The approximate reliability confidence bounds under the Gompertz model can be obtained with
non-linear regression. Additionally, the reliability is always between 0 and 1. In order to keep
the endpoints of the confidence interval, the logit transformation is used to obtain the con-
fidence bounds on reliability.

A

CB = — _ By —
R; + (1 — R;)etwtn/[Ri(1-Ry)]
52— SSE
n—p

where p is the total number of groups (in this case 3) and ,, is the total number of items in each
group.
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A device is required to have a reliability of 92% at the end of a 12-month design and devel-

opment period. The following table gives the data obtained for the first five moths.

1. What will the reliability be at the end of this 12-month period?

2. What will the maximum achievable reliability be if the reliability program plan pursued dur-
ing the first 5 months is continued?

3. How do the predicted reliability values compare with the actual values?

Design and Development Time vs. Demonstrated Reliability Data for a

Device
Group Number | Growth Time 77 (months) | Reliability g (%) InR

0 58 4.060

1 1 66 4.190
S, =8.250

2 72.5 4.284

2 3 78 4.357
S, = 8.641

4 82 4.407

3 5 85 4.443
S; = 8.850

Solution

After generating the table above and calculating the last column to find §, , §, and S5, proceed

as follows:

a. Solve for the value of .:

B ( 8.850 — 8.641

=0.731

8.641 — 8.250

)%
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b. Solve for the value of  :

e [(3 (8250+ 32221 )]
_ 545
=94.16%

This is the upper limit for the reliability as 7 _y o .
c. Solve for the value ofp:
(8.641-8.250)(0.731—1)
b —e (1-0.7312)°

—(—0.485)
=0.615

Now, that the initial values have been determined, the Gauss-Newton method can be used.
Therefore, substituting ¥; = R;, g = 94.16,4 = 0.615,4) = 0.731,y©® , DO ,© become:

[ 0.0916 ]|
0.0015
—0.1190
0.1250
0.0439

| —0.0743 |

[0.6150 94.1600  0.0000 |
0.7009 78.4470 —32.0841
0.7712 63.0971 —51.6122
0.8270 49.4623 —60.6888
0.8704 38.0519 —62.2513

| 0.9035 28.8742 —59.0463 |

YO —

DO —

(©)
9 94.16
VO = [0 | = [0.615

g§0) 0.731

The estimate of the parameters (0 is given by:

b ( DO D(c))‘l DO O

0.061575
= | 0.000222
0.001123

The revised estimated regression coefficients in matrix form are:
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g® = 4O 4 50

[94.16 0.061575
= |0.615 | + | 0.000222
[ 0.731 0.001123
[94.2216
= | 0.6152
| 0.7321

If the Gauss-Newton method works effectively, then the relationship Q**Y < Q® has to hold,

meaning that g*+1 gives better estimates than g® , after . With the starting coefficients, g© ,

Q is:

N 2

Q=Y [%-1(Tg")]

i=1

= 0.045622
And with the coefficients at the end of the first iteration, g , Q is:

N

Q' =X [~ (1,g)]

i=1

= 0.041439

Therefore, it can be justified that the Gauss-Newton method works in the right direction. The
iterations are continued until the relationship Q©*~ — Q®) ~ 0 is satisfied. Note that the
Weibull++ software uses a different analysis method called the Levenberg-Marquardt. This
method utilizes the best features of the Gauss-Newton method and the method of the steepest
descent, and occupies a middle ground between these two methods. The estimated parameters
using Weibull++ are shown in the figure below.
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Q 1-Standard Gompertz for Reliability Data - O x
A29 Mk ~| kd Main »
Time/Stage (hr) Reliability Comments Growth Data
4 p—
(0]
1 0 58 «|loy| | Model i I
3 2 72.5 Lté
4 3 78 b Developmental
5 4 82 Reliability
& 3 85 L5 LSE
7 Percentage
; | Resuts |
9
10 Parameters l-.:,]
11 a 0.942216
12 b 0.615221
13 c 0.732121
14 Other
15 Termination Time (hr): 5.000000
16
17
13
19 [Z7e  Alter a Mode
#3231 parameters €€ Processing
20 ¢4 Change
21 =Sl Units
22
23 -
— ELLILE
Datal kel i3 = © m
They are:
a= 0.9422
b= 0.6152
¢ = 0.7321

The Gompertz reliability growth curve is:

1.

R = 0.9422(0.6152)*™2""

The achievable reliability at the end of the 12-month period of design and development is:

R =0.9422(0.6152)*™!  —0.9314

The required reliability is 92%. Consequently, from the previous result, this requirement
will be barely met. Every effort should therefore be expended to implement the reliability
program plan fully, and perhaps augment it slightly to assure that the reliability goal will be

met.

The maximum achievable reliability from Step 2, or from the value of , is 0.9422.

The predicted reliability values, as calculated from the standard Gompertz model, are com-
pared with the actual data in the table below. It may be seen in the table that the Gompertz
curve appears to provide a very good fit for the data used because the equation reproduces
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the available data with less than 1% error. The standard Gompertz model is plotted in the
figure below the table. The plot identifies the type of reliability growth curve that the equa-

tion represents.
Comparison of the Predicted Reliabilities with the Actual Data

Growth Time 7 (months) | Gompertz Reliability (%) | Raw Data Reliability (%)
0 57.97 58.00
1 66.02 66.00
2 72.62 72.50
3 77.87 78.00
4 81.95 82.00
5 85.07 85.00
6 87.43
7 89.20
8 90.52
9 91.50
10 92.22
11 92.75
12 93.14
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Reliability vs. Time

1 Reliability vs. Time
Datal
Standard Gompertz
LS LSE
T. Time (hr)= 5.000000
# Reliability Points
'___,__._.-———"—' =*- Termination Line
/.—-—1 — Reliability Line
v /
06 /
*
=
=]
s
K|
o
0.4
0.2
0
0 1.2 2.4 3.6 4.8 6

Development Time/Stage

a=0.942216, b=0.615221, c=0.732121

Calculate the parameters of the Gompertz model using the sequential data in the following table.

Sequential Data
Run Number Result Successes Observed Reliability (%)
1 F 0
2 F 0
3 F 0
4 S 1 25.00
5 F 1 20.00
6 F 1 16.67
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7 S 2 28.57
8 S 3 37.50
9 S 4 44.44
10 S 5 50.00
11 S 6 54.55
12 S 7 58.33
13 S 8 61.54
14 S 9 64.29
15 S 10 66.67
16 S 11 68.75
17 F 11 64.71
18 S 12 66.67
19 F 12 63.16
20 S 13 65.00
21 S 14 66.67
22 S 15 68.18

Solution

Using Weibull++, the parameter estimates are shown in the following figure.
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B 2-5tandard Gompertz for Sequential Data — [m] »
A42 dE ~| kg Main »
Success/Faiure Comments Growth Data
A - .
3]

1 = x| |y | Model Oom
2 F Standard Gom

A 5 pertz
4 5 L Developmental
5 F Sequential
& F Ls | LsE
7 5
s 5 [ Resuls
g S Parameters I_J
10 s a 0.697606
1 E b 0,194345
12 5 c 0.773139
13 5 Other
14 s Termination Trial: 22
15 S
16 S
17 F
18 S
19 F
20 5
21 S
22 S

[z7e Alter a Mode
23 ®31 Parameters =& Processing
24
25 L
— ELLILE

Datail kdl E = © m

For many kinds of equipment, especially missiles and space systems, only success/failure data
(also called discrete or attribute data) is obtained. Conservatively, the cumulative reliability can
be used to estimate the trend of reliability growth. The cumulative reliability is given by
Kececioglu [3]:

N-—-7r
N

R(N) =
where:

e n is the current number of trials
e , 1is the number of failures

It must be emphasized that the instantaneous reliability of the developed equipment is increas-
ing as the test-analyze-fix-and-test process continues. In addition, the instantaneous reliability is
higher than the cumulative reliability. Therefore, the reliability growth curve based on the cumu-
lative reliability can be thought of as the lower bound of the true reliability growth curve.
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The Modified Gompertz Model

Sometimes, reliability growth data with an S-shaped trend cannot be described accurately by the
Standard Gompertz or Logistic curves. Because these two models have fixed values of reli-
ability at the inflection points, only a few reliability growth data sets following an S-shaped reli-
ability growth curve can be fitted to them. A modification of the Gompertz curve, which
overcomes this shortcoming, is given next [5].

If we apply a shift in the vertical coordinate, then the Gompertz model is defined by:

R=d+ab”
where:
e 0<a+d<1
e 0<b<1l,0<c<l,andT >0

e g is the system's reliability at development time 7 or at launch number 7, or stage number
T

* 4 is the shift parameter
* d+ q 1is the upper limit that the reliability approaches asymptotically as 7 _y o
* d+ ab 1s the initial reliability at 7 — g

e . is the growth pattern indicator (small values of , indicate rapid early reliability growth
and large values of . indicate slow reliability growth)

The modified Gompertz model is more flexible than the original, especially when fitting growth
data with S-shaped trends.

To implement the modified Gompertz growth model, initial values of the parameters 4, 3, . and
4 must be determined. When analyzing reliability data in Weibull++, you have the option to
enter the reliability values in percent or in decimal format. However, , and 4 will always be
returned in decimal format and not in percent. The estimated parameters in W eibull++are unit-
less.

Given that R = d + ab® and In(R — d) = In(a) + ¢T In(b) , it follows that S; , S, and Ss, as defined
in the derivation of the Standard Gompertz model, can be expressed as functions of 4.
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n—1 n—1
Si1(d) =) _ In(R; — d) =nln(a) +In(b)) _ "

=0 =0

2n—1 2m—

1
S2(d) =Z In(R; — d) = nln(a) + In(b) Z T

Ss(d) =ni In(R; — d) = nln(a) + ln(b)"i T

i=2n =2n

Modifying the equations for estimating parameters ., 4 , p, as functions of g, yields:

1
[5(d) - Sa(d)] T
() = [sz @& (d)]

() o7 (0 )|

l [52(d)~51.(d)) [[e(d))" 1] l
b(d) el @]

where g is the time interval increment. At this point, you can use the initial constraint of:

d + ab = original level of reliability at T'= 0

Now there are four unknowns, 4,3, . and 4, and four corresponding equations. The sim-
ultaneous solution of these equations yields the four initial values for the parameters of the mod-
ified Gompertz model. This procedure is similar to the one discussed before. It starts by using

initial estimates of the parameters, 4, b, ¢ and 4, denoted as gi"’,g&"’, §°), and yio), where (@ is

the iteration number.

The Taylor series expansion approximates the mean response, f(T;,d) , around the starting val-

ues, g§°),g§°’ ) 9;0) and 9,(40) . For the t* observation:

L. [0f(T;,6) 0
. 8) = f(T3, 4O 2[7] (6s— g
f(T ) f(T g )+ | aak 5=g(0) ( k gk )

where:

o
©)
© _ |92
9= o
93
o

Let:
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£ =f(T;,4")
V=@ —gy))
[3f(511-, 9)

DO _ ]
ik 65}: 5=g®

Therefore:
yom Z DO,O
or by shifting f,~(0) to the left of the equation:
Yi(ﬂ) (0) Z D(O) (0)

In matrix form, this is given by:

y© ~ p©,0)

where:
~f0] [ t-d +dl
Yy — : =
(0)
f Yy — 9510)
(0 0 0 0
b b pY b
D(O) _

0 0 0 0
| DY), DY), DY) DY)
[ @ & (om0

ggo) 3 2
0P 6O ()T (0)g®™
( )% (0) 9:(3) Ngg )% (0) 9

(0)
(0)
S0 _ |92
o (0)
g3
(0)

9

(0) (0)9

o (O)g“”TN

(0) 93

(0)Tw In ( (0) )T

(0) 0)Ty

(0)T;
(0)9 N 1
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The same reasoning as before is followed here, and the estimate of the parameters (9 is given
by:

50 _ ( pOF Dm)) ! DOy ©
The revised estimated regression coefficients in matrix form are:
oD = g© 4 5O

To see if the revised regression coefficients will lead to a reasonable result, the least squares cri-
terion measure, @, should be checked. According to the Least Squares Principle, the solution to
the values of the parameters are those values that minimize @ . With the starting coefficients,

g9, Q is:

QY = fj (¥ - £z, 69))"

i=1

With the coefficients at the end of the first iteration, g , Q is:

N 2
QW =" (¥ - £(Ti, g))
=1
For the Gauss-Newton method to work properly, and to satisfy the Least Squares Principle, the
relationship Q¥ < Q® has to hold for all g, meaning that g*+V) gives a better estimate than
¢® . The problem is not yet completely solved. Now g are the starting values, producing a

new set of values ¢®. The process is continued until the following relationship has been sat-
isfied.

QLY _Q¥ ~o

As mentioned previously, when using the Gauss-Newton method or some other estimation pro-
cedure, it is advisable to try several sets of starting values to make sure that the solution gives
relatively consistent results. Note that Weibull++ uses a different analysis method called the
Levenberg-Marquardt. This method utilizes the best features of the Gauss-Newton method and
the method of the steepest descent, and occupies a middle ground between these two methods.

The approximate reliability confidence bounds under the modified Gompertz model can be
obtained using non-linear regression. Additionally, the reliability is always between 0 and 1. In
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order to keep the endpoints of the confidence interval, the logit transformation can be used to
obtain the confidence bounds on reliability.

CB

A

R;

_ SSE
-

6_2

= Rz + (1 _ Ri)e:l:zaé'R/[R"(l_Ri)]

where p is the total number of groups (in this case 4) and ,, is the total number of items in each

group.

A reliability growth data set is given in columns 1 and 2 of the following table. Find the mod-
ified Gompertz curve that represents the data and plot it comparatively with the raw data.

Development Time vs. Observed Reliability Data and Predicted Reliabilities

Time Raw Data Gompertz Logistic Modified Gompertz
(months) Reliability (%) Reliability (%) Reliability (%) Reliability (%)
0 31.00 25.17 22.70 31.18
1 35.50 38.33 38.10 35.08
2 49.30 51.35 56.40 49.92
3 70.10 62.92 73.00 69.23
4 83.00 72.47 85.00 83.72
5 92.20 79.94 93.20 92.06
6 96.40 85.59 96.10 96.29
7 98.60 89.75 98.10 98.32
8 99.00 92.76 99.10 99.27

Solution

To determine the parameters of the modified Gompertz curve, use:
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S1(d) =
S2(d) =

Ssd)= D In(Ro —d)
_ [ S3(d) — Sa(d) 3
e(d) = [_52 @ -5 (d)]

atd) = o3 (O 0]

(5:()-S,(A)(eld)-1)
bd) =el  [@r]

and:

Ry = d + a(d) - b(d)

for Ry = 31%, the equation above may be rewritten as:
d—31+a(d)-b(d) =0

The equations for parameters ., , and j can now be solved simultaneously. One method for
solving these equations numerically is to substitute different values of 4, which must be less
than R, , into the last equation shown above, and plot the results along the y-axis with the value
of 4 along the x-axis. The value of g4 can then be read from the x-intercept. This can be
repeated for greater accuracy using smaller and smaller increments of g. Once the desired accur-
acy on g has been achieved, the value of g can then be used to solve for ,, 3 and .. For this
case, the initial estimates of the parameters are:

@ =69.324

b =0.002524
é =0.46012
d =30.825

Now, since the initial values have been determined, the Gauss-Newton method can be used.
Therefore, substituting ¥; = Ri, g\ = 69.324, ¢ = 0.002524, ¢ = 0.46012, and " = 30.825
Y@, DO 0 become:
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[ 0.000026 ]
0.253873
—1.062940
0.565690
Y@ = | —0.845260
0.096737
0.076450
0.238155

| —0.320890 |

[0.002524 69.3240  0.0000 1
0.063775 805.962 —26.4468 1
0.281835 1638.82 —107.552 1
0.558383 1493.96 —147.068 1
DO — | 0.764818 941.536 —123.582 1
0.883940 500.694 —82.1487 1
0.944818 246.246 —48.4818 1
0.974220 116.829 —26.8352 1

1

| 0.988055 54.5185 —14.3117

(0)
9 69.324
Lo _ |9 | _ [0.002524
9(0) 0.46012
3
©) 30.825
94

The estimate of the parameters (0 is given by:

50 _ ( DO” D(O)) ! D7y
—0.275569
—0.000549
—0.003202
0.209458

The revised estimated regression coefficients in matrix form are given by:
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o0 =g® 1 5O

[ 69.324 —0.275569
_ | 0002524 | —0.000549
0.46012 —0.003202
| 30.825 0.209458
[69.0484
_ | 0.00198
~10.45692
| 31.0345

With the starting coefficients ¢©@ , Q is:

QO :i (v - f(11~,.q(°)))2

=1

=2.403672

With the coefficients at the end of the first iteration, g , Q is:

QW =3 [¥i - £ (2 g®)]
i=1
=2.073964

Therefore:

Q(l) < Q(O)

Hence, the Gauss-Newton method works in the right direction. The iterations are continued until
the relationship of Q¢ — Q®) ~ 0 has been satisfied. Using Weibull++RGA, the estimators of
the parameters are:

@ =0.6904
b =0.0020
& =0.4567
d =0.3104

Therefore, the modified Gompertz model is:

R = 0.3104 + (0.6904)(0.0020)>4%"

Using this equation, the predicted reliability is plotted in the following figure along with the raw
data. As you can see, the modified Gompertz curve represents the data very well.
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Reliability vs. Time
1 ———— Reliability vs. Time
/./_’.— Datal
Madified Gompertz
LS LSB
T. Time {mon}= 8.000000
» Reliability Points

=% Termination Line
— Reliability Lina

0.6

Reliability

0.2

0 1.8 3.6 5.4 7.2 9
Development Time/Stage

a=0.690331, b=0.001954, c=0.456657, d=0.31042%

More Examples

A new design is put through a reliability growth test. The requirement is that after the ninth
stage the design will exhibit an 85% reliability with a 90% confidence level. Given the data in
the following table, do the following:

1. Estimate the parameters of the standard Gompertz model.
2. What is the initial reliability at 7 — g ?

3. Determine the reliability at the end of the ninth stage and check to see whether the goal has
been met.

Grouped per Configuration Data

Stage Number of Units | Number of Failures

1 10 5
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2 8 3
3 9 3
4 9 2
5 10 2
6 10 1
7 10 1
8 10 1
9 10 1

Solution

1. The data is entered in cumulative format and the estimated standard Gompertz parameters

are shown in the following figure.

Q 3-5tandard Gompertz for Grouped per Configuration Data - m} x
A3l - | ~| @ mMain >
Number Number
: : Comments Growth Data

P of Trials of Failures e
1 10 5 s||oy | Medel Om
2 18 8 Standard Gom

‘ 5 pertz
3 27 11 Im%
4 36 13 L& Developmental
5 46 15 Grouped per Configuration
3 56 16 LS LSB
7 66 17 Cumulative
El 86 19
10 Parameters l_;‘
11 a 0.949724
12 b 0.524354
13 C 0.683710
14 Other
15 Termination Time: 9
16
7 [7e Alter i Mode
18 =31 Parameters =& Processing
19
ZD v

—

Datal D E E €& m

2. The initial reliability at 7 — ¢ 1s equal to:

RT=0 =a-b
=0.9497 - 0.5249
=0.4985
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3. The reliability at the ninth stage can be calculated using the Quick Calculation Pad (QCP)
as shown in the figure below.

@ ocp ® X
\3-Standard Gompertz for Grouped per Configuration Data®\Datal
Upper Bound (0.9) 1.000000
Reliability (t=9) 0.949724
Lower Bound (0.1) 0.852004
Reliability 15-Both Captions On
Units Bounds - Options -
Calculate Input
Probabilty Reliabil'rty. u Trial 9
Prob. of Failure Confidence Level 0.9
Stage Given:

Trial

Reliability

Calculate

The estimated reliability at the end of the ninth stage is equal to 94.97%. However, the
lower limit at the 90% 1-sided confidence bound is equal to 85.2%. Therefore, the required
goal of 85% reliability at a 90% confidence level has been met.

Using the data in the following table, determine whether the standard Gompertz or modified
Gompertz would be better suited for analyzing the given data.

Reliability Data
Stage Reliability (%)
0 36
1 38
2 46
3 58
4 71
5 80
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6 86
7 88
8 90
9 91

Solution
The standard Gompertz Reliability vs. Time plot is shown next.

Reliability vs. Time

Reliability vs. Time

Standard Gompert
andal mpe
| — & I_*'.Br ompertz
r—f-"';l T. Time ghr}= 9.000000
# Reliability Points
s = Termination Line
— Reliability Line
0.8 o
'/
N /
/ .
/.
0.4
]
/

0.2

Reliability

0 2 4 6 10
Development Time/Stage

a=0.999584, b=0.289607, c=0.732756
The standard Gompertz seems to do a fairly good job of modeling the data. However, it appears
that it is having difficulty modeling the S-shape of the data. The modified Gompertz Reliability
vs. Time plot is shown next. As expected, the modified Gompertz does a much better job of
handling the S-shape presented by the data and provides a better fit for this data.
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Reliability vs. Time

Reliability vs. Time

Data2
Modified Gompertz
LS LSB

T. Time (hr}= 9.000000
= L Rellaglllt Points
=== Termination Line
— Reliability Line
0.8 /
) /

0-40——/

Reliability

0.2

0 2 4 6 8 10
Development Time/Stage

a=0.558430, b=0.001257, c=0.515852, d=0.360975

Logistic
The Logistic reliability growth model has an S-shaped curve and is given by Kececioglu [3]:

1

E= 1+ be— R’

b>0,k>0,T~0

where 3 and j, are parameters. Similar to the analysis given for the Gompertz curve, the fol-
lowing may be concluded:

1. The point of inflection is given by:

2. Whenyp s 1, then T} > 0 and an S-shaped curve will be generated. However, when 9 < 5 < 1
, then T, < 0 and the Logistic reliability growth model will not be described by an S-shaped
curve.

3. The value of g is equal to 0.5 at the inflection point.
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Parameter Estimation

In this section, we will demonstrate the parameter estimation method for the Logistic model
using three examples for different types of data.

Example: Logistic for Reliability Data

Using the reliability growth data given in the table below, do the following:

1.

Find a Gompertz curve that represents the data and plot it with the raw data.

2. Find a Logistic reliability growth curve that represents the data and plot it with the raw data.

Development Time vs. Observed Reliability data and Predicted Reliabilities

Time, Raw Data Reliability Gompertz Reliability Logistic Reliability
months (%) (%) (%)
0 31.00 24.85 22.73
1 35.50 38.48 38.14
2 49.30 51.95 56.37
3 70.10 63.82 73.02
4 83.00 73.49 85.01
5 92.20 80.95 92.24
6 96.40 86.51 96.14
7 98.60 90.54 98.12
8 99.00 93.41 99.09
Solution

1.

The figure below shows the entered data and the estimated parameters using the standard
Gompertz model.
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Q 1-Logistic for Reliability Data - m} *
A30 - i v - Ea Main »
. Time/Stage (mon) Reliability Comments Growth Data
e
t 0 31 i|lop|| Model Om
3 2 40.3 ace
4 3 70.1 \ Developmental
5 4 83 Reliability
[} 3 92.2 LS LSE
7 6 96.4 Percentage
9 8 Q9
10 Parameters m
11 a 1.000000
12 b 0.248502
13 c 0.685347
14 Other
15 Termination Time (mon): 8.000000
15
17
15 27#  Alter ap Mode
®31 Parameters S Processing
19 §
| Change
20 =5 Units
21
22 -
Datail MM EE © m
Therefore:

a= 0.9999

b= 0.2485

¢ = 0.6858

R = (0.9999)(0.2485)"6%¢"

The values of the predicted reliabilities are plotted in the figure below.
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Reliability vs. Time

Y Reliability vs. Time

"] Dataé rd G
standard Gompertz
LS LSB pe

T. Time (mon)= 8.000000
» Reliability Points

=% Termination Ling

— Reliability Lina

*®
0.8 ]

RSP aat
//
J A

Reliability

0.2

0 1.8 3.6 5.4 7.2 9
Development Time/Stage

a=1.000000, b=0.248502, c=0.685847

Notice how the standard Gompertz model is not really capable of handling the S-shaped
characteristics of this data.

2. The least squares estimators of the Logistic growth curve parameters are given by Crow [9]:
where:

YL TY, -N-T-¥

by =
1 ZN_11=0 ;1-;2 —N-T2
by =¥ — b, T
1
39
Y=~Y'1
N’i=0

In this example jy — g, which gives:
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From the equations for b; and &; :

.~ —106.8630 — 9(4)(—1.7355)

._.
Il

204 — 9(4),
= 0.7398
by = —1.7355 — (—0.7398)(4)
=1.2235

And from the least squares estimators for § and :

i‘) =el.2235
=3.3991

k= — (—0.7398)
=0.7398

Therefore, the Logistic reliability growth curve that represents this data set is given by:

1

R = 1 330010 0mmT

The following figure shows the Reliability vs. Time plot. The plot shows that the observed
data set is estimated well by the Logistic reliability growth curve, except in the region
closely surrounding the inflection point of the observed reliability. This problem can be

overcome by using the modified Gompertz model.
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Reliability vs. Time
1 Reliability vs. Time
/.— Data2
Logistic
LS LSB
T. Time (hr)= B.000000
® Reliability Points
=~ Termination Line
— Reliability Line
/
0.8 g
»
0.6
z /
2 / .
T
o
0.4
(]
[
0.2
0
0 1.8 3.6 5.4 7.2 9
Development Time/Stage
b=3.399055, k=0.739751

Example: Logistic for Sequential Success/Failure Data

A prototype was tested under a success/failure pattern. The test consisted of 15 runs. The fol-
lowing table presents the data from the test. Find the Logistic model that best fits the data set,
and plot it along with the reliability observed from the raw data.

Sequential Success/Failure Data with
Observed Reliability Values

Time Result Observed Reliability
0 F 0.5000
1 F 0.3333
2 S 0.5000
3 S 0.6000
4 F 0.5000
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5 S 0.5714
6 S 0.6250
7 S 0.6667
8 S 0.7000
9 F 0.6364
10 S 0.6667
11 S 0.6923
12 S 0.7143
13 S 0.7333

Solution

The first run is ignored because it was a success, and the reliability at that point was 100%. This
failure will be ignored throughout the analysis because it is considered that the test starts when
the reliability is not equal to zero or one. The test essentially begins at time 1, and is now con-
sidered as time 0 with py — 14 . The observed reliability is shown in the last column of the table.
Keep in mind that the observed reliability values still account for the initial suspension.

Therefore:

and:
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Now, from the least squares estimators, the values are:

EN_1i=0TiY3 -N-T-Y

b =
1 ZN_1i=0 T} -N- T
_ —61.69 — 14-6.5 - (—.43163)
N 819.0 — 14 - 6.52
= —0.0985
=Y — 0T
= (—.043163) — (—0.0985) - 6.5
= 0.2087
Therefore:
b —0-2087
=1.2321
k= — (—0.0985)
=0.0985

The Logistic reliability model that best fits the data is given by:

1
R=7 +1.2321. ¢~0.0985T

The following figure shows the Reliability vs. Time plot.
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Reliability vs. Time

Reliability ws. Time
Datal

isfic
s15s
T. Trial= 15
* Reliability Points
=% Termination Ling
— Reliability Lina

Reliability
\.

0.4

0.2

Trials

b=1.232124, k=0.098519

Some equipment underwent testing in different stages. The testing may have been performed in
subsequent days, weeks or months with an unequal number of units tested every day. Each
group was tested and several failures occurred. The data set is given in columns 1 and 2 of the
following table. Find the Logistic model that best fits the data, and plot it along with the reli-
ability observed from the raw data.

Grouped per Configuration Data

Number of Units | Number of Failures T Observed Reliability
10 5 0 0.5000
8 3 1 0.6250
9 3 2 0.6667
9 2 3 0.7778
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10 2 4 0.8000
10 1 5 0.9000
10 1 6 0.9000
10 1 7 0.9000
10 1 8 0.9000
Solution
# of failures

The observed reliability is 1 = “Zofumts and the last column of the table above shows the values
for each group. With y = 9, the least square estimator y becomes:

and:

Y TP =204

8

=0

Y TY; =—68.33
=0

Now from the least squares estimators, b; and by , we have:
Esi=oTiYi -N-T-Y

Esi=0 T} - N- T
_ —68.33 —9-4-(—1.4036)

[« 3%

1 =

204 — 9. 42
= —0.2967
bo =Y — b, T
=(—1.4036) — (—0.2967) - 4.0
= —0.2168

Therefore:
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b —e—0-2168
=0.8051

k=—(-0.2067)
=0.2967

The Logistic reliability model that best fits the data is given by:

1
B = 1108051, comom

The figure below shows the Reliability vs. Time plot.

Reliability vs. Time

1 Reliability vs, Time
b
|1 Logistic
LS LSB
— T. Time= 9
=r- Termination Line
__,..// = Data Intervals
— Reliability Line
0.8 /
0.6 -
z -
=
Rl
o
o
0.4
0.2
0
0 2 4 6 10

Development Time/Stage

b=0.805064, k=0.2965679

Confidence Bounds

Least squares is used to estimate the parameters of the following Logistic model.
In(— — 1) = In(b) — kT,
Ri %

Thus, the confidence bounds on the parameter  are given by:
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b = betr-2a2SE(lnb)

where:

> (1) B
n - S:m: S:c:t -

o=4,/SSE/(n—2)

and the confidence bounds on the parameter g, are:

SE(lnb) =0 -

k = ié + tn—2,a/2 SE(E)
where:

SE(k) = % Sep =

)

i=1

Since the reliability is always between 0 and 1, the logit transformation is used to obtain the con-

fidence bounds on reliability, which is:

A

R;
R; + (1 — R;)exatn/[R:(1-R)]

CB=

For the data given above for the reliability data example, calculate the 2-sided 90% confidence

bounds under the Logistic model for the following:

1. The parameters and g .

2. Reliability at month 5.

Solution
1. The values of § and f that were estimated from the least squares analysis in the reliability
data example are:
b =3.3991
a =0.7398

Thus, the 2-sided 90% confidence bounds on parameter 4 are:
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Blower =2.5547
Bugper =4.5225

The 2-sided 90% confidence bounds on parameter g, are:

Ktower =0.6798
Kupper =0.7997

2. First, calculate the reliability estimation at month 5:

1

1+ beok
=0.9224

Thus, the 2-sided 90% confidence bounds on reliability at month 5 are:

Rs

[Rs]jer =0.8493
[Rs],,,.. =0.9955

upper
The next figure shows a graph of the reliability plotted with 2-sided 90% confidence
bounds.

Reliability vs. Time

Reliability vs. Time
CB@90% 2-Sided[F
Data2
= b = — —| Logistic

L5 LSB
T. Time (hr}= 8.000000
» Reliability Points
=+ Termination Line
_ R:EIiabiIiI:F Ling
— Top CB Epe 11
— EBottom CB Type IT

0.6

Reliability

0 1.8 36 5.4 7.2 9
Development Time/Stage

b=3.399055, k=0.739751
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More Examples

The following table presents the reliabilities observed monthly for an automobile transmission
that was tested for one year.

1. Find a Logistic reliability growth curve that best represents the data.
2. Plot it comparatively with the raw data.
3. If design changes continue to be incorporated and the testing continues, when will the reli-
ability goal of 99% be achieved?
4. If design changes continue to be incorporated and the testing continues, what will be the
attainable reliability at the end of January the following year?
Reliability Data
Month Observed Reliability (%)
June 22
July 26
August 30
September 34
October 45
November 58
December 68
January 79
February 85
March 89
April 92
May 95
Solution
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1. The next figure shows the entered data and the estimated parameters.

Q 4-Auto Transmission Reliability Data — ] b4
A32 -|: v - E[; Main »
Time/Stage (mon) Reliability Comments Growth Data
VFl —
En

1 1 22 a|lop| | Model Li 1
3 3 30 L%P -
4 4 34 . Developmental
5 3 45 Reliability
& & a8 L5 LB
7 7 68 Percentage
; X o e
9 9 85
10 10 a9 Parameters m
11 11 92 b 7.295106
12 12 a5 L 0.4073040
13 Other
14 Termination Time {mon): 12000000
15
15
17 [z7# Alter ayp Mode

=31 Parameters “C Processing
13 —

774 Change
19 =S nits
20
21 A 4
Datal ke i = @ m
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2. The next figure displays the Reliability vs. Time plot.

Reliability vs. Time
1 Reliability vs. Time
/— Datal
Logistic
LS1SB
T. Time (monL: 12.000000
# Reliability Points
=% Termination Lina
— Reliability Line
0.8 [ 74
0.6
L
Z
psl
.0
& o
0.4
L
-
L
0.2 /
0 0 4 12 16 20
Development Time/Stage
b=7.295106, k=0.403040

3. Using the QCP, the next figure displays, in months, when the reliability goal of 99% will be
achieved.
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@ ocp @ X

-Auto Tranemizsion Reliability Datat\Datal

t(Reliability=.... 17.331675 mon

Time Given: Reliability mon No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Reliabili Reliabil .99
Probability tr slabiity

Prab. of Failure

Time Given: L]
Time {mon)
Reliability

Repart

Calculate

4. The last figure shows the reliability at the end of January the following year (i.e., after 20
months of testing and development).
@ ocp @ X

W-Auto Transmizsion Reliability Data®Datal

Reliability(t=... 0.997702

Reliability mon No E e on
Units - Bounds - Options -
Calculate Tnput
Religbili = - -
Probahility fty ime (mon)

Prab. of Failure

Time Given:
Time {mon)
Reliability

Repart

Calculate

The following table presents the results for a missile launch test. The test consisted of 20
attempts. If the missile launched, it was recorded as a success. If not, it was recorded as a
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failure. Note that, at this development stage, the test did not consider whether or not the target
was destroyed.

1. Find a Logistic reliability growth curve that best represents the data.
2. Plot it comparatively with the raw data.

3. If design changes continue to be incorporated and the testing continues, when will the reli-
ability goal of 99.5% with a 90% confidence level be achieved?

4. If design changes continue to be incorporated and the testing continues, what will be the
attainable reliability at the end of the 35th launch?

Sequential Success/Failure

Data
Launch Number Result
1 F
2 F
3 S
4 F
5 F
6 S
7 S
8 S
9 F
10 S
11 F
12 S
13 S
14 S
15 S

PAGE 311



RELIABILITY GROWTH AND REPAIRABLE SYSTEM

DEVELOPMENTAL TESTING

16 S
17 S
18 S
19 S
20 S

Solution

1. The next figure shows the entered data and the estimated parameters.

Q 5-5Sequential Data for Missle Launch Test - O *
A39 - i e - @ Main >
Success/Failure Comments Growth Data
4 p—
gn
1 = o|lay | Meodel O™
3 S % -
4 F Y Developmental
E] F Sequential
] 5 L5 | L5B
7 S
s s
=1 F Parameters I_.J
10 s b 2.633041
1 F k 0.112294
12 5 Other
13 5 Termination Trial: 20
14 S
15 S
16 S
17 5
13 5
19 5 [z7% Alter ay Mode
20 5 ®21 Parameters “C Processing
21
22 hd
— ELLILY
Datal Ea I3 = > |
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2. The next figure displays the Reliability vs. Time plot.

Reliability vs. Time

Reliability vs. Time

T. Trial= 20
» Reliability Points
=% Termination Ling

— Religbility Line

Reliability

0.2

Trials

b=2.639041, k=0.112294

3. The next figure displays the number of launches before the reliability goal of 99.5% will be
achieved with a 90% confidence level.
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@ ocp @ X

-Sequential Data for Missle Launch Test\Datal

Upper Bound (0.9) 71.093639
t(Reliability=... 58.779505
Stage Given: Reliability 15-Upper Captions On
Units Bounds - Options -
Calculate Input
— Reliability Reliability 0.995
Prob. of Failure Confidence Level 0.9
Stage Given: L
Stage
Reliability
Bounds Parameter Bounds
Repart
Calculate

4. The next figure displays the reliability achieved after the 35th launch.

@ acp ® x

B-Sequential Data for Missle Launch Test'Datal

Reliability(t=... 0.932327

Reliability No Bounds Captions On
Units Bounds - Options -
Calculate Input
Rel@biliy - Sta 35
Probability oe

Prob. of Failure

Stage Given:
Stage
Reliability

Report

Calculate

Consider the data given in the previous example. Now suppose that the engineers assigned fail-
ure modes to each failure and that the appropriate corrective actions were taken.

The table below presents the data.
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1. Find the Logistic reliability growth curve that best represents the data.
2. Plot it comparatively with the raw data.

3. If design changes continue to be incorporated and the testing continues, when will the reli-
ability goal of 99.50% be achieved?

4. If design changes continue to be incorporated and the testing continues, what will be the
attainable reliability at the end of the 35th launch?

Sequential Success/Failure Data with

Modes
Launch Number Result Mode
1 F 2
2 F 1
3 S
4 F 3
5 F 3
6 S
7 S
8 S
9 F 2
10 S
11 F 1
12 S
13 S
14 S
15 S
16 S
17 S
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18 S
19 S
20 S

Solution

1.

The next figure shows the entered data and the estimated parameters.

E 6-Sequential Data with Failure Modes

A33 | v

Success/ Failure

-

R R RN

=
o

I R S e R
LI = B = B = I B = R e
[C o R R R T o ¥ R RV Vs i s R R s ¥ 5 R 5 R . M n i R 5 R 1 |

Datal

Failure Mode

Comments

v Q Main »

N Model (i J

qQce

e

Developmental

Sequential with Mode

Ls | LsB

Parameters :j
b 1.215625

k 0.223059

Other

Termination Trial: 20

274 Alter ap Mode
31 Parameters '©C Processing

W EOE © m
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2. The next figure displays the Reliability vs. Time plot.
Reliability vs. Time
1 Reliability vs. Time
y— oY Datal
/ e
T. Trial= 20
w Reliability Points
4 = Relabilty the
- L
0.8 [ ] ./
L]
»

0.6 /
=y
=
=
&

0.4

L
0.2
G(} e 6 12 18 24 30
Trials
h=1.215625, k=0.223059

achieved.

3. The next figure displays the number of launches before the reliability goal of 99.5% will be
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@ acp

6-Sequential Data with Failure Modes\Datal

t(Reliability...

Stage Given: Reliability

Units
Calculate
Reliabil
Probability Y
Prob. of Faiure
Stage Given:
Stage
Reliability

No Bounds Captions On
Bounds - Options -
Input
Reliability 995
Report
Calculate

27.605874

4. The last figure displays the reliability after the 35th launch.

> qcp

G-Sequential Data with Failure Modes\Datal

Reliability(t=...

Reliability
Units
Calculate
Reliabil
Probability i
Prob. of Faiure
Stage Given:
Stage
Reliability

No Bounds
Bounds

Input

Calculate

0.999035

Captions On
- Options -

Stage 35

Report

Close
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In developmental reliability growth testing, the objective is to test a system, find problem failure
modes, incorporate corrective actions and therefore increase the reliability of the system. This
process is continued for the duration of the test time. If the corrective actions are effective then
the system mean time between failures (MTBF) or mean trials between failures (MTrBF) will
move from an initial low value to a higher value. Typically, the objective of reliability growth
testing is not to just increase the MTBF/MTrBF, but to increase it to a particular value called
the goal or requirement. Therefore, determining how much test time is needed for a particular
system is generally of particular interest in reliability growth testing.

The Duane postulate is based on empirical observations, and it reflects a learning curve pattern
for reliability growth. This learning curve pattern forms the basis of the Crow-AMSAA (NHPP)

model. The Duane postulate is also reflected in the Crow Extended model in the form of the dis-
covery function h(t) .
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The discovery function is the rate in which new, distinct problems are being discovered during
reliability growth development testing. The Crow-AMSAA (NHPP) model is a special case of
the discovery function. Consider that when a new and distinct failure mode is first seen, the test-
ing is stopped and a corrective action is incorporated before the testing is resumed. In addition,
suppose that the corrective action is highly effective that the failure mode is unlikely to be seen
again. In this case, the only failures observed during the reliability growth test are the first occur-
rences of the failure modes. Therefore, if the Crow-AMSAA (NHPP) model and the Duane pos-
tulate are accepted as the pattern for a test-fix-test reliability growth testing program, then the
form of the Crow-AMSAA (NHPP) model must be the form for the discovery function, h(t) .

To be consistent with the Duane postulate and the Crow-AMSAA (NHPP) model, the discovery
function must be of the same form. This form of the discovery function is an important property
of the Crow extended model and its application in growth planning. As with the Crow-AMSAA
(NHPP) model, this form of the discovery function ties the model directly to real-world data and
experiences.

Growth Planning Models
There are two types of reliability growth planning models available in Weibull++:

¢ Continuous Reliability Growth Planning

e Discrete Reliability Growth Planning

Growth Planning Inputs

The following parameters are used in both the continuous and discrete reliability growth mod-
els.

Management Strategy Ratio & Initial Failure Intensity

When a system is tested and failure modes are observed, management can make one of two pos-
sible decisions, either to fix or to not fix the failure mode. Therefore, the management strategy
places failure modes into two categories: A modes and B modes. The A modes are all failure
modes such that, when seen during the test, no corrective action will be taken. This accounts for
all modes for which management determines to be not economical or otherwise justified to take
a corrective action. The B modes are either corrected during the test or the corrective action is
delayed to a later time. The management strategy is defined by what portion of the failures will
be fixed.
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Let A; be the initial failure intensity of the system in test. A, is defined as the A mode's initial
failure intensity and \p is defined as the B mode's initial failure intensity. x, is the failure
intensity of the system that will not be addressed by corrective actions even if a failure mode is
seen during testing. Ag is the failure intensity of the system that will be addressed by corrective
actions if a failure mode is seen during testing.

Then, the initial failure intensity of the system is:

Ar=Aa+ 2B
The initial system MTBEF is:

1
My =—
I A

Based on the initial failure intensity definitions, the management strategy ratio is defined as:

AB

msr = ———
Aa+AB

The ,,,4 1s the portion of the initial system failure intensity that will be addressed by corrective
actions, if seen during the test.

The failure mode intensities of the type A and type B modes are:

A =(1—msr) - A;
AB =msr - A

Effectiveness Factor

When a delayed corrective action is implemented for a type B failure mode, in other words a
BD mode, the failure intensity for that mode is reduced if the corrective action is effective.
Once a BD mode is discovered, it is rarely totally eliminated by a corrective action. After a BD
mode has been found and fixed, a certain percentage of the failure intensity will be removed,
but a certain percentage of the failure intensity will generally remain. The fraction decrease in
the BD mode failure intensity due to corrective actions, ¢4, (0 < d < 1), is called the effect-
iveness factor (EF).

A study on EFs showed that an average EF, 4, is about 70%. Therefore, about 30% (i.e.,

100(1 — d)% ) of the BD mode failure intensity will typically remain in the system after all of the
corrective actions have been implemented. However, individual EFs for the failure modes may
be larger or smaller than the average. This average value of 70% can be used for planning pur-
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poses, or if such information is recorded, an average effectiveness factor from a previous reli-
ability growth program can be used.

MTBF Goal

When putting together a reliability growth plan, a goal MTBF/MTrBF M (or goal failure
intensity Ao ) is defined as the requirement or target for the product at the end of the growth
program.

Growth Potential

The failure intensity remaining in the system at the end of the test will depend on the man-
agement strategy given by the classification of the type A and type B failure modes. The engin-
eering effort applied to the corrective actions determines the effectiveness factors. In addition,
the failure intensity depends on h(t) , which is the rate at which problem failure modes are being
discovered during testing. The rate of discovery drives the opportunity to take corrective actions
based on the seen failure modes, and it is an important factor in the overall reliability growth
rate. The reliability growth potential is the limiting value of the failure intensity as time 7
increases. This limit is the maximum MTBF that can be attained with the current management
strategy. The maximum MTBF/MTrBF will be attained when all type B modes have been
observed and fixed.

If all the discovered type B modes are corrected by time 7, that is, no deferred corrective
actions at time 7, then the growth potential is the maximum attainable with the type B des-
ignation of the failure modes and the corresponding assigned effectiveness factors. This is called
the nominal growth potential. In other words, the nominal growth potential is the maximum
attainable growth potential assuming corrective actions are implemented for every mode that is
planned to be fixed. In reality, some corrective actions might be implemented at a later time due
to schedule, budget, engineering, etc.

If some of the discovered type B modes are not corrected at the end of the current test phase,
then the prevailing growth potential is below the maximum attainable with the type B des-
ignation of the failure modes and the corresponding assigned effectiveness factors.

If all type B failure modes are discovered and corrected with an average effectiveness factor, 4,
then the maximum reduction in the initial system failure intensity is the growth potential failure
intensity:

Agp =M+ (1—d)Ap

The growth potential MTBF/MTtBF is:
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1
Mgp = —
P~ Nep
Note that based on the equations for the initial failure intensity and the management strategy

ratio (given in the Management Strategy and Initial Failure Intensity section), the initial failure

intensity is equal to:

_ Agp
Ar = 1—d-msr

Growth Potential Design Margin

The Growth Potential Design Margin ( gppas ) can be considered as a safety margin when set-
ting target MTBF/MTrBF values for the reliability growth plan. It is common for systems to
degrade in terms of reliability when a prototype product is going into full manufacturing. This is
due to variations in materials, processes, etc. Furthermore, the in-house reliability growth testing
usually overestimates the actual product reliability because the field usage conditions may not
be perfectly simulated during testing. Typical values for the gppas are around 1.2. Higher val-
ues yield less risk for the program, but require a more rigorous reliability growth test plan.
Lower values imply higher program risk, with less safety margin.

During the planning stage, the growth potential MTBF/MTrBF, Mgp, can be calculated based
on the goal MTBF, Mg, and the growth potential design margin, gppas -

Mgp = GPDM - Mg
or in terms of failure intensity:

_ e
- GPDM

Agp

Continuous Reliability Growth Planning

The use of the Duane postulate as a reliability growth planning model poses two significant
drawbacks: The first drawback is that the Duane postulate's MTBF is zero at time equal to zero.
This was addressed in MIL-HDBK-189 by specifying a time 7, where growth starts after 7, and
the Duane postulate applies [13]. However, determining 7; is subjective and is not a desirable
property of the MIL-HDBK-189. The second drawback is that the MTBF for the Duane pos-
tulate increases indefinitely to infinity, which is not realistic.

Therefore, the desirable features of a planning model are:
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1. The discovery function must have the form of the Crow-AMSAA (NHPP) model and the
Duane postulate.

2. The start time 7 is not required as an input.
3. An upper bound on the system MTBF is specified in the model.

All of these desirable features are included in the planning model discussed in this chapter,
which is based on the Crow extended model.

The Crow extended model for reliability growth planning is a revised and improved version of
the MIL-HDBK-189 growth curve [13]. MIL-HDBK-189 can be considered as the growth curve
based on the Crow-AMSAA (NHPP) model. Using MIL-HDBK-189 for reliability growth plan-
ning assumes that the corrective actions for the observed failure modes are incorporated during
the test and at the specific time of failure. However, in actual practice, fixes may be delayed
until after the completion of the test or some fixes may be implemented during the test while
others are delayed and some are not fixed at all. The Crow extended model for reliability
growth planning provides additional inputs that accounts for specific management strategies and
delayed fixes with specified effectiveness factors.

Nominal Idealized Growth Curve

During developmental testing, management should expect that certain levels of reliability will

be attained at various points in the program in order to have assurance that reliability growth is
progressing at a sufficient rate to meet the product reliability requirement. The idealized curve
portrays an overall characteristic pattern, which is used to determine and evaluate intermediate
levels of reliability and construct the program planned growth curve. Note that growth profiles
on previously developed, similar systems provide significant insight into the reliability growth
process and are valuable in the construction of idealized growth curves.

The nominal idealized growth curve portrays a general profile for reliability growth throughout
system testing. The idealized curve has the baseline value ); until an initialization time, ¢,
when reliability growth occurs. From that time and until the end of testing, which can be a
single or, most commonly, multiple test phases, the idealized curve increases steadily according
to a learning curve pattern until it reaches the final reliability requirement, Mz . The slope of
this curve on a log-log plot is the growth rate of the Crow extended model [13].

The nominal idealized growth curve failure intensity as a function of test time 4 is:

rvi(t) =Ag+ (1 — d)Ap +dABtE D fort > ¢,
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and:
’I"N[(t) = /\I for t S to

where ); is the initial system failure intensity, 4 is test time and ¢, is the initialization time,
which is discussed in the next section.

It can be seen that the first equation for ryz(t) is the failure intensity equation of the Crow exten-
ded model.

Reliability growth can only begin after a type B failure mode occurs, which cannot be at a time
equal to zero. Therefore, there is a need to define an initialization time that is different from
zero. The nominal idealized growth curve failure intensity is initially set to be equal to the ini-
tial failure intensity, Az, until the initialization time, ¢, :

rar(to) = Aa + (1 — d)Ap + dAgtL™
Therefore:
Ar =g+ (1—d)Ap + drgtlP

Then:

1
Ar— A —(1—d)rg ] AT
B

ty =

Using the equation for initial failure intensity:
Ar =24+ AB
we substitute ); to get:
1

P /\A+>\B—/\A—(1—d)/\B B-1
0= d- 1B

The initialization time, t,, allows for growth to start after a type B failure mode has occurred.
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Assuming that we have a target MTBF or failure intensity goal, we can solve the equation for
the nominal failure intensity to find out how much test time, ty , is required (based on the
Crow extended model and the nominal idealized growth curve) to reach that goal:

1
rg — s — (1—d)Ag |1
d-\-B

tne

Note that when \; < rg or, in other words, the initial failure intensity is lower than the goal fail-
ure intensity, then there is no need to solve for the nominal time to reach the goal because the
goal is already met. In this case, no further reliability growth testing is needed.

The growth rate for the nominal idealized curve is defined in the same context as the growth
rate for the Duane postulate [8]. The nominal idealized curve has the same functional form for
the growth rate as the Duane postulate and the Crow-AMSAA (NHPP) model.

For both the Duane postulate and the Crow-AMSAA (NHPP) model, the average failure intens-
ity is given by:

5
C(t) = A% = M-

Also, for both the Duane postulate and the Crow-AMSAA (NHPP) model, the instantaneous fail-
ure intensity is given by:

r(t) = ABtFY

Taking the difference, D(t), between the average failure intensity, C(t) and the instantaneous
failure intensity, r(t) , yields:

D(t) = A — \gtF-1)
Then:
D(t) = x#D[1 - g

For reliability growth to occur, D(t) must be decreasing.

The growth rate for both the Duane postulate and the Crow-AMSAA (NHPP) model is the neg-
ative of the slope of log(D(t)) as a function of log(t) :
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log, (D(t)) = constant — (1 — B)log, (t)
The slope is negative under reliability growth and equals:

slope = —(1 — )

The growth rate for both the Duane postulate and the Crow-AMSAA (NHPP) model is equal to
the negative of this slope:

Growth Rate = (1 — )

The instantaneous failure intensity for the nominal idealized curve is:
rar(t) = Aa + (1 — d)Ap + dAB(t) Y

The cumulative failure intensity for the nominal idealized curve is:
Cni(t) = Mg + (1 — d)Ap + dA(t) ¥V

therefore:
Dy1(t) = [Ont(t) — rar(8)] = PV (1 - g

and:

log, (Dn1(t)) = constant — (1 — B)log, (%)

Therefore, in accordance with the Duane postulate and the Crow-AMSAA (NHPP) model,
a =1 — B is the growth rate for the reliability growth plan.

Under the Crow-AMSAA (NHPP) model, the time to first failure is a Weibull random variable.
The MTTF of a Weibull distributed random variable with parameters g and 5 is:

MTTF=9-T (1+ %)
The parameter lambda is defined as:
A= —

P

Using the equation for lambda in the MTTF relationship, we have:
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+
w[=

)

T (1
MTBFg = — "/

A(3)

or, in terms of failure intensity:

A(5)

Actual Idealized Growth Curve

|-

Ap =

The actual idealized growth curve differs from the nominal idealized curve in that it takes into
account the average fix delay that might occur in each test phase. The actual idealized growth
curve is continuous and goes through each of the test phase target MTBFs.

Fix delays reflect how long it takes from the time a problem failure mode is discovered in test-
ing, to the time the corrective action is incorporated into the system and reliability growth is
realized. The consideration of the fix delay is often in terms of how much calendar time it takes
to incorporate a corrective action fix after the problem is first seen. However, the impact of the
delay on reliability growth is reflected in the average test time it takes between finding a prob-
lem failure mode and incorporating a corrective action. The fix delay is reflected in the actual
idealized growth curve in terms of test time.

In other words, the average fix delay is calendar time converted to test hours. For example, say
that we expect an average fix delay of two weeks. If in two weeks the total test time is 1,000
hours, then the average fix delay is 1,000 hours. If in the same two weeks the total test time is
2,000 hours (maybe there are more units available or more shifts), then the average fix delay is
2,000 hours.

There can be a constant fix delay across all test phases or, as a practical matter, each test phase
can have a different fix delay time. In practice, the fix delay will generally be constant over a
particular test phase. L; denotes the fix delay for phase i = 1,..., P, where p is the total num-
ber of phases in the test. The Weibull++ software allows for a maximum of ten test phases.

Consider a test plan consisting of ; phases. Taking into account the fix delay within each phase,
we expect the actual failure intensity to be different (i.e., shifted) from the nominal failure
intensity. This is because fixes are not incorporated instantaneously; thus, growth is realized at a
later time compared to the nominal case.
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Specifically, the actual failure intensity will be estimated as follows:
Test Phase 1

For the first phase of a test plan, the actual idealized curve failure intensity, rar(t), is :

Th—Ly
1

(8-1)
'I"AI(t)=AA+(1—d)/\B+d/\ﬂ|:< )t] for0<t<T)

Note that the end time of Phase 1, Ty, must be greater than L, + ¢, . Thatis, T} > L; + ¢, .

AIC
TO

The actual idealized curve initialization time for Phase 1, y 18 calculated from:

A1 T = L1\ pare] ™
’I"AI(TO C) = AA + (1 —_ d))\B + dAﬂ[(T) TO C:|

where Tar (THC) = ry.

Therefore, using the equation for the initialization time, we have:

_ (6-1)
A+ (1-d)As+ dAﬂ[(%) T(;‘“C] =M+ (L—d)Ap +dAgt™
1

By obtaining the initial failure intensity for T¢'¢ | we get:

TAIC _ to
SCD
T
Test Phase ;

For any test phase ;, the actual idealized curve failure intensity is given by:

T,—Li —Ti-1+ Lia ) (t—T; 1)] -

rar(t) = Aa + (1 —d)Ap +dAB [Ti—l —Li1 + ( T, — T,

where T,_; <t < T, and T} is the test time of each corresponding test phase.

The actual idealized curve MTBF is:

1

Mpyy=—-—
Al rar(t)
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The actual time to reach the target MTBF or failure intensity goal, tac,g, can be found by solv-
ing for the actual idealized curve failure intensity:

T,—Li—Tiy+ Lin
T, —Tia

(8-1)
rar(tace) = Aa + (1 —d)Ap +dAB |:Ti—1 — L1+ ( ]

) (tace — Ti-1)
Since the actual idealized growth curve depends on the phase durations and average fix delays,
there are three different cases that need to be treated differently in order to determine the actual
time to reach the MTBF goal. The cases depend on when the actual MTBF that can be reached
within the specific phase durations and fix delays becomes equal to the MTBF goal. This can be
determined by solving for the actual idealized curve failure intensity for phases ; through ;, and
then solving in terms of actual idealized curve MTBF for each phase and finding the phase dur-
ing which the actual MTBF becomes equal to the goal MTBF. The three cases are presented
next.

Case 1: MTBF goal is met during the last phase

If T indicates the cumulative end phase time for the last phase, and Ly indicates the fix delay
for the last phase, then we have:

reg =2a+ (1 —d)As

Tr — Ly —Tr_1 + Lp_
+d/\ﬂ[TF_1—LF_1+( F F F-1 F-1

Tr —Tr

(8-1)
) (tace — TF—I):|

Starting to solve for tac,¢ yields:

1
rg — /\A - (1 - d))\B ﬂ _ TF - Li - TF—l +LF_1
[ Y =Tp1—Lp 1+ T — o

) (tace —Tr-1)

We can substitute the left term by solving for the nominal time to reach the goal; thus, we have:

Tp —Lrp —Tp_1+Lp_

tng =Tp-1 — Lp_1 + ( ) (tace — Ti-1)

Tr —Tr
therefore:
_tng —Tp-1+ Lpa
tace = (TF—LF—TF—1+LF—1 ) +Tra
Tp—Tp1

Case 2: MTBF goal is met before the last phase

PAGE 330



RELIABILITY GROWTH AND REPAIRABLE SYSTEM RELIABILITY GROWTH PLANNING

The equation for t4c,¢ that was derived for case 1 still applies, but in this case T and Ly are
the time and fix delay of the phase during which the goal is met.

Case 3: MTBF goal is met after the final phase

If the goal MTBF, Mg, is met after the final test phase, then the actual time to reach the goal is
not calculated since additional phases have to be added with specific duration and fix delays.
The reliability growth program needs to be re-evaluated with the following options:

e Add more phase(s) to the program.
¢ Re-examine the phase duration of the existing phases.

e Investigate whether there are potential process improvements in the program that can reduce
the average fix delay for the phases.

Other alternative routes for consideration would be to investigate the rest of the inputs in the
model:

e Change the management strategy.

e Consider if further program risk can be acceptable, and if so, reduce the growth potential
design margin.

e Consider if it is feasible to increase the effectiveness factors of the delayed fixes by using
more robust engineering redesign methods.

Note that each change of input variables into the model can significantly influence the results.

With that in mind, any alteration in the input parameters should be justified by actionable
decisions that will influence the reliability growth program. For example, increasing the average
effectiveness factor value should be done only when there is proof that the program will pursue
a different, more effective path in terms of addressing fixes.

Examples

A complex system is under design. The reliability team wants to create an overall reliability
growth plan based on the Crow Extended model. The inputs to the model are the following:

e The requirement or goal MTBF is M, = 56 hours.

* The growth potential design margin factor is gppyr = 1.35 -
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The average effectiveness factoris g — .7.
The management strategy 1S 50 — 0.95 -
The beta parameter for the discovery function, h(t), of the type B failure modes is 8= 0.7.

The test will be conducted in three phases. The cumulative phase end times are
Ty = 1500, T> = 3500 and T3 = 4500 hours. The average fix delays for each phase are
L; =500, Ly =700 and Ly = 1000 test hours, respectively.

Determine the following:

1. The growth potential MTBF and failure intensity.
2. The initial failure intensity.
3. The type A and type B initial failure intensity.
4. The parameter ) of the Crow extended model.
5. The type B failure mode discovery function.
6. The initialization time, ¢y, for the nominal failure intensity function.
7. The nominal idealized failure intensity function.
8. The nominal time to reach the MTBF goal.
9. The MTBF that can be reached at the end of the last test phase based on the nominal ideal-
ized growth curve.
10. The actual initialization time for phase 1, TOAIC-
11. The MTBF that can be reached at the end of the last test phase based on the actual idealized
growth curve.
12. The actual time to reach the MTBF goal.
13. The actual time to reach the MTBF goal if the cumulative end phase time for the third (last)
phase is T3 = 6000 hours.
14. Use the Weibull++ software to generate the results for this example. Consider the cumu-
lative last phase as 73 = 6000 hours, as given in question 13.
Solution
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1.

The growth potential MTBF is:

Mgp =GPDM - Mg
=56 -1.35
=75.6
The growth potential failure intensity is:

1
Mcp
1

~75.6
—0.0132

Agp =

The initial failure intensity is given by:

Ar Agp

- 1—d-msr
0.0132

T (1-0.7-0.95)
=0.0394

The type A failure mode intensity, A4, is:

As =1 —msr)\;
=(1— 0.95)0.375
=0.0019
The type B failure mode intensity, Ag, is:

AB =msr - A
=0.95 - 0.0394
=0.0375

Using the inputs of Ap and 8 in the failure intensity equation for the Crow-AMSAA

(NHPP) model, we have:

0.0375 (e7)
’ I'(1+3)
or.
A1’428
0.0875 = — =
or.

1
A =(0.0375 - 1.2658) (tam)
—0.1184

PAGE 333



RELIABILITY GROWTH AND REPAIRABLE SYSTEM RELIABILITY GROWTH PLANNING

5. The type B failure mode discovery function is:

h(t) = A\BtP1
Since we know the ) and g parameters, we have:

h(¢) =0.1183 - 0.7¢%7!
=0.0828¢ 3
6. The initialization time, ¢y, is:

1
[AI—AA—@—d)AB]ﬂ
ty =

d\8
1
_ [0.0394 — 0.001974 — (1 — 0.7)0.0375] 071
- 0.7-0.1183- 0.7
or.:
to = 14.07

7. The nominal idealized growth curve is given by the following equation:

. (t):{ Ar tgto}

rir(t) = g+ (1 —d)Ag + dABtED > ¢
or:

=0.0013 + 0.058 - t 03 ¢ > 14.07

0.0394 t <14.07
-] )

8. The nominal time to reach the MTBF goal is:

1
TG —/\A—(l—d)/\B B—1
i goal = d\B

For the goal failure intensity we have:

1
Mg
1
" 56
=0.01785
So the nominal time to reach the MTBF goal is:

rg =

1
0.01785 — 0.001974 — (1 — 0.7)0.03757 "
0.7-0.1184-0.7

tne =

=4578 hours
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10.

11.

Using the equation for the nominal failure intensity, we find the failure intensity that can be
reached at the end of the last test phase based on the nominal idealized growth curve,
NI fina - 1he total (cumulative) test time is 77 — 4500 hours. Therefore we have:

NI, final =Aa + (1 — d)Ap + dABTEY
=0.0019 + (1 — 0.7) 0.0375 + 0.7 - 0.1184 - 0.7 - (4500)*"*
=0.01788
So the nominal final MTBF that can be reached at 4500 hours of test time is:

1
TNI,final
1

~0.01788
—55.92

Mpy7y fina =

We can find the actual initialization time by using:
to

)
T

For question 6, we had found that ¢, = 14.07. So we have:

AIC _
;™" =

parc ___ 1407
0 ( 1500—500 )
1500

=21.10887

The failure intensity that can be reached at the end of the last test phase based on the actual
idealized growth curve for 7 — 4500 hours is given by:

"'AI,final(T) =4+ (1 — d)AB
T3 — Ly —T5 + Ly

+dAﬂ[T2—L2+( T, )(T—T2)

] (6-1)

Then:
7 AL finat (T') =0.0019 + (1 — 0.7) 0.0375 + 0.7 - 0.1184 - 0.7
4500 — 1000 — 3500 + 700 (0.7-1)
. [3500 — 700 + ( 1500 3500 ) (4500 — 3500)]
Therefore:

T A1, final (T) = 0.0182
So the actual final MTBF that can be reached at 4500 hours of test time is:
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1
T AL final
1

~0.0182
—54.80

Mg final =

12. From question 11, it is shown that the actual final MTBF that can be reached at 4,500 hours

13.

of test time is less than the MTBF goal for the program. So, in accordance with the third
case that is described in Actual Time to Reach Goal section, this is the scenario where the
actual time to meet the MTBF goal will not be calculated since the reliability growth pro-
gram needs to be redesigned.

The failure intensity that can be reached at the end of the last test phase based on the actual
idealized growth curve for T = T3 = 6000 hours is given by:

rar,final(T) =24 + (1 —d)Ap
T3 — L3 —Ty + Ly

+d/\ﬂ[T2—L2+( T, )(T—T2)

Then:
7 ar, finat(T) =0.0019 + (1 — 0.7) 0.0375 + 0.7 - 0.1184 - 0.7
6000 — 1000 — 3500 + 700 (0.7-1)
. [3500 — 700 + ( 5000 3500 ) (6000 — 3500)]
Therefore:

7 a1 finat (T) = 0.0177
So, the actual final MTBF that can be reached at 6000 hours of test time is:

1

T Al final
1

~0.0177
—56.38

In this case, the actual MTBF goal becomes higher than the target MTBF sometime during
the last phase. Therefore, we can determine the actual time to reach the MTBF goal by
using:

Myg finar =

tng —Tr_1+Lp

tace = (TF—LF—TF—1+LF—1 ) +Tra
Tr—Tp
therefore:
4578 — 3500 + 700
+ + 3500

tace = (6000—1000—3500+700)
6000—3500

then:
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taca = 5521

14. To use Weibull++ to obtain the results for this example, first we create a growth planning
folio by choosing Home > Insert > Continuous Growth Planning. In the growth planning
folio, specify the number of phases, the cumulative phase time and average fix delays for
each of the three phases, as shown in the figure below.

|7 plan1

Goal MTEF
Growth Potential Design
Margin

Average EF

Management Strategy Ratio
Discovery Beta
7 Planned test phases

Number of Phases

Phase name
Phase 1 Phase 1
Phase 2 Phase 2
Phase 3 Phase 3

Design a reliability growth test plan
»?, Do you know how the test time will be accumulated across each test phase?
Answer
7. Which value would you like to calculate?
Answer
»? Assumed inputs for the reliability growth test plan

Yes

Initial MTEF (hr)

56
1.35

0.7
0.95
0.7

3

Cumulative Time (hr)
1500
3500
6000

X

E Continuous
Growth Planning
J Om

B
a

=

Planning Model

Bl do? N |

*

£l

Average Fix Delay (hr)
500

700

1000

Data

We then enter the remaining input needed by the Crow Extended model, as shown in the fol-

lowing figure.

|7 plana

Answer
7, Which value would you like to calculate?
Answer
=7 Assumed inputs for the reliability growth test plan
Goal MTEF
Growth Potential Design Margin
Average EF
Management Strategy Ratio
Discovery Beta
\»?, Planned test phases

Number of Phases

Phase name

Design a reliability growth test plan
»? Do you know how the test time will be accumulated across each test phase?

Yes
Initial MTBF (hr)
56
1.35
0.7

0.95
0.7

3

Cumulative Time (hr)

Phase 1 Phase 1 1500 500
Phase 2 Phase 2 3500 700
Phase 3 Phase 3 6000 1000
Time at which growth begins (hr) 14.072569
Initial MTBF (hr) 25326000
Final MTBF (Act) (hr) 56.381005
Time to reach goal (Actual) (hr) 5521.176085
Time to reach goal (Nominal) (hr) 4578.634955

x

E Continuous
Growth Planning

Planning Model

w
i
qce
Y
=<
'l
N .
Q =

Average Fix Delay (hr)

Data
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The input provided is the required MTBF goal of 56, the growth potential design margin of
1.35, the management strategy of 0.95 and the discovery beta of 0.7. The results show the
initialization time, ¢, , the initial MTBF, the final actual MTBF that can be reached for this
growth program and the actual time when the MTBF goal is met. Note that in this case we
provided the goal MTBF and solved for the initial MTBF.

Different calculation options are available depending on the desired input and output. For
example, we could provide the initial and goal MTBF to solve for the growth potential
design margin, as shown in the figure below.

Lé‘_' 1 - Growth Plan for 3 Phases - [m] x
Design a reliability growth test plan E Continuous »
|»?: Do you know how the test time will be accumulated across each test phase? N
\»?. Which value would you like to calculate? R
Answer Growth Potential Design Margin | L [ATILDLETE o —
|7, Assumed inputs for the reliability growth test plan |£
Initial MTBF 25.326 qce
S
Goal MTEF 56 -
Average EF 0.7 ;‘;_—,
Management Strategy Ratio 0.95
Discovery Beta 0.7 E
|7, Planned test phases Q l"“__l‘
Number of Phases 3
Phase name Cumulative Time (hr) Average Fix Delay (hr)
Phase 1 Phase 1 1500 500
Phase 2 Phase 2 3500 700
Phase 3 Phase 3 6000 1000
Time at which growth begins (hr) 14.072569
Growth Potential Design Margin 1.350000
Final MTBF (Act) (hr) 56.381005
Time to reach goal (Actual) (hr) 55621.176085
Time to reach goal (Nominal) (hr) 4578.634955
Data

Click the Plot icon to generate a plot that shows the nominal and actual idealized growth

curve, the test termination time, the MTBF goal and the planned growth for each phase, as
shown in the figure below.
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MTBF vs. Time
60 MTEF vs. Time
- — Nominal Idealized
———— 5 — Actual ldealized
P iid =~ Planned Growth - Phase 1
% = Planned Growth - Phase 2
I~ Planned Growth - Phase 3
=+~ Termination Linz
— Goal
1 |
48 g 1
26
-0
—
;_
=
=
L
[2a]
'—
= |
24 '
12
0 ¥
0 1400 2800 4200 5600 7000
Hour (hr)
Input: Initial MTEF (hr) = 25.326000, Goal MTEF (hr) = 56.000000, Average EF = 0.7, Management Strategy Ratio = 0.95, Discovery Beta = 0.7
Results: Initial Time (hr) = 14.072569, Growth Potential Design Margin = 1.350000, Final MTBF (Act) (hr) = 56.381005, T Goal {Act) (hr) = 5521.176085

The reliability team of a product manufacturer is putting together a reliability growth plan for
one of the new products under design. The team wants to create an overall reliability growth
plan based on the Crow Extended model. The inputs to the model are the following:

e The requirement or goal MTBF is M; = 100 hours.
* The growth potential design margin factor is gppym = 1.15 -

o The average effectiveness factor is d = 0.6, based on historical information for similar
products developed by the company.

» The management strategy 1S ,,5r — 0.90 -

e The beta parameter for the discovery function, h(¢), of the type B failure modes is 8 =0.71,
based on a data analysis of the previous product development project that was of similar
nature.

e The test will be conducted in seven phases. The cumulative phase end times are
Ty = 4000,T> = 8000,
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T = 12000, T, = 20000, T5 = 25000, 7 = 30000 and T% = 40000 hours. The average fix delay
for each phase is one week.

e For the first two phases, the plan is to test 1,000 hours per week, so the average fix delay
in terms of test hours for phases 1 and 2 is [; = 1000 and L, = 1000 hours.

e For phases 3 and 4, the prototype test units are planned to be doubled, so the average fix
delay in terms of test hours within one week is also going to be doubled, so we have:
Ls =2000 and L, = 2000 hours.

e For phases 5 and 6, a second shift is going to be added, so the amount of test hours
within a week is going to be doubled again. Therefore, the average fix delay in terms of
test hours within one week is also going to be doubled: L, = 4000 and Lg = 4000 hours.
***For the last phase, more units and weekend shifts are planned to be added, so the total
test hours within one week are going to be 6,000 hours. In accordance, the average fix
delay in terms of test hours will be L, = 6000 hours.

Determine the following: Construct a reliability growth plan using the Weibull++ software and
make sure that the goal MTBF can be met within the total test hours allocated for growth test-
ing. If not, make necessary changes in the phase durations in order to meet the goal.

Solution

The following figure shows the planning inputs in Weibull++'s continuous growth planning
folio.
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Design a reliability growth test plan

{+?, Do you know how the test time will be accumulated across each test phase?
Answer Yes v
{+?, Which value would you like to calculate?
Answer Initial MTEF (hr) v
{+?, Assumed inputs for the reliability growth test plan
Goal MTEF 100
Growth Potential Design Margin 1.15
Average EF 0.6
Management Strategy Ratio 0.9
Discovery Beta 0.72
+?, Planned test phases Q
MNumber of Phases 7
Phase name Cumulative Time (hr) Average Fix Delay (hr)
Phase 1 Phase 1 4000 1000
Phase 2 Phase 2 8000 1000
Phase 3 Phase 3 12000 2000
Phase 4 Phase 4 20000 2000
Phase 5 Phase 5 25000 4000
Phase 6 Phase 6 30000 4000
Phase 7 Phase 7 40000 6000

The next figure shows the planning calculations based on the goal MTBF of 100 hours and the
rest of the known inputs into the model. As seen by the planning calculation results, the final
actual MTBF at the end of the seventh phase is 98.66 hours, which is less than the MTBF goal
of 100 hours.
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Design a reliability growth test plan

»? Do you know how the test time will be accumulated across each test phase?
Answer Yes v
l»?, Which value would you like to calculate?
Answer Initial MTBF v
l»?, Assumed inputs for the reliability growth test plan
Goal MTBF 100
Growth Potential Design Margin 1.15
Average EF 0.6
Management Strategy Ratio 0.9
Discovery Beta 0.72
»? Planned test phases g
Mumber of Phases 7
Phase name Cumulative Time (hr) Average Fix Delay (hr)
Phase 1 Phase 1 4000 1000
Phase 2 Phase 2 8000 1000
Phase 3 Phase 3 12000 2000
Phase 4 Phase 4 20000 2000
Phase 5 Phase 5 30000 4000
Phase 6 Phase 6 40000 4000
Phase 7 Phase 7 55000 6000
Time at which growth begins (hr) 31.174476
Initial MTBF (hr) 52.900000
Final MTBF (Act) (hr) 100.043389
Time to reach goal (Actual) (hr) 54331456827
Time to reach goal (Nominal) (hr) 48420 585917
- Notes
A GPDM less than 1.2 indicates a higher level of risk in the sense that a large amount of test time may be required to
attain the goal if the system reliability is not already relatively mature and close to the goal at the beginning of reliability
growth testing. It may be difficult to observe growth in the latter phases of development as the system reliabilty
approaches the growth potential. A typical range for the GPDM is 1.2 <= GPDM <= 1.67.

Also, the next figure shows that the nominal time to meet the MTBF goal is 48,420 hours,
which is higher than the total test time that is currently planned to be allocated for reliability

growth.
Time at which growth begins (hr) 31.174476
Initial MTEF (hr) 52 500000
Final MTEF (Act) (hr) 100.043389
Time to reach goal (Actual) (hr) 54331.456827
Time to reach goal (Neminal) (hr) 48420.595917

A new plan needs to be considered. The reliability team decides to increase the test time for
phases 5 and 6 to be 10,000 hours each, instead of the 5,000 hours that were considered in the
initial plan. Also, the team decides to increase the duration of the 7th phase to 15,000 hours.
Since this is going to be achieved by testing for more calendar time in phases 5, 6 and 7, the
average fix delay during those phases is the same as the one in the initial plan. The test time per
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week is not going to be affected, only more weeks will be added to the schedule. The next fig-
ure shows the revised plan, together with the calculated results. The actual time to meet the
MTBEF goal is now 54,331 hours. The final MTBF that can be achieved at the end of the 55,000
hours of growth testing is 100.04, which is slightly higher than the goal MTBF of 100 hours.
The reliability team considers this plan as acceptable, since the MTBF goal will be met.

E 2 - Revised Growth Plan for 7 Phases - o x
.
=7 Do you know how the test time will be accumulated across each test phase?
Answer Yes A4
\»?. Which value would you like to calculate?
Answer Initial MTBF hd
»?. Assumed inputs for the reliability growth test plan
Goal MTBF 100
Growth Potential Design Margin 1.15
Average EF 0.6
Management Strategy Ratio 0.9
Discovery Beta 0.72
\»?. Planned test phases Q
Number of Phases 7
Phase name Cumulative Time (hr) Average Fix Delay (hr)
Phase 1 Phase 1 4000 1000
Phase 2 Phase 2 8000 w00| 3
Phase 3 Phase 3 12000 2000 g
Phase 4 Phase 4 20000 2000 —g'
Phase 5 Phase 5 30000 4000 ©
Phase 6 Phase 6 40000 4000
Phase 7 Phase 7 55000 6000
Time at which growth begins (hr) 31.174476
Initial MTEF (hr) 52.900000
Final MTEF (Act) (hr) 100.043389
Time to reach goal (Actual) (hr) 54331.456827
Time to reach goal (Nominal) (hr) 48420595917
. Notes
A GPDM less than 1.2 indicates a higher level of risk in the sense that a large amount of test time may be required to attain the goal if the system reliability is not already relatively mature and
close to the goal at the beginning of reliability growth testing. It may be difficult to observe growth in the latter phases of development as the system reliabilty approaches the growth
potential. A typical range for the GPDM is 1.2 <= GPDM <= 1.67.
Data

The next plot shows the overall reliability growth plan, with the nominal and actual growth
curves, the MTBF goal line and the planned MTBF for each of the seven phases.
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MTBF vs. Time
200 MTEBF vs. Time
— Nominal Idealized
— Actual Idealized
=+ Planned Growth - Phase 1
== Planned Growth - Phase 2
I Planned Growth - Phase 3
= Planned Growth - Phase 4
=~ Planned Growth - Phase 5
=+ Planned Growth - Phase 6
160 - Planned Growth - Phase 7
=¥ Termination Line
— Goal
120
—
=
=
—
. ] 4='.=% 100==
[aa]
'—
=
80 (/
40
0
0 12000 24000 36000 48000 60000
Hour (hr)
Input: Goal MTEF (hr} = 100.000000, Growth Potential Design Margin = 1.15, Average EF = 0.6, Management Strategy Ratio = 0.9, Discovery Beta = 0.72
Results: Initial Time (hr) = 31.174476, Initial MTBF (hr) = 52.900000, Final MTEF (Act) (hr) = 100.043389, T Goal (Act) (hr) = 54331.456827

The reliability team of a product manufacturer has put together a reliability growth plan, based
on the Crow Extended model, for one of their new products. The reliability growth model was
constructed with the following inputs:

e The requirement or goal MTBF is Mgy = 910 hours.

The growth potential design margin factor is gppy = 1.35 -

» The average effectiveness factoris g — g.7.

e The management strategy 1S sr — 0.95 -

e The beta parameter for the discovery function, h (t), of the type B failure modes is 8 = 0.70.

e The test is planned to be conducted in four phases. The cumulative phase end times are
Ty = 19000, T, = 38000, 75 = 70000 and Ty = 100000 . The average fix delay in terms of test
hours for each phase is: L; = 10000, L2 = 15000, L3 = 20000 and L, = 25000 hours.

Determine the following:
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1. Plot the nominal and actual reliability growth curves for this program, using the Weibull++

software.

2. The reliability program was initiated and actual test data from phase 1 is now available. The

test data were analyzed using the Crow Extended - Continuous Evaluation model and the
following figure shows the results.

Note that the / events, which represent the times for implementation of fixes for BD modes,
occur at least 10,000 hours after the first occurrence of the specific BD mode. This is a reflec-
tion of the average fix delay being equal to 10,000 hours for the first test phase. Of course we

could have some exceptions that could have been fixed before 10,000 hours after the first occur-

rence (i.e., discovery) of the mode, but on average, they should be fixed after 10,000 hours.

£ 3 - Growth Plan for 4 Phases - o X
AT74 B - a Main >

Event Time to Event (hr) Classification Mode Comments Growth Data
A

BR
1 F 73 BC 100 «|lou | Model (i I
:F 379 B 1000 %4
3 F 465 A 1 acr
4 F 484 BD 2000 &= Developmental
5 F 816 BC 200 Multi-Fhase Times
6 F 995 BD 3000 MLE | crow
7 AP 1000 Cumulative
- tou B 1 I
9 F 1560 BD 2000 Parameters =
10 F 1821 BD 4000
1 AP 2000 Results (All Modes)
2 F 2017 BC 300 Beta (UnB) 0.740147
13 F 2776 BD 5000 Lambda (hr) 0.027237
1 AP 3000 P p-686667
15 F 3114 BD 3000 Growth Rate 0.259853
16 F 3279 BD 6000 DMTBF (hr) 641.764797
17 AP 4000 DFIL 0.001558
18 F 4781 BC 400 Statistical Tests
10 AP 5000 Significance Level 0.1
20 F 5078 A 1 VM Passed
21 AP 6000 Results (A Modes)
2 AP 7000 MTBF (hr) 3800.000000
2 F 7335 BD 3000 M 0000263
24 F 7419 BD 7000 Results (BC Modes)
25 F 7659 BD 6000 Beta (UnB) 0.314459 -
26 F 7960 BD 2000 EF Effectiveness  Mode
27 AP 8000 Factors :C Processing
28 F 8016 BD 8000 [T Alter Y= Event Repart
29 F 8082 BC 100 7 perameiers l Batch Auto
20 F 8630 BD 10000 =d i“:“ie Units % o
31 Ap 9000 = uto Group @ ransfer To
= Data Weibull

32 F 9232 BD 3000
33 AP 10000 v -
Datal R B OE © m
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é 3 - Growth Plan for 4 Phases - [m] x

A74 ME v a Main >
Event Time to Event (hr)  Classification Mode Comments

34 F 10155 BD 4000 A 5{] Model Om

35 F 10495 BD 8000 Crow Ext. - Continuous

36 I 11000 BD 3000 oce

7 AP 11000 i Developmental

38 F 11114 A 2 Multi-Phase Times

39 F 11700 BD 5000 MLE [ Craw

40 T 12000 BD 4000 Cumulative

41 AP 12000 WITBF (AF] UT.O0000T N

42 F 12341 BD 2000 FI 0.000263

43 F 12888 BC 600 Results (BC Modes)

44 AP 13000 Beta (UnE) 0.314459

45 AP 14000 Lambda (hr) 0.225673

46 F 14140 BD 11000 MTBF (hr) 12084.260322

47 F 14460 BD 10000 FI 0.000083

48 F 14659 BD 12000 VM Passed

49 AP 15000 Results (BD Modes)

50 F 15409 BD 6000 Beta (UnB) 0.554213

51 F 15541 BD 8000 Lambda (hr) 0.051032

52 AP 16000 MTBF (hr) 2856.903671

53 F 16502 BD 13000 FI 0.000350

54 F 16527 BD 2000 VM Passed

55 I 17000 BD 2000 Other v

o AP 17000 EF Effectiveness ) Mode

57 F 17554 A 1 Factors :G Processing

58 F 17880 BC 400 L e . 3| Event Report

59 F 17945 BD 11000 7 change nis 2 Batch Auto

60 I 18000 BD 7000 =5 Run

o AP 18000 S e

62 F 18694 BD 8000

63 PH 15000 v

Data1l R B OE © m

The same applies to the delayed fixes at the end of phase 1. On average there should be at least
10,000 test hours between the discovery of the failure mode and the implementation of a fix for
that mode, so failure modes discovered after 9,000 hours of testing in the first phase cannot be
implemented at the end of the first phase.

The figure below shows the effectiveness factor window. The record shows that the fixes for
failure modes BD 11000, BD 12000 and BD 13000 are not implemented at the end of the first
phase due to the fix delay. The effectiveness factor used is in accordance with the planning
model and has been fixed to 0.7.

@) Effectiveness Factor m} x

Mo B T @ & 7 UseFixed Effectiveness Factor | 0.700000 OK | Cancel
Effectiveness Implemented at

4 Blcne Factor End of Phase # Comments

1 1000 1 a

2 5000 1

3 6000 1

4 8000 1

5 10000 1

6 11000 Not Implemented

7 12000 Not Implemented

8 13000 Not Implemented

] v

Average EF: 0
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Construct a multi-phase graph that shows the analysis points for the test data in phase 1, as com-
pared to the nominal and actual idealized growth curves for this reliability growth plan. Is the
program on track, so far, as compared to the plan?

Solution

1. The following figures show the plan inputs, phase durations and average fix delays as
entered in Weibull++'s continuous growth planning folio, together with the results of the

growth model.

E 3 - Growth Plan for 4 Phases

Answer
7 Which value would you like to calculate?
Answer
|+ Assumed inputs for the reliability growth test plan
Goal MTBF
Growth Potential Design Margin
Average EF

Management Strategy Ratio
Discovery Beta
\+7 Planned test phases

Number of Phases

Time to reach goal (Actual) (hr)
Time to reach goal (Mominal} (hr)

Design a reliability growth test plan
|7 Do you know how the test time will be accumulated across each test phase?

Yes

Initial MTEF (hr)

910
1.35
0.7
0.95
0.7

4

99283.381614
74402.818012

<

Phase name Cumulative Time (hr) Average Fix Delay (hr)

Phase 1 Phase 1 19000 10000

Phase 2 Phase 2 38000 15000

Phase 3 Phase 3 70000 20000

Phase 4 Phase 4 100000 25000
Time at which growth begins (hr) 228 679239
Initial MTBF (hr) 411.547500
Final MTBF (Act) (hr) 910.565492

- [m] X
E Continuous >
Growth Planning

[ETA] .
oyl | Planning Model 0 |
%4
ace
S
|2
==
3

o
==

Data Plot

The next figure shows the nominal and actual idealized growth curves for this program,
together with the program MTBF goal.
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MTBF vs. Time
1000 MTBF vs. Time
______———'—"_.———'—'—'_'_ —_ Eorniﬁldldel._ali%ed
— Actua ealize
__._,_._.-—'—""'_'_———_F =~ Planned Growth - Phase 1
—— 10— = Planned Growth - Phase 2
/:“" I Planned Growth - Phase 3
+ Planned Growth - Phase 4
= Termination Line
/{- | — Goal
800
600
—
b
=
=
= V
[=5]
-
=
400 1
200
0
0 40000 80000 120000 160000 200000
Hour (hr)
Input: Goal MTBF (hr} = 510.000000, Growth Potential Design Margin = 1.35, Average EF = 0.7, Management Strategy Ratic = 0.95, Discovery Beta = 0.7
Results: Initial Time (hr) = 228.679239, Initial MTBF (hr) = 411.547500, Final MTBF (Act) (hr} = 910.5654592, T Goal (Act) {hr) = 59283.381614

2. The next step is to associate the reliability growth plan with the data from phase 1. To do
that, right-click the Multiplots heading in the current project explorer and choose Add
Multi-Phase Plot from the shortcut menu, then follow the wizard to specify the data sheet
that contains the phase 1 data with the folio that defines the growth plan. The figure below
shows the generated multi-phase plot, which brings together the reliability growth planning
model with the actual test results. This plot shows the demonstrated MTBF for each ana-
lysis point during the first phase of testing. Analysis points for projected and growth poten-
tial MTBF can also be plotted. For this example, it can be said that the program is on track
since the demonstrated MTBF of the first phase is higher than the planned MTBF for that
phase.
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Multi-Phase Plot
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3 - Growth Plan for 4 Phases!Datal: Beta (UnE)=0.740147, Lambda (hr)=0.027237
3 - Growth Plan for 4 Phases: Initial Time = 228.679235, Goal Failure Intensity = 0.001099, T Goal (Act) = 55283.381614

The multi-phase plot can be updated continuously as the growth program progresses and
more test data become available. In that manner, the reliability team can assess the actual
reliability performance against the established goals.

Discrete Reliability Growth Planning

To be consistent with the Duane postulate and the Crow (AMSAA) model, the discovery func-
tion must be of the same form. This form of the discovery function is an important property of
the Crow Extended model and Crow Extended Discrete Planning model. As with the Crow
(AMSAA) model, this form of the discovery function ties the model directly to real-world data
and experiences. Therefore, a desirable feature of a discrete reliability growth planning model is
that expected number of distinct failure modes over (0,t) = /\(t)ﬂ . This implies that the prob-
ability, f, of a new distinct failure mode occurring at trial ¢ is given by:

f=x - A@t-1)7°

Let f4 be the Type A initial failure probability and let fg be the Type B initial failure prob-
ability.
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A system failure occurs at the first event of a Type A mode or a Type B mode. Only one event
causes a system failure. That is, Type A failures and Type B failures are disjointed.

The initial system failure probability f; is:

fi=fat7s

The Type A failure probability is the failure probability in that part of the system that will not
be addressed by corrective actions even if a failure mode is seen during test. The Type B failure
probability is the failure probability in that part of the system that will be addressed by cor-
rective actions if a failure mode is seen during test.

When a failure mode in the Type B part of the system is seen during test, a corrective action
will be implemented. For discrete trials, the corrective action is always implemented at a later
time after the failure mode is first seen.

When a corrective action is implemented for a Type B failure mode, the failure probability for
that mode is reduced if the corrective action is effective. The fraction decrease in the Type B
failure modes due to corrective actions is g, where the Average Effectiveness Factor (EF) is 4
and the corrective action may be implemented before the next trial or at a later date.

The management strategy ratio is:

/B
fatfs

msr =

The .4, 1s the fraction of the initial system failure probability that will be addressed by cor-
rective actions, if seen during the test.

If all Type B failure modes are seen and corrected with an average EF 4, then the maximum
reduction in the initial system failure probability is the Growth Potential failure probability:

fep=Fa+(1-4d)fp
The initial system Mean Trials Between Failure (MTrBF) is:

_ L
o

The Growth Potential MTrBF is:

M;

1
Megp = —
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Nominal Idealized Growth Curve

The nominal idealized growth curve portrays a general profile for reliability growth throughout
system testing. It represents a best case scenario where fix delay is not taken into account. The
Crow Extended Discrete Planning Model Nominal Idealized Growth Curve failure probability
as a function of test trials 4 is:

Fui@®) = Fa+ Q1 —d)fp+d [/\tﬂ At — 1)/9] for t >
frnr(t) = frfort <to

where ¢, is the initialization time, and ; is the number of test trials.

It is virtually impossible to justify with any model that reliability growth starts at time zero
because growth can only start when a Type B failure mode occurs. The Extended Discrete Plan-
ning Model Nominal Idealized Growth Curve failure probability is initially set equal to the ini-
tial failure probability f; until the time ¢, when:

frrlto) = fa+ (1= d)fp +d [N = Ato —1)°| = fy

The Initialization time ¢, allows for the probability of a Type B failure mode to be greater than
zero before growth starts. ¢, is then solved numerically.

The mean time to the first failure mode is given by the mean of a sequence of independent
Bernoulli Trials, each trial with a different probability of a new failure mode given by:

g =X —Ai—1)Pfori=1,2,...
Then the mean trial to the first Type B mode is given by:

00 k-1
MTrBFs =) k.g- l Pj]
1

k=1 =

where:

MTrBFg = fi
B

gk=,\[1§—(k—1)ﬂ]

P, =1—-g,suchthatk=1,2,...,00

2 1s then solved numerically.
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The nominal time to reach the goal is calculated by setting the nominal idealized failure intens-
ity, fnr, equal to the failure intensity goal, f¢ . Therefore,

fe=fa+(1—-d)fg+d [)‘tN,G’ﬂ - Atne — 1)ﬂ]

ty,c is solved numerically.

Actual Idealized Growth Curve

The Actual Idealized Growth Curve is a continuous function that incorporates the test phase
average fix delay times and goes through each of the test phase target MTrBF.

The fix delay reflects how long it takes from the time a problem failure mode is discovered in
test to the time the corrective action is incorporated into the system and reliability growth is real-
ized. The consideration of the fix delay is often in terms of how much calendar time it takes to
incorporate a corrective action fix after the problem is first seem. However, the impact of the fix
delay on reliability growth is reflected in the average test time it takes between finding a prob-
lem failure mode and incorporating a corrective action.

There can be a constant fix delay across all test phases or, as a practical matter, each test phase
can have a different fix delay time. In practice, the fix delay will be considered constant over a
test phase. I; denotes the fix delay for phase i = 1,..., P, where p is the total number of
phases in the test. The Weibull++ software allows for a maximum of ten test phases.

Test Phase 1

The actual failure intensity function for test phase 1 is given by:

(52 - (252 e

Note that the end time of Phase 1, Ty, must be greater than L, + ¢, . Thatis, T} > L; + ¢, .

far(t) =Ffa+ (1 —d)fg+dr

The actual idealized curve initialization time for Phase 1, TAIC , 1s calculated from:
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Far(TAIC) = A g + (1 — d)Ap + dA l((ﬂ 1—11L1 ) T[;‘Uc)ﬂ B ((qu_vlLl ) TAIC — 1)/9]

By obtaining the initial failure intensity for T¢¢

TAIC _ to
C ()
T
Test Phase i

For any test phase ;, the actual idealized curve failure intensity is given by:

far@) =fa+(1—d)fg+dxr I T-T,

L. —T. ; B " _ L. —T. . [
(Ti—l L+ (M) (t—T.‘—l)) _ (Ti—l —Lii+ (M) (t—Tia) — 1) ]

where T,_; <t < T, and T is the test time of each corresponding test phase.

The actual time to reach the goal is calculated using the actual failure intensity equation by solv-
ing for tac,e such that the f4;(t) is equal to the failure intensity goal, f¢ . Therefore:

T, —Li —Tiy + Li_ A T, —Li —Tiy + Ly B
fe=Ffa+(1—-d)fg+dx |:(Ti—1 —Li1+ (%&,11”) (tace — TH)) - (TH —Li1+ (%&.11'1) (tace —Tia) - 1)
1 12— T 1—. .

tac,e 1s solved numerically where T and Ly correspond to the phase in which the goal is met.

If the goal, M , is met after the final test phase, then the actual time to reach the goal is not cal-
culated since additional phases have to be added with specific duration and fix delays. The reli-
ability growth program can be re-evaluated with the following options:

¢ Add more phase(s) to the program.
¢ Re-examine the phase duration of the existing phases.

¢ Investigate whether there are potential process improvements in the program that can reduce
the average fix delay for the phases.

Other alternative routes for consideration would be to investigate the rest of the inputs in the
model:
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¢ Change the management strategy.

¢ Consider if further program risk can be acceptable, and if so, reduce the growth potential
design margin.

e Consider if it is feasible to increase the effectiveness factors of the delayed fixes by using
more robust engineering redesign methods.

Note that each change of input variables into the model can significantly influence the results.

With that in mind, any alteration in the input parameters should be justified by actionable
decisions that will influence the reliability growth program. For example, increasing the average
effectiveness factor value should be done only when there is proof that the program will pursue
a different, more effective path in terms of addressing fixes.

Example

A missile system will be going through a reliability growth development program. The goal for
the system is to reach a reliability requirement of 0.9 at the end of the program. This cor-
responds to a goal MTrBF, Rs , of 10 trials. The new missile system is similar to an existing
missile system, but this will not be an upgrade. Therefore, to help design the reliability growth
plan for the new system, parameters from the existing version will be used.

The previous missile system met its reliability goal of Rg = 0.95 which corresponds to a MTrBF
= 20. There were over 600 trials of this missile system during developmental testing. The trials
were used for testing and training. In addition, given the complexity of the technology that was
utilized, additional trials were needed. The system also had an initial reliability of R; = 0.84.
Additional parameters associated with the previous system are given below:

Average Effectiveness Factor is g — (.85

Discovery Beta is 8= 0.70

* Management Strategy Ratio 1S g — 0.972

Growth Potential Design Margin is gppa = 1.8

For the new program, a ;¢ — .97 Will be used, along with an average gg — (.8 . For initial
planning purposes, the average fix delay will be assumed to be equal to zero. Therefore, the
nominal idealized curve will equal the actual idealized curve.

Determine the following:
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1. The growth potential MTrBF and failure intensity.
2. The initial failure intensity and reliability.
3. The growth potential reliability.
4. The type A and type B initial failure intensity.
5. The parameter ) of the Crow extended model.
6. The type B failure mode discovery function.
7. The initialization time, ¢y, for the nominal failure intensity function.
8. The nominal idealized failure intensity function.
9. The nominal time to reach the MTrBF goal.
10. Use Weibull++ to generate the reliability growth plan for the new missile design.

Solution

1. The growth potential MTrBF is:

MTrBFgp =MTrBFg - GPDM
=10-1.8
=18

2. The growth potential failure intensity is equal to:

1
fGP - MGP

_1
18
=0.0556
Therefore, the initial failure intensity is:

_ fep
fr= 1—-d-msr
0.0556

~(1—0.85-0.97)
=0.2480
The initial reliability is then:

Rr=1-fi
=1 —0.2480
=0.7520
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3. The growth potential reliability is equal to:

Rep =1— fep
=1 — 0.0556
=0.9444

4. The type A failure mode intensity, f4, is:

fa =(1—msr)f
=(1 — 0.97)0.2480
=0.0074

The type B failure mode intensity, fz, is:

fg =msr- fi
=0.97 - 0.2480
=0.2406

5. The initial MTrBF is:

MTrBFgp =fi
I
1

~0.2480
—4.032

) 1s estimated such that:

0 k-1
MTrBFg =) k.gy- LH Pj]

k=1
=4.0322

where:
g B
ge=X|k—(k—1)
Therefore: ) — 0.4145

6. The type B failure mode discovery function is:

h(t) = ABtP !
Since ) and 8 are known:

h (t) =0.4145 . 0.7¢%7!
=0.2901¢ 3

7. The initialization time, ¢4, is calculated using the nominal idealized equation and setting this
equal to initial failure intensity.
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10.

frr(to) = fa+ (1 —d)fp+d [Atﬂ — Aty — 1)’9] =f
=0.2480
Then, using numerical methods:

to = 2.3964

The nominal idealized growth curve is given by the following equation:

Al t<t
It (t) = { }

fA+(1—d)fB+d[/\tﬂ—/\(t—l)ﬂ] t>to

or:

0.2480 t < 2.3964
fnr () =

= 0.0556 + 0.8 [0.4145t°-7 — 0.4145(t — 1)°~7] t > 2.3964

The nominal time to reach the MTrBF goal is estimated by solving for the value of ; such
that the nominal idealized curve fy; is equal to f;. Therefore, solve for ¢ such that:

furlte) =fa+(1—d)fg+d [Atﬂ — Alto - 1)/’] = 0.2480

Using numerical methods, the nominal time to reach the goal ; — 2476606 trials.

The reliability growth plan in Weibull++ is shown next.

Design a reliability growth test plan

|»7: Do you know how the test time will be accumulated across each test phase?

Answer Mo v
l+? Which value would you like to calculate?
Answer Initial Reliability v
l»?, Assumed inputs for the reliability growth test plan
Goal Reliability 0.9
Growth Potential Design Margin 1.8
Effectiveness Factor 0.8
Management Strategy Ratio 0.97
Discovery Beta 0.7
Average Fix Delay 0
Trial at which growth begins 23964356
Initial Reliability 0.751984
Initial MTrBF 4.032000
Growth Potential MTrBF 18.000000
Mum. trials to reach goal (Actual) 247660603
Num. trials to reach goal (Nominal) 247 660603

The plot of the reliability growth plan is shown below.
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Tnput: Initial Reliability = 0.751984, Goal Reliability = 0.900000, Growth Potential Design Margin = 1.8, Average EF = 0.8, Management Strategy Ratio = 0.97, Discovery Betq
Results: Initial Trial = 2.396435, T Goal (Act) = 247.660603
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It is common practice for systems to be subjected to operational testing during a development
program. The objective of this testing is to evaluate the performance of the system, including
reliability, under conditions that represent actual use. Because of budget, resources, schedule
and other considerations, these operational tests rarely match exactly the actual use conditions.
Usually, stated mission profile conditions are used for operational testing. These mission profile
conditions are typically general statements that guide testing on an average basis. For example,
a copier might be required to print 3,000 pages by time T=10 days and 5,000 pages by time
T=15 days. In addition the copier is required to scan 200 documents by time T=10 days, 250
documents by time T=15 days, etc.

Because of practical constraints, these full mission profile conditions are typically not repeated
one after the other during testing. Instead, the elements that make up the mission profile con-
ditions are tested under varying schedules with the intent that, on average, the mission profile
conditions are met. In practice, reliability corrective actions are generally incorporated into the
system as a result of this type of testing.

Because of a lack of structure for managing the elements that make up the mission profile, it is
difficult to have an agreed upon methodology for estimating the system's reliability. Many sys-
tems fail operational testing because key assessments such as growth potential and projections
cannot be made in a straightforward manner so that management can take appropriate action.
The Weibull++ software addresses this issue by incorporating a systematic mission profile meth-
odology for operational reliability testing and reliability growth assessments.
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Introduction

Operational testing is an attempt to subject the system to conditions close to the actual envir-
onment that is expected under customer use. Often this is an extension of reliability growth test-
ing where operation induced failure modes and corrective actions are of prime interest.
Sometimes the stated intent is for a demonstration test where corrective actions are not the
prime objective. However, it is not unusual for a system to fail the demonstration test, and the
management issue is what to do next. In both cases, important and valid key parameters are
needed to properly assess this situation and make cost-effective and timely decisions. This is
often difficult in practice.

For example, a system may be required to:

e Conduct a specific task a fixed number times for each hour of operation (task 1).

¢ Move a fixed number of miles under a specific operating condition for each hour of oper-
ation (task 2).

¢ Move a fixed number of miles under another operating condition for each hour of operation
(task 3).

During operational testing, these guidelines are met individually as averages. For example, the
actual as-tested profile for task 1 may not be uniform relative to the stated mission guidelines
during the testing. What is often the case is that some of the tasks (for example task 1) could be
operated below the stated guidelines. This can mask a major reliability problem. In other cases
during testing, tasks 1, 2 and 3 might never meet their stated averages, except perhaps at the end
of the test. This becomes an issue because an important aspect of effective reliability risk man-
agement is to not wait until the end of the test to have an assessment of the reliability per-
formance.

Because the elements of the mission profile during the testing will rarely, if ever, balance con-
tinuously to the stated averages, a common analysis method is to piece the reliability assess-
ments together by evaluating each element of the profile separately. This is not a well-defined
methodology and does not account for improvement during the testing. It is therefore not
unusual for two separate organizations (e.g., the customer and the developer) to analyze the
same data and obtain different MTBF numbers. In addition, this method does not address the
delayed corrective actions that are to be incorporated at the end of the test nor does it estimate
growth potential or interaction effects. Therefore, to reduce this risk there is a need for a rig-
orous methodology for reliability during operational testing that does not rely on piecewise ana-
lysis and avoids the issues noted above.
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The Weibull++ software incorporates a new methodology to manage system reliability during
operational mission profile testing. This methodology draws information from particular plots of
the operational test data and inserts key information into a growth model. The improved meth-
odology does not piece the analysis together, but gives a direct MTBF mission profile estimate
of the system's reliability that is directly compared to the MTBF requirement. The methodology
will reflect any reliability growth improvement during the test, and will also give management a
higher projected MTBF for the system mission profile reliability after delayed corrected actions
are incorporated at the end of the test. In addition, the methodology also gives an estimate of the
system's growth potential, and provides management metrics to evaluate whether changes in the
program need to be made. A key advantage is that the methodology is well-defined and all
organizations will arrive at the same reliability assessment with the same data.

Testing Methodology

The methodology described here will use the Crow extended model for data analysis. In order to
have valid Crow extended model assessments, it is required that the operational mission profile
be conducted in a structured manner. Therefore, this testing methodology involves convergence
and stopping points during the testing. A stopping point is when the testing is stopped for the
expressed purpose of incorporating the type BD delayed corrective actions. There may be more
than one stopping point during a particular testing phase. For simplicity, the methodology with
only one stopping point will be described; however, the methodology can be extended to the
case of more than one stopping point. A convergence point is a time during the test when all the
operational mission profile tasks meet their expected averages or fall within an acceptable
range. At least three convergence points are required for a well-balanced test. The end of the
test, time 7, must be a convergence point. The test times between the convergence points do not
have to be the same.

The objective of having the convergence points is to be able to apply the Crow extended model
directly in such a way that the projection and other key reliability growth parameters can be
estimated in a valid fashion. To do this, the grouped data methodology is applied. Note that the
methodology can also be used with the Crow-AMSAA (NHPP) model for a simpler analysis
without the ability to estimate projected and growth potential reliability. See the Grouped Data
for the Crow-AMSAA (NHPP) model or for the Crow extended model.

Example - Mission Profile Testing

Consider the test-fix-find-test data set that was introduced in the Crow Extended model chapter
and is shown again in the table below. The total test time for this test is 400 hours. Note that for
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this example we assume one stopping point at the end of the test for the incorporation of the
delayed fixes. Also, suppose that the data set represents a military system with:

e Task 1 = firing a gun.
e Task 2 = moving under environment E1.
e Task 3 = moving under environment E2.

For every hour of operation, the operational profile states that the system operates in the E1
environment for 70% of the time and in the E2 environment for 30% of the time. In addition,
for each hour of operation, the gun must be fired 10 times.

Test-Fix-Find-Test Data
i X; Mode i X; Mode
1 0.7 BC17 29 192.7 BDI11
2 3.7 BC17 30 | 213 A
3 13.2 BC17 31 244.8 A
4 15 BDI1 32 | 249 BDI12
5 17.6 BC18 33 250.8 A
6 253 BD2 34 | 260.1 BD1
7 47.5 BD3 35 263.5 BDS
8 54 BD4 36 | 273.1 A
9 54.5 BCI19 37 | 274.7 BD6
10 56.4 BD5 38 282.8 BC27
11 63.6 A 39 | 285 BD13
12 72.2 BD5 40 | 304 BD9
13 99.2 BC20 41 315.4 BD4
14 | 99.6 BD6 42 | 317.1 A
15 100.3 BD7 43 320.6 A
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16 102.5 A 44 | 324.5 BD12
17 112 BD8 45 324.9 BDI10
18 112.2 BC21 46 | 342 BD5
19 120.9 BD2 47 | 350.2 BD3
20 121.9 BC22 48 | 355.2 BC28
21 125.5 BD9 49 | 364.6 BDI10
22 133.4 BD10 50 | 364.9 A

23 151 BC23 51 366.3 BD2
24 163 BC24 52 | 373 BD8
25 164.7 BD9 53 379.4 BD14
26 174.5 BC25 54 | 389 BD15
27 177.4 BD10 55 394.9 A

28 191.6 BC26 56 | 395.2 BD16

In general, it is difficult to manage an operational test so that these operational profiles are con-
tinuously met throughout the test. However, the operational mission profile methodology
requires that these conditions be met on average at the convergence points. In practice, this
almost always can be done with proper program and test management. The convergence points
are set for the testing, often at interim assessment points. The process for controlling the con-
vergence at these points involves monitoring a graph for each of the tasks.

The following table shows the expected and actual results for each of the operational mission

profiles.
Expected and Actual Results for Profiles 1, 2, 3
Profile 1(gun firings) Profile 2 (E1) Profile 3 (E2)
Time Expected Actual Expected Actual Expected Actual
5 50 0 3.5 5 1.5 0
10 100 0 7 10 3 0
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15 150 0 10.5 15 4.5 0

20 200 0 14 20 6 0

25 250 100 17.5 25 7.5 0

30 300 150 21 30 9 0

35 350 400 24.5 30 10.5 5

40 400 600 28 30 12 10
45 450 600 31.5 30 13.5 15
50 500 600 35 30 15 20
55 550 800 38.5 35 16.5 20
60 600 800 42 40 18 20
65 650 800 45.5 45 19.5 20
70 700 800 49 50 21 20
75 750 800 52.5 55 22.5 20
80 800 900 56 55 24 25
&5 850 950 59.5 55 25.5 30
90 900 1000 63 60 27 30
95 950 1000 66.5 65 28.5 30
100 1000 1000 70 70 30 30
105 1050 1000 73.5 70 31.5 35
355 3550 3440 248.5 259 106.5 96
360 3600 3690 252 264 108 96
365 3650 3690 2555 269 109.5 96
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370 3700 3850 259 274 111 96
375 3750 3850 262.5 279 112.5 96
380 3800 3850 266 280 114 100
385 3850 3850 269.5 280 115.5 105
390 3900 3850 273 280 117 110
395 3950 4000 276.5 280 118.5 115
400 4000 4000 280 280 120 120

The next figure shows a portion of the expected and actual results for mission profile 1, as
entered in the Weibull++ software.

[#Z mission Profile - O x

AB2 - - o«
Cumulative Expected Actual

4 Time Usage Usage

1 3 50 0 &

2 10 100 a

3 15 150 a

4 20 200 a

5 25 250 100

6 30 300 150

7 35 350 400

8 40 400 600

9 45 450 600

10 50 500 600

11 55 530 800

12 60 600 800

13 65 650 800

14 70 700 800

15 73 730 800 £

16 80 800 900 :

17 85 850 950

18 a0 900 1000

19 a5 950 1000

20 100 1000 1000

21 105 1050 1000

22 110 1100 1000

23 115 1150 1000

24 120 1200 1000

25 125 1250 1150

26 130 1300 1150

27 135 1350 1150

23 140 1400 1150

29 145 1450 1150

30 150 1500 1150

31 155 1550 1150 v

Convergence Paints Profile 1 Profile 2 Profile 3 Plot

A graph exists for each of the three tasks in this example. Each graph has a line with the expec-
ted average as a function of hours, and the corresponding actual value. When the actual value
for a task meets the expected value then it is a convergence for that task. A convergence point
occurs when all of the tasks converge at the same time. At least three convergence points are
required, one of which is the stopping point 7. In our example, the total test time is 400 hours.
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The convergence points were chosen to be at 100, 250, 320 and 400 hours. The next figure
shows the data sheet that contains the convergence points in the Weibull++ software.

E Mission Profile
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"
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»

The testing profiles are managed so that at these times the actual operational test profile equals
the expected values for the three tasks or falls within an acceptable range. The next graph shows
the expected and actual gun firings.
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While the next two graphs show the expected and actual time in environments E1 and E2,
respectively.
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Mission Profiles
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The objective of having the convergence points is to be able to apply the Crow extended model
directly in such a way that the projection and other key reliability growth parameters can be
estimated in a valid fashion. To do this, grouped data is applied using the Crow extended model.
For reliability growth assessments using grouped data, only the information between time points
in the testing is used. In our application, these time points are the convergence points 100, 250,
320, and 400. The next figure shows all three mission profiles plotted in the same graph,
together with the convergence points.
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The following table gives the grouped data input corresponding to the original data set.

Grouped Data at Convergence Points 100, 250, 320 and 400 Hours

Number | Time | Classificatio | Mode Number | Time | Classificatio | Mode
at Event to n at Event to n
Event Event

3 100 | BC 17 1 250 | BC 26

1 100 | BD 1 1 250 | BD 11

1 100 | BC 18 1 250 | BD 12

1 100 | BD 2 3 320 | A

1 100 | BD 3 1 320 | BD 1

1 100 | BD 4 1 320 | BD 8

1 100 | BC 19 1 320 | BD 6
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2 100 | BD 5 1 320 | BC 27
1 100 | A 1 320 | BD 13
1 100 | BC 20 1 320 | BD 9
1 100 | BD 6 1 320 | BD 4
1 250 | BD 7 3 400 | A

3 250 | A 1 400 | BD 12
1 250 | BD 8 2 400 | BD 10
1 250 | BC 21 1 400 | BD 5

1 250 | BD 2 1 400 | BD 3

1 250 | BC 22 1 400 | BC 28
2 250 | BD 9 1 400 | BD 2
2 250 | BD 10 1 400 | BD 8

1 250 | BC 23 1 400 | BD 14
1 250 | BC 24 1 400 | BD 15
1 250 | BC 25 1 400 | BD 16

The parameters of the Crow extended model for grouped data are then estimated, as explained
in the Grouped Data section of the Crow Extended chapter. The following table shows the
effectiveness factors (EFs) for the BD modes.

Effectiveness Factors for Delayed Fixes

Mode Effectiveness Factor
1 0.67
2 0.72
3 0.77
4 0.77
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5 0.87
6 0.92
7 0.50
8 0.85
9 0.89
10 0.74
11 0.70
12 0.63
13 0.64
14 0.72
15 0.69
16 0.46

Using the failure times data sheet shown next, we can analyze this data set based on a specified
mission profile. This will group the failure times data into groups based on the convergence
points that have already been specified when constructing the mission profile.
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Ea Mission Profile Example - m] x
C55 - | v ~| & main >

Time to Event (hr) Classification Mode Comments Growth Data
VFl —

B
1 0.7 BC 17 x| low| | Model Ui
3 13.2 BC 17
4 15 BD 1 “& | calculation Options (i ]
5 17.6 BC 18
3 25.3 BD 2 Standard
7 47.5 BD 3 Change of Slope
] 54 BD 4
9 4.5 BC 19 Developmental
10 56.4 BD 5 Failure Times
11 63.6 A MLE Crow
12 72.2 ED L] Mo Gap Cumulative
13 99.2 BC 20 Time Terminated {hr) - 400
14 99.6 BD
15 100.3 ED 7
16 102.5 A
17 112 BD 8
13 112.2 BC 21
19 120.9 BD 2
20 121.9 BC 22
21 125.5 BD a9
22 133.4 BD 10
23 151 BC 23
24 163 BC 24
25 164.7 BD a9 Effact Associate
ctiveness SE0Cia
% 174.5 BC 25 27 Factors t; Profile
27 177.4 BD 10 Alter Mode
- A a t Vi

28 191.6 BC 26 . Parameters -fj“ Processing
2 192.7 BD 1 [F#< Change ~.  Transfer To
30 213 A =l | Inite WY wicibudl
31 244.8 A b4
32 249 BD 12 v
Datal | Mission Profile 1-Data 1 = T = @ m

A new data sheet with the grouped data is created, as shown in the figure below and the cal-
culated results based on the grouped data are as follows:
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Q Mission Profile Example - m] b4
El6 - | vy - E] Main »
Failures Interval - Growth Data
4 ininterval  End Time (hr) Classification Mode Comments -
1 1 100 A a|loy|| Model o=
3 1 100 BC 18 oce
4 1 100 BC 19 “& | calculation Options 0
5 1 100 BC 20
& 1 100 BD 1 Standard
7 1 100 BD 2 Change of Slope
a 1 100 BD 3
g 1 100 BD 4 Developmental
0 2 100 BD 3 Grouped Failure Times
11 1 100 BD 6 MLE | Crow
12
13 i ;gg B"::: 1 Time Terminated (hr) - 400
14 1 250 BC 22
15 1 250 BC 23 T [
16 1 250 BC 24 | |
]
7 1 250 BC 5 Results (All Modes)
18 1 250 BC 26 Beta 1.057505
19 1 250 8D 7 Lambda (hr) 0.099196
0 1 750 BD 8 Growth Rate -0,057505
21 1 250 BD 2 DMTBF (hr) 5. 754440
22 2 250 BD Q DFL 0.148051
23 2 250 BD 10 Statistical Tests
24 1 250 BD 11 Significance Level 0.1
25 1 230 BD 12 Chi-Sg Passed
26 3 320 A Results (A Modes) A
27 1 320 BC 27 - )
Effectiveness ap Mode

2 1 320 BD 1 EF) ractors €& Processing
29 1 320 BD 8 At Transfer T

 Alter - ransfer To
= 1 320 BD 6 L Parameters @ Weibull
3 1 320 BD 13 —

7 Change

32 1 320 BD 9 =5 Units
33 1 320 BD 4
34 3 400 A v
Data1 | Mission Profile 1 - Data 1 el 3 = @ m

The following plot shows the instantaneous, demonstrated, projected and growth potential
MTBEF for the grouped data, based the mission profile grouping with intervals at the specified
convergence points of the mission profile.
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Growth Potential MTBF
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EBeta=1.057505, Lambda (hr}=0.099196
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When a complex system with new technology is fielded and subjected to a customer use envir-
onment, there is often considerable interest in assessing its reliability and other related per-
formance metrics, such as availability. This interest in evaluating the system reliability based on
actual customer usage failure data may be motivated by a number of factors. For example, the
reliability that is generally measured during development is typically related to the system's
inherent reliability capability. This inherent capability may differ from actual use experience
because of different operating conditions or environment, different maintenance policies, dif-
ferent levels of experience of maintenance personnel, etc. Although operational tests are con-
ducted for many systems during development, it is generally recognized that in many cases
these tests may not yield complete data representative of an actual use environment. Moreover,
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the testing during development is typically limited by the usual cost and schedule constraints,
which prevent obtaining a system's reliability profile over an extended portion of its life. Other
interests in measuring the reliability of a fielded system may center on, for example, logistics
and maintenance policies, quality and manufacturing issues, burn-in, wearout, mission reliability
or warranties.

Most complex systems are repaired, not replaced, when they fail. For example, a complex com-
munication system or a truck would be repaired upon failure, not thrown away and replaced by
a new system. A number of books and papers in literature have stressed that the usual non-
repairable reliability analysis methodologies, such as the Weibull distribution, are not appro-
priate for repairable system reliability analyses and have suggested the use of non-homogeneous
Poisson process models instead.

The homogeneous process is equivalent to the widely used Poisson distribution, and exponential
times between system failures can be modeled appropriately when the system's failure intensity
is not affected by the system's age. However, to realistically consider burn-in, wearout, useful
life, maintenance policies, warranties, mission reliability, etc., the analyst will often require an
approach that recognizes that the failure intensity of these systems may not be constant over the
operating life of interest but may change with system age. A useful, and generally practical,
extension of the homogeneous Poisson process, is the non-homogeneous Poisson process, which
allows for the system failure intensity to change with system age. Typically, the reliability ana-
lysis of a repairable system under customer use will involve data generated by multiple systems.
Crow [17] proposed the Weibull process or power law non-homogeneous Poisson process for
this type of analysis, and developed appropriate statistical procedures for maximum likelihood
estimation, goodness-of-fit and confidence bounds.

Applicable Analyses

The following chapters contain additional information on each of the analyses that can be used
with data from fielded systems:

¢ Repairable Systems Analysis

e QOperational Testing

¢ Fleet Data Analysis
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Repairable Systems Analysis

Data from systems in the field can be analyzed in the Weibull++ software. This type of data is
called fielded systems data and is analogous to warranty data. Fielded systems can be cat-
egorized into two basic types: one-time or non-repairable systems, and reusable or repairable
systems. In the latter case, under continuous operation, the system is repaired, but not replaced
after each failure. For example, if a water pump in a vehicle fails, the water pump is replaced
and the vehicle is repaired.

This chapter presents repairable systems analysis, where the reliability of a system can be
tracked and quantified based on data from multiple systems in the field. The next chapter will
present fleet analysis, where data from multiple systems in the field can be collected and ana-
lyzed so that reliability metrics for the fleet as a whole can be quantified.

Background

Most complex systems, such as automobiles, communication systems, aircraft, printers, medical
diagnostics systems, helicopters, etc., are repaired and not replaced when they fail. When these
systems are fielded or subjected to a customer use environment, it is often of considerable
interest to determine the reliability and other performance characteristics under these conditions.
Areas of interest may include assessing the expected number of failures during the warranty
period, maintaining a minimum mission reliability, evaluating the rate of wearout, determining
when to replace or overhaul a system and minimizing life cycle costs. In general, a lifetime dis-
tribution, such as the Weibull distribution, cannot be used to address these issues. In order to
address the reliability characteristics of complex repairable systems, a process is often used
instead of a distribution. The most popular process model is the Power Law model. This model
is popular for several reasons. One is that it has a very practical foundation in terms of minimal
repair, which is a situation where the repair of a failed system is just enough to get the system
operational again. Second, if the time to first failure follows the Weibull distribution, then each
succeeding failure is governed by the Power Law model as in the case of minimal repair. From
this point of view, the Power Law model is an extension of the Weibull distribution.

Sometimes, the Crow Extended model, which was introduced in a previous chapter for ana-
lyzing developmental data, is also applied for fielded repairable systems. Applying the Crow
Extended model on repairable system data allows analysts to project the system MTBF after reli-
ability-related issues are addressed during the field operation. Projections are calculated based
on the mode classifications (A, BC and BD). The calculation procedure is the same as the one
for the developmental data, and is not repeated in this chapter.
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Visualize a socket into which a component is inserted at time 0. When the component fails, it is
replaced immediately with a new one of the same kind. After each replacement, the socket is
put back into an as good as new condition. Each component has a time-to-failure that is determ-
ined by the underlying distribution. It is important to note that a distribution relates to a single
failure. The sequence of failures for the socket constitutes a random process called a renewal
process. In the illustration below, the component life is X; , and ¢; is the system time to the 7t
failure.

X1 X2 X3

0 t1 ts L3 T
Each component life X; in the socket is governed by the same distribution Fi(z) .

A distribution, such as Weibull, governs a single lifetime. There is only one event associated
with a distribution. The distribution F(z) is the probability that the life of the component in the
socket is less than ,, . In the illustration above, X; is the life of the first component in the socket.
F(z) is the probability that the first component in the socket fails in time 5. When the first com-
ponent fails, it is replaced in the socket with a new component of the same type. The probability
that the life of the second component is less than ,, is given by the same distribution function,
F(z) . For the Weibull distribution:

F(z)=1- e’

A distribution is also characterized by its density function, such that:

d
f(z) = L F(2)
The density function for the Weibull distribution is:

f(z) = A\BzP1 . e M2

In addition, an important reliability property of a distribution function is the failure rate, which
is given by:
f(=)

"= 1w

PAGE 378



RELIABILITY GROWTH AND REPAIRABLE SYSTEM FIELDED SYSTEMS

The interpretation of the failure rate is that for a small interval of time Ay, r(z)Az is approx-
imately the probability that a component in the socket will fail between time , and time g 4+ Az,
given that the component has not failed by time ,, . For the Weibull distribution, the failure rate
is given by:

r(z) = ABxP!

It is important to note the condition that the component has not failed by time , . Again, a dis-
tribution deals with one lifetime of a component and does not allow for more than one failure.
The socket has many failures and each failure time is individually governed by the same dis-
tribution. In other words, the failure times are independent of each other. If the failure rate is
increasing, then this is indicative of component wearout. If the failure rate is decreasing, then
this is indicative of infant mortality. If the failure rate is constant, then the component failures
follow an exponential distribution. For the Weibull distribution, the failure rate is increasing for
B > 1, decreasing for 8 < 1 and constant for 8 = 1. Each time a component in the socket is
replaced, the failure rate of the new component goes back to the value at time 0. This means
that the socket is as good as new after each failure and each subsequent replacement by a new
component. This process is continued for the operation of the socket.

Now suppose that a system consists of many components with each component in a socket. A
failure in any socket constitutes a failure of the system. Each component in a socket is a renewal
process governed by its respective distribution function. When the system fails due to a failure
in a socket, the component is replaced and the socket is again as good as new. The system has
been repaired. Because there are many other components still operating with various ages, the
system is not typically put back into a like new condition after the replacement of a single com-
ponent. For example, a car is not as good as new after the replacement of a failed water pump.
Therefore, distribution theory does not apply to the failures of a complex system, such as a car.
In general, the intervals between failures for a complex repairable system do not follow the
same distribution. Distributions apply to the components that are replaced in the sockets, but not
at the system level. At the system level, a distribution applies to the very first failure. There is
one failure associated with a distribution. For example, the very first system failure may follow
a Weibull distribution.

For many systems in a real world environment, a repair may only be enough to get the system
operational again. If the water pump fails on the car, the repair consists only of installing a new
water pump. Similarly, if a seal leaks, the seal is replaced but no additional maintenance is

done. This is the concept of minimal repair. For a system with many failure modes, the repair of
a single failure mode does not greatly improve the system reliability from what it was just
before the failure. Under minimal repair for a complex system with many failure modes, the
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system reliability after a repair is the same as it was just before the failure. In this case, the
sequence of failures at the system level follows a non-homogeneous Poisson process (NHPP).

The system age when the system is first put into service is time 0. Under the NHPP, the first fail-
ure is governed by a distribution F(z) with failure rate r(z) . Each succeeding failure is gov-
erned by the intensity function u(t) of the process. Let ¢ be the age of the system and A¢ is very
small. The probability that a system of age ; fails between ; and ¢ + A¢ is given by the intensity
function u(t)At . Notice that this probability is not conditioned on not having any system fail-
ures up to time ¢, as is the case for a failure rate. The failure intensity «(¢) for the NHPP has the
same functional form as the failure rate governing the first system failure. Therefore, u(t) = r(t) ,
where r(t) is the failure rate for the distribution function of the first system failure. If the first
system failure follows the Weibull distribution, the failure rate is:

r(z) = ABzP!

Under minimal repair, the system intensity function is:

u(t) = A\3tP1

This is the Power Law model. It can be viewed as an extension of the Weibull distribution. The
Weibull distribution governs the first system failure, and the Power Law model governs each
succeeding system failure. If the system has a constant failure intensity u(t) = A, then the inter-
vals between system failures follow an exponential distribution with failure rate . If the system
operates for time 7, then the random number of failures N(T) over 0 to T is given by the
Power Law mean value function.

E[N(T)] = XT?

Therefore, the probability N(T') = n is given by the Poisson probability.

(A\T)" e

: ;n=0,1,2...
n!

This is referred to as a homogeneous Poisson process because there is no change in the intensity
function. This is a special case of the Power Law model for 8 = 1. The Power Law model is a
generalization of the homogeneous Poisson process and allows for change in the intensity func-
tion as the repairable system ages. For the Power Law model, the failure intensity is increasing
for B > 1 (wearout), decreasing for 8 < 1 (infant mortality) and constant for 8 =1 (useful life).
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Power Law Model

The Power Law model is often used to analyze the reliability of complex repairable systems in
the field. The system of interest may be the total system, such as a helicopter, or it may be sub-
systems, such as the helicopter transmission or rotator blades. When these systems are new and
first put into operation, the start time is 0. As these systems are operated, they accumulate age
(e.g., miles on automobiles, number of pages on copiers, flights of helicopters). When these sys-
tems fail, they are repaired and put back into service.

Some system types may be overhauled and some may not, depending on the maintenance
policy. For example, an automobile may not be overhauled but helicopter transmissions may be
overhauled after a period of time. In practice, an overhaul may not convert the system reliability
back to where it was when the system was new. However, an overhaul will generally make the
system more reliable. Appropriate data for the Power Law model is over cycles. If a system is
not overhauled, then there is only one cycle and the zero time is when the system is first put
into operation. If a system is overhauled, then the same serial number system may generate
many cycles. Each cycle will start a new zero time, the beginning of the cycle. The age of the
system is from the beginning of the cycle. For systems that are not overhauled, there is only one
cycle and the reliability characteristics of a system as the system ages during its life is of
interest. For systems that are overhauled, you are interested in the reliability characteristics of
the system as it ages during its cycle.

For the Power Law model, a data set for a system will consist of a starting time g, an ending
time 7 and the accumulated ages of the system during the cycle when it had failures. Assume
that the data exists from the beginning of a cycle (i.e., the starting time is 0), although non-zero
starting times are possible with the Power Law model. For example, suppose data has been col-
lected for a system with 2,000 hours of operation during a cycle. The starting time is g — ¢ and
the ending time is 7 — 99gg - Over this period, failures occurred at system ages of 50.6, 840.7,
1060.5, 1186.5, 1613.6 and 1843.4 hours. These are the accumulated operating times within the
cycle, and there were no failures between 1843.4 and 2000 hours. It may be of interest to
determine how the systems perform as part of a fleet. For a fleet, it must be verified that the sys-
tems have the same configuration, same maintenance policy and same operational environment.
In this case, a random sample must be gathered from the fleet. Each item in the sample will
have a cycle starting time g — ¢, an ending time 7 for the data period and the accumulated oper-
ating times during this period when the system failed.

There are many ways to generate a random sample of g systems. One way is to generate g ran-
dom serial numbers from the fleet. Then go to the records corresponding to the randomly selec-
ted systems. If the systems are not overhauled, then record when each system was first put into
service. For example, the system may have been put into service when the odometer mileage
equaled zero. Each system may have a different amount of total usage, so the ending times, 7,
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may be different. If the systems are overhauled, then the records for the last completed cycle
will be needed. The starting and ending times and the accumulated times to failure for the g
systems constitute the random sample from the fleet. There is a useful and efficient method for
generating a random sample for systems that are overhauled. If the overhauled systems have
been in service for a considerable period of time, then each serial number system in the fleet
would go through many overhaul cycles. In this case, the systems coming in for overhaul actu-
ally represent a random sample from the fleet. As g systems come in for overhaul, the data for
the current completed cycles would be a random sample of size g .

In addition, the warranty period may be of particular interest. In this case, randomly choose g
serial numbers for systems that have been in customer use for a period longer than the warranty
period. Then check the warranty records. For each of the g systems that had warranty work, the
ages corresponding to this service are the failure times. If a system did not have warranty work,
then the number of failures recorded for that system is zero. The starting times are all equal to
zero and the ending time for each of the g systems is equal to the warranty operating usage
time (e.g., hours, copies, miles).

In addition to the intensity function () and the mean value function, which were given in the
section above, other relationships based on the Power Law are often of practical interest. For
example, the probability that the system will survive to age ¢ + 4 without failure is given by:

R(t)= e [xt+aP-xf]

This is the mission reliability for a system of age ; and mission length 4.

Suppose that the number of systems under study is x and the ¢ system is observed con-
tinuously from time Sy to time Ty, ¢ =1,2,..., K. During the period [Sq, Ty] , let Ny be the num-
ber of failures experienced by the ¢* system and let X;4 be the age of this system at the
occurrence of failure, i = 1,2,..., N, . It is also possible that the times S, and 7; may be the
observed failure times for the g™ system. If Xn,q = T, then the data on the ¢ system is said to
be failure terminated, and T, is a random variable with N, fixed. If Xn,¢ < Ty, then the data on

the ¢ system is said to be time terminated with Ny a random variable. The maximum like-
lihood estimates of ) and B are values satisfying the equations shown next.
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K
E g=1 Nq

NG

EKq=1 Nq
j\\ZKq=1 [Tf In(T,) — Sf ln(Sq)] - EKq=1 ENqi=1 In(X;,q)

®)

where g1n 0 is defined to be 0. In general, these equations cannot be solved explicitly for X and
B, but must be solved by iterative procedures. Once X and B have been estimated, the max-
imum likelihood estimate of the intensity function is given by:

a(t) = AptP 1

IfS$1=8=...=8=0andTh =T2 =...=T, (g=1,2,...,K) then the maximum likelihood

estimates X and B are in closed form.

K
’X :2 g=1 Nq
KT#
K
B‘= Z g=1 Nq

S XM In( %)

The following example illustrates these estimation procedures.

For the data in the following table, the starting time for each system is equal to 0 and the ending

time for each system is 2,000 hours. Calculate the maximum likelihood estimates } and 3.

Repairable System Failure Data
System1(X; ) | System2(X;, ) | System3(X;; )
1.2 1.4 0.3
55.6 35.0 32.6
72.7 46.8 334
111.9 65.9 241.7
121.9 181.1 396.2
303.6 712.6 444 .4
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326.9 1005.7 480.8
1568.4 1029.9 588.9
1913.5 1675.7 1043.9
1787.5 1136.1
1867.0 1288.1
1408.1
1439.4
1604.8
N =9 Ny, =11 N; =14

Solution

Because the starting time for each system is equal to zero and each system has an equivalent

ending time, the general equations for 8 and & reduce to the closed form equations. The max-

imum likelihood estimates of 3 and i are then calculated as follows:

/’3‘ _ Zqul Nq
Equl ENqi=1 ln(Xl'_q)
K
< LN,
A= % = 0.36224

The system failure intensity function is then estimated by:

at) =3P, t>0

= 0.45300

The next figure is a plot of @(t) over the period (0, 3000). Clearly, the estimated failure intens-

ity function is most representative over the range of the data and any extrapolation should be

viewed with the usual caution.
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Failure Intensity vs. Time
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Goodness-of-Fit Tests for Repairable System Analysis

It is generally desirable to test the compatibility of a model and data by a statistical goodness-
of-fit test. A parametric Cramer-von Mises goodness-of-fit test is used for the multiple system
and repairable system Power Law model, as proposed by Crow in [17]. This goodness-of-fit test
is appropriate whenever the start time for each system is 0 and the failure data is complete over
the continuous interval [0,Ty] with no gaps in the data. The Chi-Squared test is a goodness-of-fit
test that can be applied under more general circumstances. In addition, the Common Beta Hypo-
thesis test also can be used to compare the intensity functions of the individual systems by com-
paring the B, values of each system. Lastly, the Laplace Trend test checks for trends within the
data. Due to their general application, the Common Beta Hypothesis test and the Laplace Trend
test are both presented in Appendix B. The Cramer-von Mises and Chi-Squared goodness-of-fit
tests are illustrated next.

To illustrate the application of the Cramer-von Mises statistic for multiple systems data, suppose
that g like systems are under study and you wish to test the hypothesis H; that their failure
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times follow a non-homogeneous Poisson process. Suppose information is available for the ¢**
system over the interval [0, Ty], with successive failure times , (¢ =1,2,..., K). The Cramer-von
Mises test can be performed with the following steps:

Step 1: If zn,q =T, (failure terminated), let My = Ny — 1, and if 25, < T (time terminated), let
M, = N, . Then:

K
M=) M,
g=1

Step 2: For each system, divide each successive failure time by the corresponding end time Ty ,
t=1,2,...,M,;. Calculate the ps values:

Yy =>2,i=1,2,...,M;,, ¢=1,2,...,K

3| X

Step 3: Next calculate 3, the unbiased estimate of 8, from:

M-1
S e XM (1)

"1

B=

Step 4: Treat the Y;; values as one group, and order them from smallest to largest. Name these
ordered values z;, z3,...,2p >, such that 2; < 2z, < ... <z -

Step 5: Calculate the parametric Cramer-von Mises statistic.

1 Mo S 23—12
Cu = 12M+FZ1

Critical values for the Cramer-von Mises test are presented in the Crow-AMSAA (NHPP) page.

Step 6: If the calculated C3; is less than the critical value, then accept the hypothesis that the
failure times for the g systems follow the non-homogeneous Poisson process with intensity
function u(t) = ABt#! .

The parametric Cramer-von Mises test described above requires that the starting time, Sq , be
equal to O for each of the g systems. Although not as powerful as the Cramer-von Mises test,
the chi-squared test can be applied regardless of the starting times. The expected number of fail-

PAGE 386



RELIABILITY GROWTH AND REPAIRABLE SYSTEM FIELDED SYSTEMS

NP —Xa? =0, where) and B are the maximum likelihood estimates.

The computed x? statistic is:

4 [N 0
Z (.7) ()?

i=1

where ¢ is the total number of intervals. The random variable x* is approximately chi-square
distributed with df = d — 2 degrees of freedom. There must be at least three intervals and the
length of the intervals do not have to be equal. It is common practice to require that the expec-

ted number of failures for each interval, 6(j) , be at least five. If Xp > Xi/Z,d—2 or if

Xp < X%—(a/2),d—2 , reject the null hypothesis.

For the data from power law model example given above, use the Cramer-von Mises test to
examine the compatibility of the model at a significance level 4 — g.10

Solution
Step 1:

Xo1 =1913.5 < 2000, M; =9
X11’2 =1867 < 2000, M, =11
X143 =1604.8 < 2000, M; = 14

M :23: M, = 34
g=1

Step 2: Calculate Yiq, treat the Yi; values as one group and order them from smallest to largest.
Name these ordered values z;, z,,..., 2y -

Step 3: Calculate:

B= M-1 = 0.4397
ZKq=1 ZMqi=1 ]-“( )1(1 )

Step 4: Calculate:

2 . 2
C% =t + Y (27 — %F) =0.0636

J
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Step 5: From the table of critical values for the Cramer-von Mises test, find the critical value
(CV) for pr — 34 at a significance level o, — 9.10- CV = 0.172 -

Step 6: Since C}; < CV , accept the hypothesis that the failure times for the g — 3 repairable

systems follow the non-homogeneous Poisson process with intensity function u(t) = A8t~ .

Confidence Bounds for Repairable Systems Analysis

The Weibull++ software provides two methods to estimate the confidence bounds for repairable
systems analysis. The Fisher matrix approach is based on the Fisher information matrix and is
commonly employed in the reliability field. The Crow bounds were developed by Dr. Larry
Crow. See Confidence Bounds for Repairable Systems Analysis for details on how these con-
fidence bounds are calculated.

Using the data from the power law model example given above, calculate the mission reliability
at 4 — 99op hours and mission time g — 49 hours along with the confidence bounds at the 90%
confidence level.

Solution

The maximum likelihood estimates of X and B8 from the example are:

o~

B =0.45300
X =0.36224

The mission reliability at 4 — 9ggg for mission time g — 4q is:
R(t) =e—[,\(t+d)f’—,\tﬁ]
=0.90292

At the 90% confidence level and 7 — 99gp hours, the Fisher matrix confidence bounds for the
mission reliability for mission time g — 4¢ are given by:

R(@)

CB =
R(®) + (1 - E(t))ezl:za Var(R(t)/ [R(t)(1-B®))]

[R(¢)], =0.83711
[R(t)], =0.94392

The Crow confidence bounds for the mission reliability are:
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[R(t)], =[R(n]™

1
—[0.90292] 071400
=0.86680

[R(t)ly =[R()]™

1
=[0.90292] 1.6051
=0.93836

The next two figures show the Fisher matrix and Crow confidence bounds on mission reliability

for mission time g — 4¢.-

Conditional Reliability vs. Time

Cond. Reliability

o
S

0.2

600

1200 1800
Hour (hr)

2400 3000

Cond. Reliability

CB@90%: 2-Sided[F

Datal

Power Law

MLE FM

T. Time (hr)= 2000.000000

Constant Mission Time (hr)j=40
=¥ Termination Line

— Cond. Reliability
— Top CB Type 11
= Bottom CB Type IT
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Conditional Reliability vs. Time
1 Cond. Reliability
CB@%0% 2-Sided[F]
L e b === = = =TT Datal
—_—f———— Power Law
-— — MLE Crow
| o — — — | T.Time (hr)= 2000.000000
/ A= - Constant Mission Time (hr)=40
_——1 =~ Termination Ling
L-- — Cond. Reliability
- — Top CB 11
0.8 - - ngom Cl D'F}_'g il
> 0.6
=
=
T
o
L
C 4 !
|
!
]
l
0.2
0
0 600 1200 1800 2400 3000
Hour (hr)

Economical Life Model

One consideration in reducing the cost to maintain repairable systems is to establish an overhaul
policy that will minimize the total life cost of the system. However, an overhaul policy makes
sense only if 8 > 1. It does not make sense to implement an overhaul policy if 8 < 1 since
wearout is not present. If you assume that there is a point at which it is cheaper to overhaul a
system than to continue repairs, what is the overhaul time that will minimize the total life cycle
cost while considering repair cost and the cost of overhaul?

Denote ¢; as the average repair cost (unscheduled), ¢, as the replacement or overhaul cost and
Cs as the average cost of scheduled maintenance. Scheduled maintenance is performed for
every § miles or time interval. In addition, let N; be the number of failures in [0,¢] , and let N,
be the number of replacements in [0,%] . Suppose that replacement or overhaul occurs at times 7,
oT , and g . The problem is to select the optimum overhaul time T = T; so as to minimize the
long term average system cost (unscheduled maintenance, replacement cost and scheduled main-
tenance). Since 8 > 1, the average system cost is minimized when the system is overhauled (or
replaced) at time T;, such that the instantaneous maintenance cost equals the average system
cost. The total system cost between overhaul or replacement is:
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T

TSC(T) = CLE(N(T))+ Cs + Cs 3

So the average system cost is:

_ CLE(N(T))+Cp +Cs %
N T

C(T)
The instantaneous maintenance cost at time 7 is equal to:

G

IMC(T) = Cy \BT? + 3

The following equation holds at optimum overhaul time Tj :

C; CLE(N(T))+Ce+Cs

CIABTP + 5 = T
_ClATég +Cy + 03%
= T
Therefore:
1/
5 - [35%]
A(B—-1)C

But when there is no scheduled maintenance, the equation becomes:

CINTE + C,

G AﬂTég_l - To

and the equation for the optimum overhaul time, T} , is the same as in the previous case. There-
fore, for periodic maintenance scheduled every g miles, the replacement or overhaul time is the
same as for the unscheduled and replacement or overhaul cost model.

More Examples

This case study is based on the data given in the article "Graphical Analysis of Repair Data" by
Dr. Wayne Nelson [23]. The following table contains repair data on an automatic transmission
from a sample of 34 cars. For each car, the data set shows mileage at the time of each trans-
mission repair, along with the latest mileage. The + indicates the latest mileage observed
without failure. Car 1, for example, had a repair at 7068 miles and was observed until 26,744
miles. Do the following:
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1. Estimate the parameters of the Power Law model.

2. Estimate the number of warranty claims for a 36,000 mile warranty policy for an estimated
fleet of 35,000 vehicles.

Solution

Automatic Transmission Data

Car Mileage Car Mileage

1 7068, 26744+ 18 17955+

2 28, 13809+ 19 19507+

3 48, 1440, 29834+ 20 24177+

4 530, 25660+ 21 22854+

5 21762+ 22 17844+

6 14235+ 23 22637+

7 1388, 18228+ 24 375, 19607+
8 21401+ 25 19403+

9 21876+ 26 20997+

10 5094, 18228+ 27 19175+

11 21691+ 28 20425+

12 20890+ 29 22149+

13 22486+ 30 21144+

14 19321+ 31 21237+

15 21585+ 32 14281+

16 18676+ 33 8250, 21974+
17 23520+ 34 19250, 21888+
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1.

The estimated Power Law parameters are shown next.

Q 2-Automatic Transmission Example

- m} x

Systems

v
<,

System 1

System 2

System 3

System 4

System 5

System &

System 7

System 8

System 9

System 10
System 11
System 12
System 13
System 14
System 15
System 16
System 17
System 13
System 19
System 20
System 21
System 22
System 23
System 24
System 25
System 26
System 27
System 23
System 29
System 30
System 31
System 32
System 33
System 34

v
R A R R A A A R R R R R R N N N A N N N A R A A A S

€

Datal

ASD

Time to
Event (mi)
0
26744

Comments

Start
End

el RN A R RN

7068

~| kg Main

e
a | lopl

»

O™

Power Law

Fielded Repairable

MLE

| Crow

CVM
CBH

Parameters l_;]
Beta 0,342536
Lambda (mi) 0.005777

Statistical Tests
Significance Level 0.1

Other
Termination Time {mi): 29834.000000

Individual System Results

Passed
Mot available

Systems: 34/34

System 1
Mot Calculated
Effectivensss iy Mode
EF o .
Factors =& Processing
[z7e Alter zx Batch Auto
#2 parameters Run
Sc Switch View Transfer
77 Change Transfer To
=S Units Weibull

m B ¢ m

The expected number of failures at 36,000 miles can be estimated using the QCP as shown
next. The model predicts that 0.3559 failures per system will occur by 36,000 miles. This
means that for a fleet of 35,000 vehicles, the expected warranty claims are 0.3559 * 35,000

=12,456.
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@ oce ® X

-Automatic Transmission Example®Datal

CNOF(t=360... 0.356107

Number of Failures hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Reliahility Time (hr 36000
Probability ()
Prob. of Faiure
Instantaneous MTBF Failure Intensity
Cumulative MTBF Failure Intensity
Time Given:
Time {hr)
Reliability
Fielded Data Expected Fleet Failures
Failures Mumber of Failures
Mission Time (hr)
Repairable Calculate

Optimum Overhaul

Field data have been collected for a system that begins its wearout phase at time zero. The start
time for each system is equal to zero and the end time for each system is 10,000 miles. Each sys-
tem is scheduled to undergo an overhaul after a certain number of miles. It has been determined
that the cost of an overhaul is four times more expensive than a repair. The table below presents
the data. Do the following:

1. Estimate the parameters of the Power Law model.
2. Determine the optimum overhaul interval.

3. If B< 1, would it be cost-effective to implement an overhaul policy?

Field Data
System1l | System 2 | System 3
1006.3 722.7 619.1
2261.2 1950.9 1519.1
2367 3259.6 2956.6
2615.5 4733.9 3114.8
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Solution

2848.1 5105.1 3657.9
4073 5624.1 4268.9
5708.1 5806.3 6690.2
6464.1 5855.6 6803.1
6519.7 6325.2 7323.9
6799.1 6999 .4 7501.4
7342.9 7084.4 7641.2
7736 7105.9 7851.6
8246.1 7290.9 8147.6

7614.2 8221.9

8332.1 9560.5

8368.5 9575.4

8947.9

9012.3

9135.9

9147.5

9601
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1. The next figure shows the estimated Power Law parameters.

Q 3-Optimum Overhaul Example - [m] »
Systems <« || Ad4 -|: v - E(; Main >
» || System 2 'l Event (mi) |
» [7] System 3 1 0 Start s | lo] | Model o=
2 end 4
3 1006.3
ace
4 2261.2 y Fielded Repairable ]
5 2367 MLE [ Crow |
6 2615.5
7 2848.1 | Resuts |
8 4073 Parameters m
9 5708.1 Beta 1.473324
10 6464.1 Lambda (mi) 0.000021
1 6519.7 Statistical Tests
12 6799.1 Significance Level 0.1
ii ??;3269 CVM Passed
5 8246.1 CBH Passed
= Other
7 Termination Time {mi): 10000.000000
18 Systems: 3/3
o
20 System 1
21 Beta 1.151646
22 Lambda (mi} 0.000322
23 CVM Passed
24 Laplace Mo Trend
25
2% e Effectiveness ap Mode )
27 Factors “C Processing
ig ')‘:“' ;.tharmehers % gﬂﬁm e
a0 g Switch View ' Transfer
31 744 Change Transfer To
32 =2l Units W weibul
33
34 v
Datal A OE © m
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2. The QCP can be used to calculate the optimum overhaul interval, as shown next.

@ qcp @ 4
ptimum Overhaul Example\Datal
Optimum Owv... 6303.259111
imum Owverhaul hr No Bounds Captions On
Units - Bounds Options -
Calculate Input
Reliabil Repair Cost 1
Probability rty =palrtos
Prab. of Failure Overhaul Cost 4
Instantaneous MTBF Failure Intensity
Cumulative MTBF Failure Intensity
Time Given:
Time ¢hr)
Reliability
Fielded Data Expected Fleet Faiures
Failures Mumber of Failures
o Mission Time (hr) Report
Repairable Calculat:
Optimum Overhaul L] wate

3. Since 8> 1 the systems are wearing out and it would be cost-effective to implement an
overhaul policy. An overhaul policy makes sense only if the systems are wearing out.

The failures and fixes of two repairable systems in the field are recorded. Both systems started
operating from time 0. System 1 ends at time = 504 and system 2 ends at time = 541. All the
BD modes are fixed at the end of the test. A fixed effectiveness factor equal to 0.6 is used.
Answer the following questions:

1. Estimate the parameters of the Crow Extended model.
2. Calculate the projected MTBF after the delayed fixes.

3. If no fixes were performed for the future failures, what would be the expected number of
failures at time 1,000?

Solution
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1. The next figure shows the estimated Crow Extended parameters.
Q 4-Crow Extended for Repairable Systems Analysis Example - [m] ®
A49 K v -| & Main »
. System ID Event El—;mns (tr?r] Classification Mode Comments Growth Data
B
1 1 5 0 +|loy | Madel (i L
3 1 F 29 A 42 e
* 1 F 43 BD 10 CE | Figlded Repairable ]
5 1 F 43 BD 11 ‘ MLE I Crow |
6 1 F 43 A 39
7 1 F 66 A 20 I - |
8 1 F 115 BD 34 Parameters [
g 1 F 159 BD 49 Results (All Modes)
10 1 F 199 BD 47 Beta (p) 1000000
11 1 F 202 BD 47 Sets 0.868505
i_: i :z ;3; :g iz Lambda (hr) 0.067560
14 1 F 248 BD 15 g:TEF ™ ;30222:?
15 1 F 255 BD 41 — -
16 1 F 285 BD 40 Siabsiaalliesty
17 1 E 286 BD 48 Significance Level 0.1
18 1 F 04 BD 47 cm Passed
13 1 F 320 BD 13 Bt Passed
20 1 F 348 BD 11 Results (A Modes)
21 1 F 364 BD 44 MTEF (hr) 149.285714
2 1 F 404 BD 44 FI 0.006699
23 1 F 410 BD 4 Results (BD Modes)
24 1 F 429 BD 47 Beta (UnE) 0.789849
25 1 E 504 Lambda (hr) 0.070114
% 2 5 0 MTEF (hr) 77.825741
27 2 F 83 BD 37 = 0.012849 -
28 2 F 83 BD 43
29 2 F a3 ED 46 EF Effebcoﬁveness ac% I:'Iode )
30 2 F 169 A 45 -;C " Erj:s:'”i
- Alter a L

3 2 F 213 A 18 . Parameters * Run
32 2 F 299 A 42 -
33 2 F 375 A 1 g Switch View Transfer
34 2 F 431 BD 16

|57+ Change - Transfer To
35 2 E 541 == T ® Weibull
36
37 v
Datai b E E © m

2. The next figure shows the projected MTBF at time = 541 (i.e., the age of the oldest system).
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Growth Potential MTBF
80 Growth Potential MTBF
Datal
Crow Extended
?L'E'ilf':nr:\'[vhr]— 541.000000
736 4 + Growth Potential
+ Projected
— Demonstrated
68
56
£
L
5]
o
=
44 443 4
33 Jom
E?)
20 120 240 360 480 600
Hour (hr)
[Beta (hyp) = 1.000000, Beta = 0.866505, Lambda (hr)=0.067560
3. The next figure shows the expected number of failures at time = 1,000.
@ qce @ X

w Extended for Repairable Systems Analysis Example'\Datal

CNOF(t=100...

29.665072

Number of Failures hr No Bounds
Units - Bounds
Calculate Input
Demonstrated MTEF Failure Intensity Time (hr)
Projected MTBF Failure Intensity
Growth Potential MTBF Failure Intensity
Discavery Rate
h(T)
MTBF BD Unseen
Fielded Data Expected Fleet Failures
Failures Mumber of Failures -
Calculate

Captions On

Options

1000

Report
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Operational Testing

Background

Operational testing is basically repairable systems analysis using the Crow Extended model. The
general assumptions associated with the Crow Extended model do not change. However, in oper-
ational testing, the calculations are conducted with the assumption that 8 = 1. Therefore, only
delayed fixes, BD modes (test-find-test), are allowed. BC modes and fixes during the test cannot
be entered. In this scenario, you want a stable system such that the estimate of Bis close to one.
The g =1 assumption can be verified by checking the confidence bounds on g. If the con-
fidence bounds include one, then you can fail to reject the hypothesis that g =1.

Under operational testing:

¢ The final product has been fielded, why is why this is not developmental testing.
e Only delayed fixes (BD modes) are allowed.

* The configuration is fixed and design changes are kept to a minimum.

¢ The focus is on age-dependent reliability.

e Testing is generally conducted prior to full production.

Operational testing analysis could also be applied to a system that is already in production and
being used by customers in the field. In this case, you will be able to verify the improvement in
the system's MTBF based on the specified delayed fixes. Based on this information, along with
the cost and time to implement, you can determine if it is cost-effective to apply the fixes to the
fielded systems.

Example - Operational Testing

Consider two systems that have been placed into operational testing. The data for each system
are given below. Do the following:

1. After estimating the parameters, verify the assumption of 3=1.

2. Estimate the instantaneous MTBF of the system at the end of the test (demonstrated
MTBEF).

3. Estimate the MTBF that can be expected after the BD failure modes are addressed (pro-
jected MTBF) and the maximum MTBEF that can be achieved if all BD modes that exist in
the system were discovered and fixed according to the current maintenance strategy (growth
potential MTBF).
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Operational Testing Data

System # 1 2
Start Time (Hr) 0 0
End Time (Hr) 504 541
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Failure Times (Hr) and
Failure Modes

21 BD43

83 BD37

29 A42

83 BD43

43 BD10

83 BD46

43 BD11

169 A45

43 A39

213 Al18

66 A20

299 A42

115 BD34

375 Al

159 BD49

431 BD16

199 BD47

202 BD47

222 BD47

248 BD14

248 BD15

255 BD41

286 BD40

286 BD48

304 BD47

320 BD13

348 BDI11

364 BD44

404 BD44

410 BD4

429 BD47

The BD modes are implemented at the end of the test and assume a fixed effectiveness factor
equal to 0.6 (i.e., 40% of the failure intensity will remain after the fixes are implemented).
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Solution

1. The entered operational testing data and the estimated parameters are given below.

ke Operational Test Data - u} ®
A49 - i / - Ea Main »
Time to - _
System ID Event Event (hr) Classification Mode Comments Growth Data
4 p—
]
1 1 5 0 x| loy| | Model Li L
3 1 F 29 A 42 oor
4 1 F 43 BD 10 ¥ Fielded Repairable |
5 1 F 43 BD 11 MLE [ Crom |
3 1 F 43 A 39
7 1 F 66 A 20 I - |
8 1 F 115 BD 34 Parameters ]
9 1 F 159 BD 49 Results (All Modes)
10 1 F 199 BD 47 Beta (hyp) 1.000000
11 1 F 202 BD 47 Bets 0.363505
E 1 'E ;ﬁ: gg :z Lambda (r) 0067560
14 1 F 248 BD 15 E:'ITBF ) ;30222:?
15 1 F 255 BD 41 e -
1 1 F 286 BD 40 SlatisioalTests
7 1 E 286 BD 48 Significance Level 0.1
18 1 F 304 BD 47 o Passed
19 1 F 320 BD 13 cenl Passed
0 1 F 348 BD 11 Results (A Modes)
21 1 F 364 BD 44 MTBF (hr) 149,285714
2 1 F 404 BD 44 FI 0.005699
23 1 F 410 BD 4 Results (BD Modes)
2 1 F 429 BD 47 Beta (UnB) 0.78934%
25 1 E 504 Lambda (hr) 0.070114
x 2 5 0 MTEF (hr) 77.825741 v
7 2 F 83 BD 37
3 2 E 83 BD 43 EF IIE]"'F\ethﬁ\c'eness a"bc I";‘Iode )
E) 2 F 83 BD 46 Tc s rt:ss'”g
+  Alter Batch Auto
0 2 F 169 A 43 B Parameters % Run
31 2 F 213 A 18
32 2 F 200 A 42 g Switch View Transfer
33 2 F 375 A 1 744 Change - Transfer To
1 2 F 431 BD 16 =&l units Weibull
35 2 E 541
% M
Datal W E E © m

The assumption of 8 =1 can be verified by looking at the confidence bounds on 8 via the
Quick Calculation Pad (QCP). The 90% 2-sided Crow confidence bounds on 8 are shown

next.
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@ Results m| b4
M Cut [ g D EE x
. = 3
Faste Quick  Print Print Sendto | Close
Paste Spedal Print Preview Excel
Clipboard Common

| A B C o

1 Results Report -
2 Report Type| Parameter Bounds

3 User Info

4 Name HBK

5 Company|Hottinger Bruel @ Kjaer

3 Date 7/22/2024

7 User Input

& Confidence Bounds| Two-Sided @ 0.9

9 RGA Output

10 Parameter Bounds Lower Beta Upper

11 0.638927 0.868505 [1.15834
12 Lower Lambda (hr)| Upper

13 0.044819 0.06756 0.08355 | =
M4 4+ wi| Results Pa »

Since the confidence bounds on 8 include one, then you can fail to reject the hypothesis that

B=1.
2. From #1, the demonstrated MTBF (DMTBF) equals 33.7097 hours.

3. The projected MTBF and growth potential values can be displayed via the Growth Potential
MTBF plot.
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80

68

56

MTBF (hr)

44

32

20

Growth Potential MTBF

Growth Potential MTBF

Datal

Crow Extended

MLE Crow

T. Time (hr}= 541.000000
-+ Growth Potential

+ Projected

— Demonstrated

33,7

Hour (hr)

480

The plot shows that the projected MTBF equals 42.3824 hours, and the growth potential

MTBF equals 62.9518 hours.

Fleet Data Analysis

Fleet analysis is similar to the repairable systems analysis described in the previous chapter. The
main difference is that a fleet of systems is considered and the models are applied to the fleet

failures rather than to the system failures. In other words, repairable system analysis models the
number of system failures versus system time, whereas fleet analysis models the number of fleet

failures versus fleet time.

The main motivation for fleet analysis is to enable the application of the Crow Extended model
for fielded data. In many cases, reliability improvements might be necessary on systems that are
already in the field. These types of reliability improvements are essentially delayed fixes (BD

modes) as described in the Crow Extended chapter.

PAGE 405



RELIABILITY GROWTH AND REPAIRABLE SYSTEM FIELDED SYSTEMS

Introduction

Recall from the previous chapter that in order to make projections using the Crow Extended
model, the 8 of the combined A and BD modes should be equal to 1. Since the failure intensity
in a fielded system might be changing over time (e.g., increasing if the system wears out), this
assumption might be violated. In such a scenario, the Crow Extended model cannot be used.
However, if a fleet of systems is considered and the number of fleet failures versus fleet time is
modeled, the failures might become random. This is because there is a mixture of systems
within a fleet, new and old, and when the failures of this mixture of systems are viewed from a
cumulative fleet time point of view, they may be random. The next two figures illustrate this
concept. The first picture shows the number of failures over system age. It can be clearly seen
that as the systems age, the intensity of the failures increases (wearout). The superposition sys-
tem line, which brings the failures from the different systems under a single timeline, also illus-
trates this observation. On the other hand, if you take the same four systems and combine their
failures from a fleet perspective, and consider fleet failures over cumulative fleet hours, then the
failures seem to be random. The second picture illustrates this concept in the System Operation
plot when you consider the Cum. Time Line. In this case, the 8 of the fleet will be equal to 1
and the Crow Extended model can be used for quantifying the effects of future reliability
improvements on the fleet.

System Operation

System 1

System 2

System

600.0000 1200.0000 1800.0000 2400.0000 3000.0000

Time (Hr)
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System Operation

System 1o o e8——o o

System

Ccum. Time Lil

1400.0000 2800.0000 4200.0000 5600.0000 7000.0000

Time (Hr)

Methodology

The figures above illustrate that the difference between repairable system data analysis and fleet
analysis is the way that the data set is treated. In fleet analysis, the time-to-failure data from
each system is stacked to a cumulative timeline. For example, consider the two systems in the

following table.

System Data

System Failure Times (hr) | End Time (hr)

1 3,7 10

2 4,9, 13 15

The data set is first converted to an accumulated timeline, as follows:

e System 1 is considered first. The accumulated timeline is therefore 3 and 7 hours.

e System 1's end time is 10 hours. System 2's first failure is at 4 hours. This failure time is
added to System 1's end time to give an accumulated failure time of 14 hours.
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e The second failure for System 2 occurred 5 hours after the first failure. This time interval is
added to the accumulated timeline to give 19 hours.

e The third failure for System 2 occurred 4 hours after the second failure. The accumulated
failure time is 19 + 4 = 23 hours.

e System 2's end time is 15 hours, or 2 hours after the last failure. The total accumulated oper-
ating time for the fleet is 25 hours (23 + 2 = 25).

In general, the accumulated operating time Y; is calculated by:

K-1
Y, =Xig+ Y T, m=12,...,N
q=1

where:

X4 is the 4tb failure of the ¢ system

T, is the end time of the ¢** system

K 1s the total number of systems

N 1is the total number of failures from all systems ( =1 )

As this example demonstrates, the accumulated timeline is determined based on the order of the
systems. So if you consider the data in the table by taking System 2 first, the accumulated
timeline would be: 4, 9, 13, 18, 22, with an end time of 25. Therefore, the order in which the
systems are considered is somewhat important. However, in the next step of the analysis, the
data from the accumulated timeline will be grouped into time intervals, effectively eliminating
the importance of the order of the systems. Keep in mind that this will NOT always be true.
This is true only when the order of the systems was random to begin with. If there is some
logic/pattern in the order of the systems, then it will remain even if the cumulative timeline is
converted to grouped data. For example, consider a system that wears out with age. This means
that more failures will be observed as this system ages and these failures will occur more fre-
quently. Within a fleet of such systems, there will be new and old systems in operation. If the
data set collected is considered from the newest to the oldest system, then even if the data points
are grouped, the pattern of fewer failures at the beginning and more failures at later time inter-
vals will still be present. If the objective of the analysis is to determine the difference between
newer and older systems, then that order for the data will be acceptable. However, if the object-
ive of the analysis is to determine the reliability of the fleet, then the systems should be ran-
domly ordered.
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Once the accumulated timeline has been generated, it is then converted into grouped data. To
accomplish this, a group interval is required. The group interval length should be chosen so that
it is representative of the data. Also note that the intervals do not have to be of equal length.
Once the data points have been grouped, the parameters can be obtained using maximum like-
lihood estimation as described in the Crow-AMSAA (NHPP) chapter. The data from the table
above can be grouped into 5 hour intervals. This interval length is sufficiently large to insure
that there are failures within each interval. The grouped data set is given in the following table.

Grouped Data
Failures in Interval | Interval End Time
1 5
1 10
1 15
1 20
1 25

The Crow-AMSAA model for grouped failure times is used for the data, and the parameters of
the model are solved by satisfying the following maximum likelithood equations (See Crow-
AMSAA (NHPP)):

n

A= 5
T,

E, [T, -1 Ty

= = —In Tk =0
= T — T,

Fleet Analysis Example

The following table presents data for a fleet of 27 systems. A cycle is a complete history from
overhaul to overhaul. The failure history for the last completed cycle for each system is recor-
ded. This is a random sample of data from the fleet. These systems are in the order in which
they were selected. Suppose the intervals to group the current data are 10,000; 20,000; 30,000;
40,000 and the final interval is defined by the termination time. Conduct the fleet analysis.
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Sample Fleet Data

System Cycle Time T; | Number of failures NV; Failure Time Xj;
1 1396 1 1396
2 4497 1 4497
3 525 1 525
4 1232 1 1232
5 227 1 227
6 135 1 135
7 19 1 19
8 812 1 812
9 2024 1 2024
10 943 2 316, 943
11 60 1 60
12 4234 2 4233, 4234
13 2527 2 1877, 2527
14 2105 2 2074, 2105
15 5079 1 5079
16 577 2 546, 577
17 4085 2 453, 4085
18 1023 1 1023
19 161 1 161
20 4767 2 36,4767
21 6228 3 3795, 4375, 6228
22 68 1 68
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23 1830 1 1830
24 1241 1 1241
25 2573 2 871, 2573
26 3556 1 3556
27 186 1 186
Total 52110 37

Solution

The sample fleet data set can be grouped into 10,000; 20,000; 30,000; 40,000 and 52,110 time
intervals. The following table gives the grouped data.

Grouped Data
Time Observed Failures
10,000 8
20,000 16
30,000 22
40,000 27
52,110 37

Based on the above time intervals, the maximum likelihood estimates of } and B for this data

set are then given by:

X\ = 0.00147

B = 0.93328

The next figure shows the System Operation plot.
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System Operation
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Ecta (hyp) = 1.000000, Beta=0.9349338, Lambda (hr)=0.001449

Applying the Crow Extended Model to Fleet Data

As it was mentioned previously, the main motivation of the fleet analysis is to apply the Crow
Extended model for in-service reliability improvements. The methodology to be used is

identical to the application of the Crow Extended model for Grouped Data described in a pre-
vious chapter. Consider the fleet data from the example above. In order to apply the Crow Exten-

ded model, put § = 37 failure times on a cumulative time scale over (0,T), where T = 52110 . In
the example, each T; corresponds to a failure time X;; . This is often not the situation. However,
in all cases the accumulated operating time ¥, at a failure time X;,. is:

r—1
Y, =Xi, +3_Tj, ¢=1,2,...,N
j=1

And ¢ indexes the successive order of the failures. Thus, in this example
N =37,Y; = 1396, Y, = 5893, Y3 = 6418,...,Y3; = 52110. See the table below.
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Test-Find-Test Fleet Data
g Y, Mode q Y, Mode
1 1396 BD1 20 26361 BD1
2 5893 BD2 21 26392 | A
3 6418 A 22 26845 BDS
4 7650 BD3 23 30477 | BDI1
5 7877 BD4 24 31500 | A
6 8012 BD2 25 31661 BD3
7 8031 BD2 26 31697 | BD2
8 8843 BD1 27 36428 BD1
9 10867 | BDI1 28 40223 BD1
10 11183 BDS5 29 40803 BD9
11 11810 | A 30 42656 | BDI1
12 11870 | BD1 31 42724 | BDI10
13 16139 | BD2 32 44554 | BDI
14 16104 | BD6 33 45795 BDI11
15 18178 BD7 34 46666 | BDI12
16 18677 | BD2 35 48368 BD1
17 20751 BD4 36 51924 | BD13
18 20772 | BD2 37 52110 | BD2
19 25815 BD1

Each system failure time in the table above corresponds to a problem and a cause (failure
mode). The management strategy can be to not fix the failure mode (A mode) or to fix the fail-
ure mode with a delayed corrective action (BD mode). There are N, = 4 failures due to A fail-
ure modes. There are Ngp = 33 total failures due to ps — 13 distinct BD failure modes. Some of
the distinct BD modes had repeats of the same problem. For example, mode BD1 had 12
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occurrences of the same problem. Therefore, in this example, there are 13 distinct corrective
actions corresponding to 13 distinct BD failure modes.

The objective of the Crow Extended model is to estimate the impact of the 13 distinct corrective
actions.The analyst will choose an average effectiveness factor (EF) based on the proposed cor-
rective actions and historical experience. Historical industry and government data supports a typ-
ical average effectiveness factor ¢ = .70 for many systems. In this example, an average EF of

d = 0.4 Was assumed in order to be conservative regarding the impact of the proposed cor-
rective actions. Since there are no BC failure modes (corrective actions applied during the test),
the projected failure intensity is:

sy — (Na L% ARALR B
#(T) = (T +;(1 —di) ) + dh(T)
The first term is estimated by:

~ N
4 = TA = 0.000077

The second term is:

M

N
Y (1 —di)7+ =0.00038
i=1 T

This estimates the growth potential failure intensity:

~ Ny & N;
Fep(T) =T t ; (1- dz)T

=0.00046

To estimate the last term dh(T) of the Crow Extended model, partition the data in the table into
intervals. This partition consists of p successive intervals. The length of the ¢* interval is Ly,
g=1,2,...,D. It is not required that the intervals be of the same length, but there should be sev-
eral (e.g., at least 5) cycles per interval on average. Also, let 8; = L;,8y = Ly + Lo, ..., etc. be
the accumulated time through the ¢® interval. For the ¢ interval, note the number of distinct
BD modes, M, , appearing for the first time, ¢ =1,2,...,D. See the following table.

Grouped Data for Distinct BD Modes

Interval No. of Distinct BD Mode Failures Length Accumulated Time
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1 MI,; Ly S1
2 MI, L, Sa
D Mlp Lp Sp

The term A(T) is calculated as B(T) = XETE ~1 and the values X and B satisfy the maximum like-
lihood equations for grouped data (given in the Methodology section). This is the grouped data
version of the Crow-AMSAA model applied only to the first occurrence of distinct BD modes.

For the data in the first table, the first 4 intervals had a length of 10,000 and the last interval
was 12,110. Therefore, p — 5. This choice gives an average of about 5 overhaul cycles per inter-
val. See the table below.

Grouped Data for Distinct BD Modes from Data in
"Applying the Crow Extended Model to Fleet Data"
Interval No. of Distinct BD Mode Failures Length Accumulated Time
1 4 10000 10000
2 3 10000 20000
3 1 10000 30000
4 0 10000 40000
5 5 12110 52110
Total 13
Thus:
E =0.00330
B =0.76219
This gives:
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R(T) =NBTP-1
=0.00019

Consequently, for g = 0.4 the last term of the Crow Extended model is given by:

dh(T) = 0.000076

The projected failure intensity is:

#(T) =% + i(l - di)% + dh(T)

=0.000077 + 0.6 x (0.00063) + 0.4 x (0.00019)
=0.000533

This estimates that the 13 proposed corrective actions will reduce the number of failures per

cycle of operation hours from the current #(0) = % = 0.00071 to #(T) = 0.00053. The aver-
age time between failures is estimated to increase from the current 1408.38 hours to 1876.93
hours.

Confidence Bounds

For fleet data analysis using the Crow-AMSAA model, the confidence bounds are calculated
using the same procedure described for the Crow-AMSAA (NHPP) model (See Crow-AMSAA
Confidence Bounds). For fleet data analysis using the Crow Extended model, the confidence
bounds are calculated using the same procedure described for the Crow Extended model (See
Crow Extended Confidence Bounds).

More Examples

11 systems from the field were chosen for fleet analysis. Each system had at least one failure.
All of the systems had a start time equal to zero and the last failure for each system corresponds
to the end time. Group the data based on a fixed interval of 3,000 hours, and assume a fixed
effectiveness factor equal to 0.4. Do the following:

1. Estimate the parameters of the Crow Extended model.
2. Based on the analysis, does it appear that the systems were randomly ordered?

3. After the implementation of the delayed fixes, how many failures would you expect within
the next 4,000 hours of fleet operation.
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Solution

Fleet Data
System Times-to-Failure
1 1137 BD1, 1268 BD2
2 682 BD3, 744 A, 1336 BDI1
3 95 BD1, 1593 BD3
4 1421 A
5 1091 A, 1574 BD2
6 1415 BD4
7 598 BD4, 1290 BD1
8 1556 BD5
9 55 BD4
10 730 BD1, 1124 BD3
11 1400 BD4, 1568 A

PAGE 417



RELIABILITY GROWTH AND REPAIRABLE SYSTEM FIELDED SYSTEMS

1. The next figure shows the estimated Crow Extended parameters.
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— -
Datal (e ® B © m

2. Upon observing the estimated parameter 3, it does appear that the systems were randomly
ordered since B = 0.8569 . This value is close to 1. You can also verify that the confidence
bounds on g include 1 by going to the QCP and calculating the parameter bounds or by
viewing the Beta Bounds plot. However, you can also determine graphically if the systems
were randomly ordered by using the System Operation plot as shown below. Looking at the
Cum. Time Line, it does not appear that the failures have a trend associated with them.
Therefore, the systems can be assumed to be randomly ordered.
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System Operation
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3. After implementing the delayed fixes, the system's projected MTBF is equal to 1935.6802 as

shown in the plot below.
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To estimate the number of failures during the next 4,000 hours, calculate the following:

4000

~ 1035.6802
—3.8622

Therefore, it is estimated that o, 4 failures will be observed during the next 4,000 hours of
fleet operation.
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IN THIS CHAPTER
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When analyzing developmental systems for reliability growth, and conducting data analysis of
fielded repairable systems, it is often useful to experiment with various what if scenarios or put
together hypothetical analyses before data sets become available in order to plan for the best
way to perform the analysis. With that in mind, the Weibull++ software offers applications
based on Monte Carlo simulation that can be used in order to:

d.

c.

Better understand reliability growth concepts.

Experiment with the impact of sample size, test time and growth parameters on analysis res-
ults.

Construct simulation-based confidence intervals.
Better understand concepts behind confidence intervals.

Design reliability demonstration tests.

There are two applications of the Monte Carlo simulation in the Weibull++ software. One is
called Generate Monte Carlo Data and the other is called SimuMatic.

Generate Monte Carlo Data

Monte Carlo simulation is a computational algorithm in which we randomly generate input vari-
ables that follow a specified probability distribution. In the case of reliability growth and
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repairable system data analysis, we are interested in generating failure times for systems that we
assume to have specific characteristics. In our applications we want the inter-arrival times of the
failures to follow a non-homogeneous Poisson process with a Weibull failure intensity, as spe-
cified in the Crow-AMSAA (NHPP) model.

The first time to failure, ¢;, is assumed to follow a Weibull distribution. It is obtained by solv-
ing for¢, :

R(t:) = e+ = Uniform(0,1)

where:

-

Solving for ¢; yields:

o=

t1 = p[—In(Uniform(0,1))]?

The failure times are then obtained based on the conditional unreliability equation that describes
the non-homogeneous Poisson process (NHPP):

Al
F(t|[ti1)=1-e -] Uniform(0,1)

and then solving for ¢, yields:

1
In(1 — Uniform(0,1 B
= |- ( ){ ( ))+tf_1

To access the data generation utility, choose Home > Insert > Monte Carlo and choose the
Repairable Systems Monte Carlo option. There are different data types that can be generated
with the Monte Carlo utility. For all of them, the basic parameters that are always specified are
the beta (B) and lambda (A) parameters of the Crow-AMSAA (NHPP) model. That does not
mean that the generated data can be analyzed only with the Crow-AMSAA (NHPP) model.
Depending on the data type, the Duane, Crow extended and power law models can also be used.
They share the same growth patterns, which are based on the g and ) parameters. In the case of
the Duane model, 8 =1 — a, where ,, is the growth parameter for the Duane model. Below we
present the available data types that can generated with the Monte Carlo utility.

e Failure Times: The data set is generated assuming a single system. There is a choice
between a time terminated test, where the termination time needs to be specified, or a fail-
ure terminated test, where the number of failures needs to be specified. The generated
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failure times data can then be analyzed using the Duane or Crow-AMSAA (NHPP) models,
or the Crow extended model if classifications and modes are entered for the failures.

¢ Grouped Failure Times: The data is generated assuming a single system. There is a choice
between a time terminated test, where the termination time needs to be specified, or a fail-
ure terminated test, where the number of failures needs to be specified. In addition, constant
or user-defined intervals need to be specified for the grouping of the data. The generated
grouped data can then be analyzed using the Duane or Crow-AMSAA (NHPP) models, or
the Crow Extended model if classifications and modes are entered for the failures.

e Multiple Systems - Concurrent: In this case, the number of systems needs to be specified.
There is a choice between a time terminated test, where the termination time needs to be spe-
cified, or a failure terminated test, where the number of failures needs to be specified. The
generated folio contains failure times for each of the systems. The data can then be analyzed
using the Duane or Crow-AMSAA (NHPP) models, or the Crow Extended model if clas-
sifications and modes are entered for the failures.

* Repairable Systems: In this case, the number of systems needs to be specified. There is a
choice between a time terminated test, where the termination time needs to be specified, or
a failure terminated test, where the number of failures needs to be specified. The generated
folio contains failure times for each of the systems. The data can then be analyzed using the
power law model, or the Crow extended model if classifications and modes are entered for
the failures.

The next figure shows the Monte Carlo utility and all the necessary user inputs.
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@ Repairable Systems Monte Carlo Data Generation =] b

Main Settings
Data Type Parameters

® | Failure Times Beta n.61
Grouped Failure Times Lambda 0.1
Multiple Systems - Concurrent
Repairable Systems

Units Hour (hr) -

Data Sets [ Points

Mumber of Systems 1
Test Termination Failure Terminated ~
Failures 40

Generate

The seed determines the starting point from which the random numbers will be generated. The
use of a seed forces the software to use the same sequence of random numbers, resulting in
repeatability. In other words, the same failure times can be generated if the same seed, data
type, parameters and number of points/systems are used. If no seed is provided, the computer's
clock is used to initialize the random number generator and a different set of failure times will
be generated at each new request.

Monte Carlo Data Example

A reliability engineer wants to experiment with different testing scenarios as the reliability
growth test of the company's new product is being prepared. From the reliability growth test
data of a similar product that was developed previously, the beta and lambda parameters are
B=0.5 and ) — o.75. Three systems are to be used to generate a representative data set of expec-

ted times-to-failure for the upcoming test. The purpose is to explore different test durations in
order to demonstrate an MTBF of 200 hours.

Solution

In the Monte Carlo window, the parameters are set to 8 = 0.5 and ) = ¢.75. Since we have three
systems, we use the "multiple systems - concurrent" data sheet and then set the number of sys-
tems to 3. Initially, the test is set to be time terminated with 2,000 operating hours per system,

PAGE 424



RELIABILITY GROWTH AND REPAIRABLE SYSTEM SIMULATION WITH RELIABILITY GROWTH

for a total of 6,000 operating hours. The next figure shows the Monte Carlo window for this
example.

@ Repairable Systems Monte Carlo Data Generation & b4
Main Settings
Data Type Parameters
Failure Times Beta 0.5
Grouped Failure Times Lambda 0.75
® | Multiple Systems - Concurrent
Repairable Systems
Units Hour {hr) -
Data Sets / Points
Mumber of Systems 3
Test Termination Time Terminated hd
Time 2000
Generate Cancel

The next figure shows the generated failure times data. In this folio, the Advanced Systems
View is used, so the data sheet shows the times-to-failure for system 2.
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The data can then be analyzed just like a regular folio in the Weibull++ software. In this case,
we are interested in analyzing the data with the Crow-AMSAA (NHPP) model to calculate the
demonstrated MTBF at the end of the test. In the Results area of the folio (shown in the figure
above), it can be seen that the demonstrated MTBF at the end of the test is 195.19 hours. Since
that does not meet the requirement of demonstrating an MTBF of 200 hours, we can either gen-
erate a new Monte Carlo data set with different time termination settings, or access the Quick
Calculation Pad (QCP) in this folio to find the time for which the demonstrated (instantaneous)
MTBF becomes 200 hours, as shown in the following figure. From the QCP it can be seen that,
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based on this specific data set, 6265.76 total operating hours are needed to show a demonstrated
MTBF of 200 hours.

@ acp @ x

1-Monte Cardo Example'\Datal

t(IMTBF=200.. 6265.766221 hr

Time Given: InstMTBF hr No Bounds Captions On
Units - Bounds - Options -
Calculate Input
Cumulative MTBF Failure Intensity Instantaneous MTBF 200
Instantaneous MTBF Failure Intensity
Time Given: L
Time (hr)
Instantaneous MTEF -
Failures Number of Failures
Report
Calculate

Note that since the Monte Carlo routine generates random input variables that follow the NHPP
based on the specific 8 and ) values, if the same seed is not used the failure times will be dif-
ferent the next time you run the Monte Carlo routine. Also, because the input variables are
pulled from an NHPP with the expected values of 8 and A, it should not be expected that the cal-
culated parameters of the generated data set will match exactly the input parameters that were
specified. In this example, the input parameters were set as 8= 0.5 and ) — .75, and the data
set based on the Monte Carlo generated failure times yielded Crow-AMSAA (NHPP) para-
meters of 8 =0.4391 and ) — 15347 .- The next time a data set is generated with a random seed,
the calculated parameters will be slightly different, since we are essentially pulling input vari-
ables from a predefined distribution. The more simulations that are run, the more the calculated
parameters will converge with the expected parameters. In the Weibull++ software, the total
number of generated failures with the Monte Carlo utility has to be less than 64,000.

SimuMatic

Reliability growth analysis using simulation can be a valuable tool for reliability practitioners.
With this approach, reliability growth analyses are performed a large number of times on data
sets that have been created using Monte Carlo simulation.
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The Weibull++ software's SimuMatic utility generates calculated values of beta and lambda
parameters, based on user specified input parameters of beta and lambda. SimuMatic essentially
performs a number of Monte Carlo simulations based on user-defined required test time or fail-
ure termination settings, and then recalculates the beta and lambda parameters for each of the
generated data sets. The number of times that the Monte Carlo data sets are generated and the
parameters are re-calculated is also user defined. The final output presents the calculated values
of beta and lambda, and allows for various types of analysis.

To access the SimuMatic utility, choose Home > Insert > SimuMatic and choose the Repair-
able Systems SimuMatic option. For all of the data sets, the basic parameters that are always
specified are the beta (8) and lambda (A) parameters of the Crow-AMSAA (NHPP) model or

the power law model.

e Failure Times: The data set is generated assuming a single system. There is a choice
between a time terminated test, where the termination time needs to be specified, or a fail-
ure terminated test, where the number of failures needs to be specified. SimuMatic will
return the calculated values of 8 and ) for a specified number of data sets.

¢ Grouped Failure Times: The data set is generated assuming a single system. There is a
choice between a time terminated test, where the termination time needs to be specified, or
a failure terminated test, where the number of failures needs to be specified. In addition, con-
stant or user-defined intervals need to be specified for the grouping of the data. SimuMatic
will return the calculated values of 8 and ) for a specified number of data sets.

e Multiple Systems - Concurrent: In this case, the number of systems needs to be specified.
There is a choice between a time terminated test, where the termination time needs to be spe-
cified, or a failure terminated test, where the number of failures needs to be specified.
SimuMatic will return the calculated values of 8 and ), for a specified number of data sets.

e Repairable Systems: In this case, the number of systems needs to be specified. There is a
choice between a time terminated test, where the termination time needs to be specified, or
a failure terminated test, where the number of failures needs to be specified. SimuMatic will
return the calculated values of 8 and ) for a specified number of data sets.

The next figure shows the Main tab of the SimuMatic window where all the necessary user
inputs for a multiple systems - concurrent data set have been entered. The Analysis tab allows
you to specify the confidence level for simulation-generated confidence bounds, while the Res-
ults tab gives you the option to compute for additional results, such as the instantaneous MTBF
given a specific test time.
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@ Repairable Systems SimuMatic Setup =] b

Main Settings Analysis Test Design Results
Data Type Parameters

Failure Times Beta 0.5
Grouped Failure Times Lambda 0.75
# | Multiple Systems - Concurrent

Repairable Systems

Units Hour (hr) -

Data Sets [ Points

MNumnber of Data Sets 30

Mumber of Systems 2

Test Termination Time Terminated hd
Time 100

Generate

The next figure shows the generated results based on the inputs shown above. The data sheet
called "Sorted" allows us to extract conclusions about the simulation-generated confidence
bounds because the lambda and beta parameters and any other additional output are sorted by
percentage.
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J& simuMatic1 - o X
Al - ~ | 0.033333333333333 - | f® Main »
F

1 003333333 | 0.2438 01757  «| @ | Model

2 0.06666667 0.2732 0.2688 M Crow-AMSAA (NHPP)

3 0.1 0.2763 0.3474

4 0.13333333 0.2953 0.3956 DE'f'E'C'meI'I‘tEJ

5 0.16666667 0.3106 0.4227 Multiple Systems - Concurrent
8 0.2 0.313 0.5356 MLE Crom
7 0.23333333 0.3494 0.6001

3 0.26666667 0.35 0.6017 Parameters

9 0.3 0.3503 0.6252 General

10 0.33333333 0.3504 0.653 Beta 0.5

11 0.36666667  0.3701 0.7123 Lambda (hr) 0.75

12 0.4 0.3752 0.8555 Additional Results
13 0.43333333 0.3847 0.9372

14 0.46666667  0.3919 1.1745 T0...

15 0.5 0.4009 1.1957 Summary

15 0.53333333 0.412 1.254

17 0.56666667 0.4222 1.2669

18 0.6 0.4284 1.3432

19 0.63333333 0.482 1.4112

20 0.66666667 0.4851 1.4135

21 0.7 0.4883 1.4331

22 | 0.73333333 0.4889 1.5627

23 0.76666667 0.5232 1.5782

24 0.8 0.5324 1.7224

25 0.83333333 0.5481 1.7803

26 0.86666667 0.555 1.9237

27 0.9 0.592 2.1217

28 0.93333333 0.6096 2.4755

29 0.96666667 0.6664 2.5102

30 1 0.717 2.7761 v

- »

Simulation Sorted Plot B &

The following plot shows the simulation-confidence bounds for the cumulative number of fail-
ures based on the input parameters specified.
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Cumulative Number of Failures

100

Cumulative Number of Failures

= True Parameter Line
Median Line

= Average Line

= Lipper Bound on Function

== Lower Bound on Function

10
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1

0,5

10 100 1000
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SimuMatic Example

A manufacturer wants to design a reliability growth test for a redesigned product, in order to
achieve an MTBF of 1,000 hours. Simulation is chosen to estimate the 1-sided 90% confidence
bound on the required time to achieve the goal MTBF of 1,000 hours and the 1-sided 90%
lower confidence bound on the MTBF at the end of the test time. The total test time is expected
to be 15,000 hours. Based on historical data for the previous version, the expected beta and
lambda parameters of the test are 0.5 and 0.3, respectively. Do the following:

1. Generate 1,000 data sets using SimuMatic along with the required output.

2. Plot the instantaneous MTBF vs. time with the 90% confidence bounds.

3. Estimate the 1-sided 90% lower confidence bound on time for an MTBF of 1,000 hours.

4. Estimate the 1-sided 90% lower confidence bound on the instantancous MTBF at the end of
the test.

Solution
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1. The next figure shows the SimuMatic window with all the appropriate inputs for creating
the data sets.

@ Repairable Systems SimuMatic Setup @ b4

Main Settings Analysis Test Design Results

Data Type Parameters
# | Failure Times Beta 0.5
Lambda 0.3

Grouped Failure Times
Multiple Systems - Concurrent
Repairable Systems

Units Hour (hr) -

Data Sets [ Points

Mumber of Data Sets 1000

Mumber of Systems 1

Test Termination Time Terminated -
Time 15000

Generate

The next three figures show the settings in the Analysis, Test Design and Results tab of the
SimuMatic window in order to obtain the desired outputs.
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@ Repairable Systems SimuMatic Setup @ 4

Main Settings Analysis Test Design Results

Confidence Bounds on Plot

Confidence Level a0 %

Generate Cancel

@) Repairable Systems SimuMatic Setup @ b4

Main Settings Analysis Test Design Results

+ | Calculate Target Time
Instantaneous MTEF 1000

Lower 1-Sided Confidence Level a0 %

Generate
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@ Repairable Systems SimuMatic Setup @ 4

Main Settings Analysis Test Design Results

Instantaneous MTBF Given Time (o) Time Given Instantaneous MTBF ()

- - &
Cumulative MTBF Given Time )] Time Given Cumulative MTBF )]
- & -

Metrics to Calculate
« | Demonstrated MTEF
Demonstrated Failure Intensity

Growth Rate

Generate

The following figure displays the results of the simulation. The columns labeled "Beta" and
"Lambda" contain the different parameters obtained by calculating each data set generated
via simulation for the 1,000 data sets. The "DMTBEF" column contains the instantaneous
MTBF at 15,000 hours (the end of test time), given the parameters obtained by calculating
each data set generated via simulation. The "T(IMTBF=1000 Hr)" column contains the time
required for the MTBF to reach 1,000 hours, given the parameters obtained from the sim-
ulation.
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f® 3-simuMatic Example - O ®
AT3 -t 73 - Jb Data »
4 Data Set Beta Lambda (hr) DMTBF (hr) T(IMTEF=1000 hr)
1 1 0.4325 0.6092 889.2151 18448.1311 .| f@ | model

2 2 0.458 0.4404 900.8267 17856.0827 |£ Crow-AMSAA (NHPP)

3 3 0.5365 0.2012 798.8754 24348.831

4 4 0.5694 0.1466 752.6756 29016.7051 Developmental

5 5 0.5569 0.1795 708.7943 32617.5392 Failure Times

& 6 0.4751 0.3629 901.9824 18257.9343 WLE crom

7 7 0.6651 0.0517 727.5124 38782.4523 o Gop oot
8 8 0.4928 0.3062 869.6434 19755.5775

3 9 0.4183 0.7162 896.3901 18103.3843 Parameters

10 10 0.5053 0.2717 §48.2153 20921.8494 General

11 11 0.4981 0.3159 792.419 23846.9635 Beta 0.5

12 12 0.405 0.6511 1157.2852 11734.4053 Lambda (hr) 0.3

13 13 0.5201 0.2289 848.3226 21131.9817 Additional Results

14 14 0.4738 0.3674 904.4214 18155.7739

15 15 0.4687 0.4082 864.9612 19709.4334 ...

16 16 0.3963 0.863 970.4891 15763.076 Summary

17 17 0.5213 0.2328 822.0836 22586.0178

18 18 0.5706 0.1118 973.6682 15961.6896

19 19 0.5499 0.1516 909.2321 18531.3773

20 20 0.5222 0.2506 755.890 26944.,0042

21 21 0.4489 0.6005 742.5349 25744.6935

2 22 0.4512 0.47 923.5002 17340.7704

23 23 0.5017 0.3054 786.876 24264.322

24 24 0.4986 0.2814 884.8495 19144.0186

25 25 0.4874 0.3134 905.1597 18218.5455

% 26 0.827 0.0099 £47.8099 184396.1086

27 27 0.3974 1.0078 820.645 20822.7276

b 28 0.5306 0.2007 856.6134 20859.0402

29 29 0.7501 0.028 526.2716 195673.7853

30 30 0.4987 0.2975 §35.4402 21471.2147

31 3 0.4644 0.3911 950.0567 16505.621

32 3z 0.4956 0.4343 593.414 42213.7747

33 33 0.671 0.0663 532.2844 101949.6987

34 34 0.4554 0.5515 748.5502 25530.4808

35 35 0.4278 0.5888 974.0892 15704.1651

% 36 0.4667 0.3937 918.3627 17597.0512

37 37 0.6276 0.1125 508.4982 92225.7002 -

4 »

Simulation | Sorted B R

2. The next figure shows the plot of the instantaneous MTBF with the 90% confidence
bounds.
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MTBF vs. Time
10000 MTBF vs. Time

== True Parameter Line
Median Line
Upper Bound on Function
Lower Bound on Function
Upper Bound on Time
Lower Bound on Time

1000

100

MTBF (hr)
5

0.1

0.0
10.1 10 100 1000 10000 100000
Hour (hr)

3. The I-sided 90% lower confidence bound on time, assuming MTBF = 1,000 hours, can be
obtained from the results of the simulation. In the "Sorted" data sheet, this is the target
DMTBEF value that corresponds to 10.00%, as shown in the next figure. Therefore the 1-
sided 90% lower confidence bound on time is 12,571.83 hours.
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f® 3-simuMatic Example - O ®

A100 - 0.1 - | @ Dpata >
Percentage Beta Lambda (hr) DMTEF thr) T{IMTBF=1000 hr})

35 0.085 0.406 0.0738 596.6178 12161.887 i ﬂ Model

a6 0.086 0.4063 0.0738 596.6925 12189.239 I£ Crow-AMSAA (NHPF)

37 0.087 0.4069 0.0742 597.1551 12203.6882

a8 0.088 0.407 0.075 597.2912 12251.407 Developmental

39 0.089 0.4078 0.0758 597.3468 12265.7726 Failure Times

a0 0.09 0.4083 0.0761 5398.0652 12299,9908 MLE Crow

91 0.091 0.4083 0.0762 598.388 12332.4347 o Gap Comulatve

92 0.092 0.4088 0.0774 598.7146 12340.6322

93 0.093 0.4102 0.0778 598.9185 12357.8317 Parameters

94 0.094 0.4103 0.0779 601.0166 12371.886 General

95 0.095 0.4106 0.078 601.0869 12375.5412 Beta 0.5

%5 0.096 0.4108 0.0783 601.5214 12383.9454 Lambda (hr) 0.3

97 0.097 0.411 0.0791 601.7209 12436.2555 Additional Results

93 0.098 0.4112 0.0792 603.1022 12475.2657

99 0.099 0.4117 0.0792 603.8406 12477.3674 Q.

wo 01 0.4118  0.0793 §05.513 12571.8372 Summary

101 0.101 0.412 0.0799 606.159 12573.3198

102 0.102 0.4129 0.08 606.5182 12636.8185

103 0.103 0.413 0.0812 606.904 12651.8786

104 0.104 0.4133 0.0818 608.8854 12731.801

105 0.105 0.4134 0.0818 609.0222 12735.5007

106 0.106 0.4134 0.0818 609.101 12894.858

107 0.107 0.4135 0.0819 609.1018 12940.8781

108 0.108 0.414 0.0821 609.5548 13051.9855

109 0.109 0.4143 0.0822 §10.3171 13065.6867

110 0.11 0.4149 0.083 611.8072 13002,2222

111 0.111 0.416 0.0832 612.2265 13117.6336

112 0.112 0.4166 0.0854 613.6798 13170.0516

113 0.113 0.4167 0.086 §13.7123 13173.7209

114 0.114 0.4183 0.086 615.0267 13180.6083

115 0.115 0.4192 0.0876 616.6549 13198.2469

116 0.116 0.4194 0.088 617.9928 13309.8545

117 0.117 0.4195 0.0882 6§19.1553 13328.6756

118 0.118 0.4198 0.0883 619.8046 13438.5505

119 0.119 0.4198 0.0887 620.4817 13447.0593

120 0.12 0.4205 0.0903 620.7547 13451.7832

121 0.121 0.4205 0.0912 620.968 13475.7378 -

4 »

Simulation Sorted Jb A

4. The next figure shows the 1-sided 90% lower confidence bound on time in the instant-
aneous MTBF plot. This is indicated by the target lines on the plot.
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MTBF vs. Time
10000 MTEF vs. Time
== True Parameter Line
Median Line
Upper Bound on Function
Lower Bound on Function
. Upper Bound on Time
=l Lower Bound on Time
el - Target
1000
100
i~
e =
=
% 10
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5. The 1-sided 90% lower confidence bound on the instantaneous MTBF at the end of the test
is again obtained from the "Sorted" data sheet by looking at the value in the "IMTBF
(15,000)" column that corresponds to 10.00%. As seen in the simulation results shown
above, the 1-sided 90% lower confidence bound on the instantaneous MTBF at the end of
the test is 605.93 hours.
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IN THIS CHAPTER

Underlying Theory ... 439
Example: SoIVe fOr TIMe .. 440
Example: Solve for Number of Samples ... 442

The Weibull++ software provides a utility that allows you to design reliability demonstration
tests for repairable systems. For example, you may want to design a test to demonstrate a spe-
cific cumulative MTBF for a specific operating period at a specific confidence level for a repair-
able system. The same applies for demonstrating an instantaneous MTBF or cumulative and
instantaneous failure intensity at a given time ¢,

Underlying Theory

The failure process in a repairable system is considered to be a non-homogeneous Poisson pro-
cess (NHPP) with power law failure intensity. The instantaneous failure intensity at time ¢ is:

Xi(8) =Bt = () B

So, the cumulative failure intensity at time ¢ is:

_ 1 2i(B)
Ao () =391 = 2

The instantaneous MTBF is:
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MTBF, (t) = /\%(t)
__ 1 1-58
=35 ¢
_ MTBE, ()

B

The cumulative MTBF at time 4 is:

1 1,5 .
@ =3t = MTBE, (t) B

MTBF, (t) =

The relation between the confidence level, required test time, number of systems under test and
allowed total number of failures in the test is:

T, (mAT? )i exp(—mAT?)

1—CL=Z p

=0

where:

T 1s the total test time for each system.

m 18 the number of systems under test.

» 1s the number of allowed failures in the test.

cL 1s the confidence level.

Given any three of the parameters, the equation above can be solved for the fourth unknown
parameter. Note that when 8 = 1, the number of failures is a homogeneous Poisson process, and
the time between failures is given by the exponential distribution.

Example: Solve for Time

The objective is to design a test to demonstrate that the number of failures per system in five
years is less than or equal to 10. In other words, demonstrate that the cumulative MTBF for a
repairable system is less than or equal to 0.5 during a five year operating period, with 80% con-
fidence level. Assume that 8 =1, the number of systems for the test is ,, — ¢ and that the num-
ber of allowed failures in the test is , — o,

Solution

Since the given requirement is the number of failures, we transfer the requirement to the cumu-
lative MTBF or cumulative failure intensity.
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RELIABILITY DEMONSTRATION TEST DESIGN FOR

MTBE, = 1—50 = 0.5year

then:

1

Ae = MTBEF,

= 2 failures/ year
We can then solve for j :
A (8) = MP1
For the five year period:
X (5) = X-5°71
Using the values of y and 8, we have:
2=2X-5""1
Then solving for y yields:

A=2

We can then solve for the required test time, T', for each system:

r T8)? —m\T?
1—C’L=Z(m)‘ )ex'p( mAT?)
0 2:
or:
2 (6-0.894-T")" exp(—6-2- T"
1—0.8:2( )_fXP( )
— 3!
or:

0.2 =exp(—6-2-T")
(6-2-T ) exp(—6-2-T)

+ T
6-2-T')2exp(—6-2-T")
+ o1

Solving the above equation numerically yields:

T=0.36
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In other words, for this example we have to test for 0.36 years to demonstrate that the number
of failures per system in five years is less than or equal to 10.

The same result can be obtained in the Weibull++ software, by using the Design of Reliability
Tests (DRT) tool. The next figure shows the calculated required test time per system of 0.3566
on the results of the example.

z 1-Example Solve for Time - [m] »
Design a reliability demonstration test [ Reliability Demonstration Test >
=7 What metric would you like to demonsirate? .
Demonstrate this MTBF 0.5 |l calculation Options -
Required Time v )
Beta | | Units Year (yr) -
‘with this confidence level (%) 80 | Assumes Bets = 1
% Solve for this value
Value Required test time v Display Options
With this number of systems 6 Display systems as integers
‘With a maximum of this many failures 2 -
Test Time per System 0.356586

RDT

Example: Solve for Number of Samples

At the end of a reliability growth testing program, a manufacturer wants to demonstrate that a
new product has achieved an MTBF of 10,000 hours with 80% confidence. The available time
for the demonstration test is 4,000 hours for each test unit. Assuming zero failures are allowed,
what is the required number of units to be tested in order to demonstrate the desired MTBF?

Solution

We can obtain the required number of units by using the Design of Reliability Tests (DRT) tool
in the Weibull++ software. Since this is a demonstration test then 8 =1, and no growth will be

achieved. The results are shown next. It can be seen that in order to demonstrate a 10,000 hours
MTBF with 80% confidence, 5 test units will be required.
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[=d 2-p ple Solve for Number of - [m] »
Design a reliability demonstration test [ Reliability Demonstration Test »
[+7 What metric would you like to demonstrate? T Desi
Metric MTEF v est ==t
Demonstrate this MTBF 10000 Calculation Options [
Required Time ROT
Beta Units Hour (hr) -
TR ) o
- With this confidence level (36) 80 /| Assumes Beta = 1
% Solve for this value
Value Required number of systems v Display Options
With this test time 4000 Display systems as integers
‘With a maximum of this many failures 0
Number of Systems 4023595
RDT Table of RDT Flot of RDT

The next figure shows the different combinations of test time per unit, and the number of units
in the test for different numbers of allowable failures. It helps to visually examine other possible

test scenarios.

Test Time vs. Number of Systems
10232 Test Time vs, Number of Systems

©- 0 Failures
©- 1 Failures
-&- 2 Failures
=8 3 Failures
-0 4 Failures

o 5 Fajlures

-2~ § Failures

= 7 Failures
82182

Test Time

7

m
% :
o
(@) | I's)
o) p © ol
1609 | O & !
2.8 46 6.4 8.2

Number of Systems
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Mission Time Given Reliability and Time ... 505
Reliability Growth Analysis GloSSary ... 506
Reliability Growth Analysis References ... 512

Failure Discounting

During a reliability growth test, once a failure has been analyzed and corrective actions for that
specific failure mode have been implemented, the probability of its recurrence is diminished, as
given in Lloyd [4]. Then for the success/failure data that follow, the value of the failure for
which corrective actions have already been implemented should be subtracted from the total
number of failures. However, certain questions arise, such as to what extent should the failure
value be diminished or discounted, and how should the failure value be defined? One answer
would be to use engineering judgment (e.g., a panel of specialists would agree that the prob-
ability of failure has been reduced by 50% or 90% and therefore, that failure should be given a
value of 0.5 or 0.9). The obvious disadvantage of this approach is its arbitrariness and the dif-
ficulty of reaching an agreement. Therefore, a statistical basis needs to be selected, one that is
repeatable and less arbitrary. Failure discounting is applied when using the Lloyd-Lipow,
logistic, and the standard and modified Gompertz models.

The value of the failure, f, is chosen to be the upper confidence limit on the probability of fail-
ure based on the number of successful tests following implementation of the corrective action.
The failure value is given by the following equation:
1
f=1-(1-CL)5
where:
e L 1s the confidence level.
e S, is the number of successful tests after the first success following the corrective action.

For example, after one successful test following a corrective action, S, = 1, the failure is given
a value of 0.9 based on a 90% confidence level. After two successful tests, S, = 2, the failure is
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given a value of 0.684, and so on. The procedure for applying this method is illustrated in the
next example.

Example

Assume that during the 22 launches given in the first table below, the first failure was caused by
Mode 1, the second and fourth failures were caused by Mode 2, the third and fifth failures were
caused by Mode 3, the sixth failure was caused by Mode 4 and the seventh failure was caused
by Mode 5.

1. Find the standard Gompertz reliability growth curve using the results of the first 15
launches.

2. Find the predicted reliability after launch 22.

3. Calculate the reliability after launch 22 based on the full data set from the second table, and
compare it with the estimate obtained for question 2.

Launch Sequence with Failure Modes and Failure Values

Launch Result/Mod | Failure | Failure | Failure | Failure | Failure | Sum of

Number e 1 2 3 4 5 Failures
1 Fl1 1.000 1.000
2 F2 1.000 1.000 2.000
3 F3 0.900 1.000 1.000 2.900
4 S 0.684 0.900 1.000 2.584
5 F2 0.536 1.000 0.900 2.436
6 F3 0.438 1.000 1.000 2.438
7 S 0.369 0.900 1.000 2.269
8 S 0.319 0.684 0.900 1.902
9 S 0.280 0.536 0.684 1.500
10 S 0.250 0.438 0.536 1.224
11 S 0.226 0.369 0.438 1.032
12 S 0.206 0.319 0.369 0.894
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13 S 0.189 0.280 0.319 0.788
14 S 0.175 0.250 0.280 0.705
15 S 0.162 0.226 0.250 0.638
16 S 0.152 0.206 0.226 0.584
17 F4 0.142 0.189 0.206 1.000 1.537
18 S 0.134 0.175 0.189 1.000 1.498
19 F5 0.127 0.162 0.175 0.900 1.000 2.364
20 S 0.120 0.152 0.162 0.684 1.000 2.118
21 S 0.114 0.142 0.152 0.536 0.900 1.844
22 S 0.109 0.134 0.142 0.438 0.684 1.507

Comparison of the Predicted Reliability with the Actual Data

Launch Number | Calculated Reliability (%) In(R) Gompertz Reliability (%)

1 0.000

2 0.000

3 3.333 1.204

4 35.406 3.567 28.617
5 51.283 3.937 45.883
6 59.372 4.084 60.841
7 67.585 4.213 72.017
8 76.219 4.334 79.654
9 83.334 4.423 84.600

S, =24.558
10 87.764 4.475 87.701
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11 90.614 4.507 89.609
12 92.555 4.528 90.769
13 93.939 4.543 91.469
14 94.964 4.553 91.891
15 95.746 4.562 92.143
Sy =27.167
16 96.356 4.568 92.295
17 90.960 4.510 92.385
18 91.681 4.518 92.439
19 87.560 4.472 92.472
20 89.411 4.493 92.491
21 91.219 4.513 92.503
S =27.076
22 93.152 4.534 92.510
Solution

1.

In the table above, the failures are represented by columns "Failure 1", "Failure 2", etc. The
"Result/Mode" column shows whether each launch is a failure (indicated by the failure
modes F1, F2, etc.) or a success (S). The values of failure are based on ¢, — 9.g9 and are

calculated from:

1
f=1-(1-CL)%
These values are summed and the reliability is calculated from:

r= i (B2)] 10

where v 1s the number of failures and ,, is the number of events, tests, runs or launches.

e Failure 1 is Mode 1; it occurs at launch 1 and it does not recur throughout the process. So
at launch 3, g, =1, and so on.
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¢ Failure 2 is Mode 2; it occurs at launch 2 and it recurs at launch 5. Therefore, §, =1 at
launch 4 and at launch 7, and so on.

 Failure 3 is Mode 3; it occurs at launch 3 and it recurs at launch 6. Therefore, 5, =1 at
launch 5 and at launch 8, and so on.

e Failure 6 is Mode 4; it occurs at launch 17 and it does not recur throughout the process.
So at launch 19, §, =1, and so on.

e Failure 7 is Mode 5; it occurs at launch 19 and it does not recur throughout the process.
So at launch 21, §, =1, and so on.
For launch 3 and failure 1, §, = 1.

fiys =1—(1—0.90)"/" = 0.900
For launch 4 and failure 1, §, = 2.

fija =1—(1—-0.90)"2 = 0.684
And so on. Calculate the initial values of the Gompertz parameters using the second table
above. Based on the equations from the Gompertz Models chapter, the initial values are:

o (S2=5Ss wT
“\s%-5

B [27.167 - 27.076] :

27.167 — 24.558

—
@
—~
[
=~
(2.0
ot
@
b
N
=l
L |=
=N
b0
Pl
I
S
&
~—
—

(53-51)(e-D)
b=el @’

(27.167—24.558)(0.572—1)
=e (1-0.5726)2

= 0.301
Now, since the initial values have been determined, the Gauss-Newton method can be used.
Substituting ¥; = R,-,ggo) = 94-024,950) = 0.301, gz(;o) = 0.572 . The iterations are continued to

solve for the parameters. Using the Weibull++ software, the estimators of the parameters for
the given example are:
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a = 0.9252
b = 0.1404
¢é = 0.5977
The next figure shows the entered data and the estimated parameters.
Q Seguential with Modes - Failure Discounting — ] *
A38 - | v - | kg Main >
. Success/Faiure Failure Mode Comments Growth Data
o
1 F 1 +|lop| | Model o=
: - ; L7
4 5 L Developmental
5 F 2 Sequential with Mode
] F 3 L5 LSB
7 S
5 s
9 S Parameters m
10 5 a 0.925198
1 5 b 0.140390
12 5 c 0.597571
13 5 Other
14 5 Termination Trial: 22
15 s
16 s
17 F 4
18 s
15 F 5
20 S a7 Alter ip Mode
21 s #*31 parameters ¢ Processing
22 5
23
Datal | FlotofDatal B E E ¢ m

The Gompertz reliability growth curve may now be written as follows where L, is the num-
ber of launches, with the first successful launch being counted as Ly = 1. Therefore, Lg is

equal to 19, since reliability growth starts with launch 4.

R = 0.9299(0.0943)*™7°°

2. The predicted reliability after launch 22 is therefore:

R = 0.9252(0.1404)>%™"
= 0.9251

The predicted reliability after launch 22 is calculated using the Quick Calculation Pad

(QCP), as shown next.
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@ oce ® X

\Sequential with Modes - Failure Discounting*Datal

Reliability(t=... 0.925096

Reliability No Bounds Captions On
Units Bounds - Options -
Calculate Input
Reliability = Sta 2
Probability oe 2

Prob. of Faiure

Stage Given:
Stage
Religbility

Report
Calculate

Close

3. In the second table, the predicted reliability values are compared with the reliabilities that
are calculated from the raw data using failure discounting. It can be seen in the table, and in
the following figure, that the Gompertz curve appears to provide a good fit to the actual
data.
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Reliability vs. Time
1 T Reliability vs. Time
L Datal
» ® bd %afggrd Gompertz
P — M [] T. Trial= 22
/)/ L4 ® Reliability Points
L =% Termination Line
— Reliability Ling
0.8
®
*
0.6
=)
= .
.=
a
(4
0.4
L
0.2 /
a
01—
0 6 12 18 24 30
Trials
2=0.925198, b=0.140390, c=0.597671

Hypothesis Tests

The Weibull++ software provides two types of hypothesis tests: common beta hypothesis
(CBH) and Laplace trend. Both tests are applicable to the following data types:

e Times-to-failure data
e Multiple Systems - Concurrent Operating Times
e Multiple Systems with Dates
e Multiple Systems with Event Codes
e Fielded data
¢ Repairable Systems

¢ Fleet
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Common Beta Hypothesis Test

The common beta hypothesis (CBH) tests the hypothesis that all systems in the data set have
similar values of beta. As shown by Crow [17], suppose that g number of systems are under
test. Each system has an intensity function given by:

uy(t) = /\qﬂqtﬂ"_1

where ¢ =1,...,K . You can compare the intensity functions of each of the systems by com-
paring the B; of each system. When conducting an analysis of data consisting of multiple sys-
tems, you expect that each of the systems performed in a similar manner. In particular, you
would expect the interarrival rate of the failures across the systems to be fairly consistent. There-
fore, the CBH test evaluates the hypothesis, H,, such that 8, =8, =... = Bg . Let Bq denote the
conditional maximum likelihood estimate of B, , which is given by:

K
o] Z gq=1 Mq

! Zqul EMqi=1 ln(xqu)

where:
e K=1.

* M, =N, if data on the ¢ system is time terminated or M, = (Ng — 1) if data on the ¢** sys-
tem is failure terminated ( Ny is the number of failures on the ¢ system).

* X, is the ¢ time-to-failure on the ¢ system.

Then for each system, assume that:

X2 — 2Mqﬂq
q —ﬂq

are conditionally distributed as independent chi-squared random variables with 2M, degrees of
freedom. When g — 9, you can test the null hypothesis, H, , using the following statistic:

2M2
A
If H, is true, then f equals E_f and conditionally has an F-distribution with (2M1,2M;) degrees
of freedom. The critical value, g, can then be determined by referring to the chi-squared tables.

Now, if K > 2, then the likelihood ratio procedure can be used to test the hypothesis
Bi =B =...= Pk, as discussed in Crow [17]. Consider the following statistic:
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K
L=) M,In(3,) — MIn(8")
g=1

where:
K
o« M= ZMq
g=1
* M
[ ) ﬂ - ZK %
g=1 ﬂq
Also, let:
eo1s L L _1
6(K-1) &y M, M

Calculate the statistic p, such that:

p=2
a

The statistic p is approximately distributed as a chi-squared random variable with (K — 1)

degrees of freedom. Then after calculating p, refer to the chi-squared tables with (K — 1)

degrees of freedom to determine the critical points. H, is true if the statistic p falls between the

critical points.

Consider the data in the following table.

Repairable System Data
System 1 | System 2 | System 3
Start 0 0 0
End 2000 2000 2000
Failures 1.2 1.4 0.3
55.6 35 32.6
72.7 46.8 33.4
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111.9 65.9 241.7
121.9 181.1 396.2
303.6 712.6 444 .4
326.9 1005.7 480.8

1568.4 1029.9 588.9

1913.5 1675.7 1043.9

1787.5 1136.1

1867 1288.1

1408.1

1439.4

1604.8

Given that the intensity function for the ¢ system is uq(t) = ABt* | test the hypothesis that
B: = B, while assuming a significance level equal to 0.05. Calculate the maximum likelihood

estimates of B; and B, . Therefore:

B, = 0.3753
By = 0.4657
B — 1.2408 i ith a sioni
Then 3, . Calculate the statistic p with a significance level of 0.05.

F =2.0980

Since 1.2408 < 2.0980 We fail to reject the null hypothesis that 8; = 8, at the 5% significance
level.

Now suppose that we test the hypothesis that 8; = 8, = B3 . Calculate the statistic p .

D = 0.5260

Using the chi-square tables with g 1 — 9 degrees of freedom, the critical values at the 2.5 and
97.5 percentiles are 0.1026 and 5.9915, respectively. Since ¢.1926 < D < 5.9915 ,» We fail to reject
the null hypothesis that 8; = B, = B3 at the 5% significance level.
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Laplace Trend Test

The Laplace trend test evaluates the hypothesis that a trend does not exist within the data. The
Laplace trend test can determine whether the system is deteriorating, improving, or if there is no
trend at all. Calculate the test statistic, g7, using the following equation:

>N X _r
U= N 2

1
Ty wy
where:

e T =total operating time (termination time)
e X; = age of the system at the ;t» successive failure
e = total number of failures

The test statistic g7 is approximately a standard normal random variable. The critical value is
read from the standard normal tables with a given significance level, , .

Consider once again the data given in the table above. Check for a trend within System 1 assum-
ing a significance level of 0.10. Calculate the test statistic 7 for System 1.

U=-26121

From the standard normal tables with a significance level of 0.10, the critical value is equal to
1.645. If _1 645 < U < 1.645 then we would fail to reject the hypothesis of no trend. However,
since {7 « —1.645 then an improving trend exists within System 1. If {7 < 1.645 then a deteri-
orating trend would exist.

Crow-AMSAA Confidence Bounds

In this appendix, we will present the two methods used in the Weibull++ software to estimate
the confidence bounds for the Crow-AMSAA (NHPP) model when applied to developmental
testing data. The Fisher matrix approach is based on the Fisher information matrix and is com-
monly employed in the reliability field. The Crow bounds were developed by Dr. Larry Crow.

Note regarding the Crow Bounds calculations: The equations that involve the use of the chi-
squared distribution assume left-tail probability.
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Individual (Non-Grouped) Data

This section presents the confidence bounds for the Crow-AMSAA model under developmental
testing when the failure times are known. The confidence bounds for when the failure times are
not known are presented in the Grouped Data section.

FISHER MATRIX BOUNDS

The parameter 3 must be positive, thus In 8 is treated as being normally distributed as well.

In3—InpB
Var(ln B)

. N(0,1)

The approximate confidence bounds are given as:

CBﬂ _ Be:l:za 4/ Var(B)/8

a 1n z, is different ( @/2, o ) according to a 2-sided confidence interval or a 1-sided confidence
interval, and variances can be calculated using the Fisher matrix.

? % " .
_?;Tj‘} _6,\1% _ l Var(A) Cou(B,A)
A #A - 3 i 3
—B% T8 | psacs Cov(B,\) Var(B)

A 1s the natural log-likelihood function:

N
A=NInA+NIng- AT+ (8-1)) InT;

i=1

And:
FA_ N
N A2
2
2%:—%—MWMﬂ2
0B B
%A
— _mP
5505 TP InT
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CROW BOUNDS

Failure Terminated

For the 2-sided (1 —a) 100% confidence interval on 8, calculate:

N'X2a

D, — 5,2(N—1)
(N —1)(N—2)
L2
Dy — N Xl—%,2(N—1)
UTaN-—1)(N-2)

Thus, the confidence bounds on g are:

B =Dz - B

a

By =Dv - B

Time Terminated

For the 2-sided (1 —a) 100% confidence interval on g, calculate:

2
D — X%,2N
= (v-1)
2
Dy — X1—%,2N
UT (N-1)

The confidence bounds on g are:

BL =D -B

~

By =Dy - B

Since the growth rate, ,, is equal to 1 — 8, the confidence bounds for both the Fisher matrix and

Crow methods are:

ar=1-By
oy =1-pL

Br, and By are obtained using the methods described above in the confidence bounds on Beta.
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FISHER MATRIX BOUNDS

The parameter 5 must be positive; thus, 1, ) is treated as being normally distributed as well.
These bounds are based on:

InA—1In)
y/Var(ln )

The approximate confidence bounds on ) are given as:

- N(0,1)

CBy = /’”\ezl:z,, Var(3)/A
where:

n
T8

A=
The variance calculation is the same as given above in the confidence bounds on Beta.

CROW BOUNDS

Failure Terminated

For the 2-sided (1 —a) 100% confidence interval, the confidence bounds on ) are:

2
X %,ZN
AL = -
oT?
2
Xl—%,zN
Ay =—5—
oT"
where:

e v = total number of failures.
e = termination time.

Time Terminated

For the 2-sided (1 —a) 100% confidence interval, the confidence bounds on ) are:

PAGE 459



RELIABILITY GROWTH AND REPAIRABLE SYSTEM

APPENDICES

1- 5 2N+2

where:

e v = total number of failures.

e = termination time.

FISHER MATRIX BOUNDS

The cumulative number of failures, N(¢) , must be positive, thus In N(t) is treated as being nor-

mally distributed.

In N(t) — In N(¢)
y/Var(ln N(¢))

N(t) — ]v-(t)ezl:za Var(N(t))/N(t)

- N(0,1)

where:

N(t) = AP

Var(N(t)) = (%)2%@) + (w)zVar(

0B oA

12 (250 (250) s

The variance calculation is the same as given above in the confidence bounds on Beta. And:

AN (t)
oB
ON (t) =tB

oA

—Xt# Int

CROW BOUNDS

The Crow cumulative number of failure confidence bounds are:
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N(t): =%IFI(t)L

Nt =§IFI(t)U

where IFI(t); and IFI(t)y are calculated using the process for calculating the confidence
bounds on instantaneous failure intensity.

FISHER MATRIX BOUNDS

The cumulative failure intensity, A.(t) , must be positive, thus In A.(t) is treated as being nor-
mally distributed.

In A, (t) — In A\ (2)
Var(ln X (t))

- N(0,1)

The approximate confidence bounds on the cumulative failure intensity are then estimated from:

OB = A (t)e*VVorGe@)/A)

where:

Ae(t) = AP

and:

Var(e(t)) = ( a’:,;ﬂ(t) )2Var(3) + (6%@) Var(3)

+2(%50) (50 .

The variance calculation is the same as given above in the confidence bounds on Beta. And:

6>\c(t) 3 B_l
9B =At""" Int

O (t) :tﬁ—l
oA

CROW BOUNDS

The Crow bounds on the cumulative failure intensity (CFI) are given below. Let:
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N =

Failure Terminated

2
Xa
52N
CFI, =—2%
L= %
2
X1—%,2N
CFIy = -

Time Terminated

X2

cFr, =228
L=t
2
X o
1-5,2N+2
CFIy =—2-
v 2.t

FISHER MATRIX BOUNDS

The cumulative MTBF, m.(t) , must be positive, thus Inm,(t) is treated as being normally dis-

tributed as well.

In 7. (t) — Inm,(t)

v/ Var(ln,(t))

- N(0,1)

The approximate confidence bounds on the cumulative MTBF are then estimated from:

CB = the(t) ™%V Varme(®)/i(t)

where:

1 .
M (t) = itl_ﬂ

O

Var(i.(t)) = ( Ome(?) ) 2Va,r(ﬁA) + ( Ome(t)

0B

oA

4o (3mc(t)) (3mc(t)) cov(B, )

9B

The variance calculation is the same as given above in the confidence bounds on Beta. And:
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Ome(2) =— itl_ﬁ Int
0 A

om.(t) - _ itl—ﬁ
oX 32

CROW BOUNDS

The 2-sided confidence bounds on the cumulative MTBF (CMTBF) are given by:

1
1

where CFI; and CFIy are calculated using the process for calculating the confidence bounds
on cumulative failure intensity.

FISHER MATRIX BOUNDS

The instantaneous MTBF, m;(t) , must be positive, thus Inm;(t) is treated as being normally dis-
tributed as well.

In70; () — Inm;(t)

v/ Var(Inrn;(t))

The approximate confidence bounds on the instantaneous MTBF are then estimated from:

- N(0,1)

OB = 1y (£) 5/ Varm @)/ ()

where:
m;(t) = #
Var(ii(2)) =(8m37‘ﬂ(t))2wr(3) + (an;i\(t))zVar(;\)
+2 (an;;(t)) (373“'/\“) ) cou(B, ).

The variance calculation is the same as given above in the confidence bounds on Beta. And:
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—— ¢ ~ 1P Int
o8 5‘/92
om;(t) __ 1 tl—é
o 325
CROW BOUNDS

Failure Terminated

For failure terminated data and the 2-sided confidence bounds on instantaneous MTBF
(IMTBF), consider the following equation:

Gl =3 52 S 1 (2) -2y da

. . . G
Find the values p; and p, by finding the solution ( c
the lower and upper bounds, respectively.

If using the biased parameters, B and 3, then the upper and lower confidence bounds are:

IMTBF, =IMTBF -p,
IMTBFy =IMTBF - p,

_ 1
where IMTBF = A .

If using the unbiased parameters, B and X, then the upper and lower confidence bounds are:

IMTBF;, =IMTBF - (%) 21
IMTBFy =IMTBF - (%) 2

where [MTBF = G .
Time Terminated
Consider the following equation where I1(.) is the modified Bessel function of order one:

221

k
H(alk) = ];22] I — )L (a)
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2

Find the values II; and II, by finding the solution ; to H(z|k) = § and H(z|k) =1— § in the

2
cases corresponding to the lower and upper bounds, respectively. Calculate II = 4% for each
case.

If using the biased parameters, 8 and %, then the upper and lower confidence bounds are:

IMTBF;, =IMTBF -1I;
IMTBFy =IMTBF -1l

_ 1
where IMTBF = AL .

If using the unbiased parameters, 8 and X, then the upper and lower confidence bounds are:

IMTBF; =IMTBF - (%) I

IMTBFy; =IMTBF - (%) I,

_ 1
where TMTBF = ABtF1 .

FISHER MATRIX BOUNDS

The instantaneous failure intensity, A;(t) , must be positive, thus In X;(¢) is treated as being nor-
mally distributed.

In A; (¢) — In \;(2)
v/ Var(ln X (t))

The approximate confidence bounds on the instantaneous failure intensity are then estimated
from:

- N(0,1)

OB = };(t)e=™V Vort@/A)
where

Ai(t) = AgtP1
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Var(\i(t)) = ( a/\aiét) ) 2Va'r'(ﬂA) + (a%it)) 2V(M'(X)

1(5) (3

The variance calculation is the same as given above in the confidence bounds on Beta. And:

0X;(t) —5h1 +5\Bt‘§_1 Int

CROW BOUNDS
The 2-sided confidence bounds on the instantaneous failure intensity (IFI) are given by:

1

IMTBFy
1

IMTBF;,

IFI;, =

IFIy =

where ITMTBF;, and IMTBF,, are calculated using the process presented for the confidence
bounds on the instantaneous MTBF.

FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(InT')

Confidence bounds on the time are given by:

- N(0,1)

CB = Te:I:za Var(T)/T

where:

Var(T) :(%)2Var(ﬁ) + (%)2Var(X)

12 (35) ()t

The variance calculation is the same as given above in the confidence bounds on Beta. And:
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r_(2)"u(2)

% - (1- 8

T (M) 1

ﬁ:( A ) A1-B)
CROW BOUNDS

The 2-sided confidence bounds on time given cumulative failure intensity (CFI) are given by:

1
. (CFI)E
A

Then estimate the number of failures, py, such that:

N = AP

The lower and upper confidence bounds on time are then estimated using:

X% 2N
b =57 oFT
Xf—%,2N+2
b =5 CFI

FISHER MATRIX BOUNDS

The time, 77, must be positive, thus |7 is treated as being normally distributed.

InT —InT
\/Var(inT')

Confidence bounds on the time are given by:

CB = Tezl:za\/Var(T)/T

where:

- N(0,1)

Var(T) = (%)zvm(ﬂ“) + (g—af)zVar(j\)

() () i
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The variance calculation is the same as given above in the confidence bounds on Beta. And:

T — (- mc)l/(l—ﬂ)

T (A m)""P1a(x. m,)

08 (1-p)*

T (A - mc)l/(l—ﬂ)

T A1-p)
CROW BOUNDS

The 2-sided confidence bounds on time given cumulative MTBF (CMTBF) are estimated using

the process for calculating the confidence bounds on time given cumulative failure intensity
1
(CFI) where CFI = CMTBF .

FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(inT')

Confidence bounds on the time are given by:

- N(0,1)

CB = Te:I:za Var(T)/T

where:

Var(T) = (%)21@(3) + (g—af)zvm(:\)

12(5) ()it

The variance calculation is the same as given above in the confidence bounds on Beta. And:

T = (A\8- MTBF;)"/(—P
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o _ \1/(1-f)

55 —(\8- MTBF)

or (AB- MTBFi)l/(l_ﬂ)

ox A1 -5)
CROW BOUNDS

Failure Terminated
If the unbiased value B is used then:

IMTBF = IMTBF - ¥

where:

* MTBF = instantaneous MTBF.

e v = total number of failures.

1
B(1—B)

Calculate the constants p; and p, using procedures described for the confidence bounds on
instantaneous MTBEF. The lower and upper confidence bounds on time are then given by:

1
i = ()\ﬂ-IMTBF)m
£ D

1
. (AB-IMTBF) 1-8
tp=—"F""7"
D2

Time Terminated
If the unbiased value B is used then:

IMTBF = IMTBF - %

where:

* MTBF = instantaneous MTBF.

e n = total number of failures.

Calculate the constants IT; and IT, using procedures described for the confidence bounds on
instantaneous MTBF. The lower and upper confidence bounds on time are then given by:

PAGE 469



RELIABILITY GROWTH AND REPAIRABLE SYSTEM APPENDICES

1
(Aﬂ : IMTBF) 3

£t =
L T,
_1
. (Aﬂ-IMTBF)l—ﬂ
fp=
II,

FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(lnT')

Confidence bounds on the time are given by:

- N(0,1)

CB = Te:tza Var(T)/T

where:

Var(T) = (%)2Var(ﬁ) + (5—3::)2%7'(:\)

12 (5) () it

The variance calculation is the same as given above in the confidence bounds on Beta. And:

. /\i(T) 1/(8-1)
T‘( Y )

or ([ 2m\YeD [ m(3F) 1
3_5_( B ) _(ﬁ—1)2+ﬂ(1—ﬂ)
T _(x(T)\VFP 1
2 :( 2B ) )

CROW BOUNDS

The 2-sided confidence bounds on time given instantaneous failure intensity (IFI) are estim-
ated using the process for calculating the confidence bounds on time given instantaneous MTBF
1

where {MTBF = I1FI -
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Grouped Data

This section presents the confidence bounds for the Crow-AMSAA model when using Grouped
data.

FISHER MATRIX BOUNDS

The parameter 8 must be positive, thus In 8 is treated as being normally distributed as well.

In3—Inpj
Var(n )

- N(0,1)

The approximate confidence bounds are given as:

CBﬂ — Bezl:za \/ Var(ﬁ)/ﬁ

, (Tf nG-Tf, b Ty

i frf, lnTk) - 0.

B can be obtained by =1

All variance can be calculated using the Fisher matrix:

2 P . A
~%F  ~op B l Var(y) Cou(B, ,\)]
&FA PA o 3 A\ 3
~B% 9 | psacs Cov(B,\) Var(B)

A is the natural log-likelihood function where In* T = (In T)? and:

k
A=Y [T - XTL,) - (OTf — ATE,) — I

i=1

FA_
X
2 k (TP W T,—Tf | 10’ T, ) (77 _Tiél)_(qf W71/, 1’111"‘1)2
) "
i=1 _ (,\Tf In?T; — /\Ti‘§_11n2Ti—1)
8°A
oxop ~ Tk Tk
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CROW BOUNDS

The 2-sided confidence bounds on B are given by first calculating:

—t.5=12....K

where:

e T; = interval end time for the jt¢ interval.
e g = number of intervals.
e Ty = end time for the last interval.

Next:

A= i [P(i)ﬂ lnP(i)ﬁ — P(i— 1)19 II}P(i _ 1)/3]

= [P()? — P(i — 1)°]

And:

Cc = L

VA

Then:

S — (zl_%) ¢

VN

where:

e %-% =inverse standard normal.

e v = number of failures.

The 2-sided confidence bounds on B are then B(1+8).

Since the growth rate, ,, is equal to 1 — 8, the confidence bounds for both the Fisher matrix and
Crow methods are:

o, =1-Py
ay =1-p4g
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Br and By are obtained using the methods described above in the confidence bounds on Beta.

FISHER MATRIX BOUNDS

The parameter 5 must be positive, thus 1, ) is treated as being normally distributed as well.
These bounds are based on:

InX—1ln)
y/Var(ln )

The approximate confidence bounds on ) are given as:

- N(0,1)

CBy = ;\e:l:z,, Var(A)/A

where:

The variance calculation is the same as given above in the confidence bounds on Beta.

CROW BOUNDS

Failure Terminated

For failure terminated data, the 2-sided (1 —a) 100% confidence interval, the confidence
bounds on ) are:

2
X %,2N
A =—2
2. T
2
Xl—%,2N
/\U Z—ﬂ
2. T}
where:

e = total number of failures.
e Ty = end time of last interval.

Time Terminated
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For time terminated data, the 2-sided (1 —a) 100% confidence interval, the confidence bounds
on ) are:

2

X 32N

AL = 3
2-T,

X2

1- 5 2N+2

2.7?

My =

where:

e = total number of failures.

e Ty =end time of last interval.

FISHER MATRIX BOUNDS

The cumulative number of failures, N(¢) , must be positive, thus In N(t) is treated as being nor-
mally distributed.

In N(t) — In N(¢)
y/Var(ln N(t))

N(t) — ]v—(t)e:bza\/Var(N(t))/N(t)

- N(0,1)

where:
N(t) = AP
Var((2)) = ( ‘mg) ) 2Var(B) + (%) 2Var(;\)
(52 (52

The variance calculation is the same as given above in the confidence bounds on Beta. And:

aN(t)

GIVE) 548
a8 AtP Int
ON(t) 4P
oA
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CROW BOUNDS

The 2-sided confidence bounds on the cumulative number of failures are given by:
t
N(t), = EIFIL
t
N(t)y = EIFIU

where IFI; and JFI; are calculated based on the procedures for the confidence bounds on the
instantaneous failure intensity.

FISHER MATRIX BOUNDS

The cumulative failure intensity, Ac(t) , must be positive, thus In A.(¢) is treated as being nor-
mally distributed.

In A, (t) — In A\ (2)
y/Var(ln Ae(2))

The approximate confidence bounds on the cumulative failure intensity are then estimated from:

- N(0,1)

CB= 5\6 (t)ezl:za\/Var(ﬁc(t))/j\c(t)

where:

Je(t) = Aeh1

and:

Var((t)) = ( Oe(2) )2Vm~(/§) + (3’\—(t)> Var(3)

o8 oA
AMN(t)\ [ OX(2) A
+2( 98 )( E5) cov(B, A)
The variance calculation is the same as given above in the confidence bounds on Beta. And:

(1) R4B-1

58 7 =At"""Int

M =t/§—1

oA

PAGE 475



RELIABILITY GROWTH AND REPAIRABLE SYSTEM APPENDICES

CROW BOUNDS

The 2-sided confidence bounds on the cumulative failure intensity (CFI) are given below. Let:

N = At

Then:

2
X%,ZN

2.t

2
X1-2 ont2

1- 9
CFIy = 22 -

CFI;, =

FISHER MATRIX BOUNDS

The cumulative MTBF, m,(t) , must be positive, thus Inm,(t) is treated as being normally dis-

tributed as well.

In 7. (t) — Inm,(t) i
v/ Var(ln,(t))

The approximate confidence bounds on the cumulative MTBF are then estimated from:

N(0,1)

CB = the(t) ™%V Varme(®)/i(t)

where:

1 ~
e (t) = Ktl—ﬂ

Var(i.(t)) = (6"16—”3(”>2Var(ﬁ) + (6"”8—“/\(”)2%7'(:\)

1225 (25

The variance calculation is the same as given above in the confidence bounds on Beta. And:

8 - j\t Int
om,(t) __ itl_lg
oA 32
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CROW BOUNDS

The 2-sided confidence bounds on cumulative MTBF (CMTBF) are given by:

1
OMTBF; = & T
CMTBFy = —~

U= CFI;

where CFI; and CFI; are calculating using the process for calculating the confidence bounds
on the cumulative failure intensity.

FISHER MATRIX BOUNDS

The instantaneous MTBF, m;(t) , must be positive, thus Inm;(¢) is approximately treated as
being normally distributed as well.

In 7h; (t) — Inm;(t)

v Var(Inth;(t))

The approximate confidence bounds on the instantanecous MTBF are then estimated from:

- N(0,1)

CB = m; (t)e:l:za v/ Var(i;(t)) /i (¢)

where:
. 1
i (t) = ABEPT
o [(Omi(®))? 5 ami(t)\*, s
Var(m;(t)) —( 98 ) Var(B) + ( a0\ Var(A)
6’171,7; (t) 8mi (t) AR
+2( 38 )( Y cov(B, A)
The variance calculation is the same as given above in the confidence bounds on Beta. And:
o) 1 s Lpay,
B Y
omi(t) 1 a5
oA 323
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CROW BOUNDS

The 2-sided confidence bounds on instantancous MTBF (IMTBF) are given by first cal-
culating:

T.
P(i):ﬁ; i=1,2,....K

where:

e T, =interval end time for the ;t» interval.
e g = number of intervals.
e Tx = end time for the last interval.

Calculate:

[Pmﬁmpmﬁ—Pu—nﬁmPu—nﬂz

= [P@ﬁ—Pa—nﬂ
Next:
1
And:
o _(ag)D
VN
where:

e %-% =inverse standard normal.

e v = number of failures.

The 2-sided confidence bounds on instantaneous MTBF are then IMTBF (1+ W) .
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FISHER MATRIX BOUNDS

The instantaneous failure intensity, A;(t) , must be positive, thus In X;(¢) is treated as being nor-
mally distributed.

In ; (t) — In \;(2)
\/Var(ln A;(t))

The approximate confidence bounds on the instantaneous failure intensity are then estimated
from:

-N(0,1)

OB = J;(t)e™V Vart@/A)
where X;i(t) = AM8tP~1 and:

Var(u() = (a%t)) “Var(d) + (6’(\,;’)(\’5) >2Var(:\)

12(%50) (252) o

The variance calculation is the same as given above in the confidence bounds on Beta. And:

ONi(t) 5.5-1, 5481
a5 =+ A

F)N =Pt

CROW BOUNDS

The 2-sided confidence bounds on the instantaneous failure intensity (IFI) are given by:

1

IFly = 13rBE,
1

IFL = IMTBFy

where TMTBF;, and IMTBF, are calculated using the process for calculating the confidence
bounds on the instantaneous MTBF.
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FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(nT')

Confidence bounds on the time are given by:

- N(0,1)

CB = Tezl:zaw/Var(T“)/T

where:

Var(T) = (%)2Var(ﬁ) + (%>2Var(X)

12(5) () 5

The variance calculation is the same as given above in the confidence bounds on Beta. And:

() T n()

3 (1-B)

T Ao(T) 1/(6-1) 1

2 =( Y ) A1-P)
CROW BOUNDS

The 2-sided confidence bounds on time given cumulative failure intensity (CFI) are presented
below. Let:

Then estimate the number of failures:

N = A’

The confidence bounds on time given the cumulative failure intensity are then given by:
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2

X 92N
=5 CFr

Xi— 3 2N+2
b =5 CF1

FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(inT')

Confidence bounds on the time are given by:

- N(0,1)

CB = T‘,ezl:za\/Var(T)/T

where:

R aT\? R aT\%. .
Var(T) _(3_/9) Var(B) + (a) Var(\)
6T 611 ~ o
+2 (6_;3) (a) cov(B, A)
The variance calculation is the same as given above in the confidence bounds on Beta. And:

T — (- mc)l/(l—ﬂ)

o (A m)/“ P (- m)

0 (1-p)?

aT  (A- mc)l/(l—ﬂ)

T A1-p
CROW BOUNDS

The 2-sided confidence bounds on time given cumulative MTBF (CMTBF) are estimated using

the process for calculating the confidence bounds on time given cumulative failure intensity
1
(CFI) where CFI = CMTBF .
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FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(nT')

Confidence bounds on the time are given by:

- N(0,1)

CB = Tezl:zaw/Var(T“)/T

where:

Var(T) = (%)2Var(ﬁ) + (%>2Var(X)

12(5) () 5

The variance calculation is the same as given above in the confidence bounds on Beta. And:

T = (A8 my(T))" 7

or (Aﬂ-mi(T))l/(l_ﬂ)[ (A8 () +

Er (1—B) B(1-P)
oT _ (8- my(T))"/?
A A1-5)

CROW BOUNDS

Failure Terminated

Calculate the constants p, and p, using procedures described for the confidence bounds on
instantaneous MTBEF. The lower and upper confidence bounds on time are then given by:

1
B (Aﬂ-IMTBF)m

D

133
1
. (Aﬂ-IMTBF) 1-8
ty=|——
D2

Time Terminated
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Calculate the constants I1; and I1, using procedures described for the confidence bounds on
instantaneous MTBEF. The lower and upper confidence bounds on time are then given by:

1
R A\3-IMTBF\ 1-8
tr = H—l

1
R A\3-IMTBF \ 1-8
=Tm

FISHER MATRIX BOUNDS

The time, 7, must be positive, thus |, 7 is treated as being normally distributed.

InT —InT
\/Var(nT')

Confidence bounds on the time are given by:

CB = Tezl:zaw/Var(T“)/T

where:

- N(0,1)

Var(T) = (%)2Var(ﬁ) + (%>2Var(X)

12(5) () 5

The variance calculation is the same as given above in the confidence bounds on Beta. And:

. X(T) 1/(8-1)
7= (%)

oT  (n(D)\Ye [ (XD 1
(s

Y G- T BA-P
ar Z(My“’"“;
E3) Y YCE)
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CROW BOUNDS

The 2-sided confidence bounds on time given instantaneous failure intensity (IFI) are estim-
ated using the process for calculating the confidence bounds on time given instantaneous MTBF

1
where IMTBF = IFI .

Crow Extended Confidence Bounds

In this appendix, we will present the two methods used in the Weibull++ software to estimate
the confidence bounds for the Crow extended model when applied to developmental testing
data. The Fisher Matrix approach is based on the Fisher Information Matrix and is commonly
employed in the reliability field. The Crow bounds were developed by Dr. Larry Crow.

Bounds on Demonstrated Failure Intensity

If there are no BC failure modes, the demonstrated failure intensity is

No (T) = Natlon

Thus:

. N
Var(Ap(t)) = T—‘; +
and:

Ap(T) — Ap(T)
Ap(T)

. 02 . 04
Ap(T) =3p(T) + - + Ap(T)C* + T

_ 21-a)2
where € = VT .

\/T( )NN(Oal)

If there are BC failure modes, the demonstrated failure intensity, Ap(T) =Aca , is actually the
instantaneous failure intensity based on all of the data. Aca(T) must be positive; thus, In A¢a(T)
is approximately treated as being normally distributed.
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InAga(T) —In Aca(T)
Var(lnAga(T))

~ N(0,1)

The approximate confidence bounds on the instantaneous failure intensity are then estimated
from:

CB = J3ca (T) etzat/ Var(Aea(T))/Aca(T)

where Aca(t) = AT |

Var(Aca(T)) =(8/\%—‘2‘(T)) Var(B) + (8/\%—’;\(T)) Var(\)

42 (6)\%%@)) (8)\651\(T)) cov(B, )

The variance calculation is the same as described in the Crow-AMSAA Confidence Bounds
appendix.

If there are no BC failure modes then:

2
RN X(2N,1-a/2)
An(D)]; =X (T) XL
Ap(T)], =R (7) XEel2)
D u —\D 2 N

where Ap(T) = Xca .

If there are BC modes then the confidence bounds on the demonstrated failure intensity are cal-
culated as presented in the Crow-AMSAA Confidence Bounds appendix.

Bounds on Demonstrated MTBF

1

MTBFp, = e
1

MTBFp, = o P

where [Ap(T)]; and [Ap(T)]y can be obtained from the equation given above for Bounds on
Demonstrated Failure Intensity.
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1
M Rl

1
=B

where [Ap(T)]; and [Ap(T)]y can be obtained from the equation given above for Bounds on

Demonstrated Failure Intensity.

Bounds on Projected Failure Intensity

The projected failure intensity Ap(T) must be positive; thus, InAp(T) is approximately treated

as being normally distributed as well:

In Ap(T) — In Ap(t)
Var(ln Ap(T))

~ N(0,1)

CB= XP(T)ei"a Var(Ap(T))/Ap(T)
where:
M

e Jp(M ="+ (1-d)% +dM4pB
T ; g T when there are no BC modes.

M
* Ap(T) =Xgy =Xca — Ao + Y (1—di) % + dR(T|BD)

i=1 when there are BC modes.

e N; is the total failure number of the ;¢ distinct BD mode.

You can then get:

Var(\e(T)) ~ Var(igp) + 1 Var(h(T)) ~ “S2 1 2 Var(h(T))

T
where:
W) = B
2 2 2 4
Var(h(T) =) Var(B) = () (7) Var(®) = i Var(d
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The Var(B) can be obtained from Fisher Matrix based on ps distinct BD modes.

Pe(@)], (D) + - - \/ o)1+ &

2

4
Ap(D)]y =Ap(T) + % + \/j\P(T) - C? 4 CT

_ Rl-a)2
where € = JT .

Bounds on Projected MTBF

1
MIBEe, =@y

1
MIBEy =1,

Ap(T)]y and [Ap(T)]; can be obtained from the equation given above for Bounds on Projected

Failure Intensity.

1
MIBEy, =Dy

1
MIBER =10 @,

[Ap(T)]y and [Ap(T)]; can be obtained from the equation given above for Bounds on Projected

Failure Intensity.

Bounds on Growth Potential Failure Intensity

If there are no BC failure modes, the growth potential failure intensity is

M
fep(T) = H +)_ (1-d)F
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. 1 ({Ng H N;
Varlfor) = |7 + 2, 0=’
=
1[Ny | & N;
< | Z=£ —d )=
<z T+;(1 )=
_rep
T

If there are BC failure modes, the growth potential failure intensity is

M
Pep(T)=Aca —dpp+ Y (1—di) X%,
ep(T) = Aca — ABD ;( i) T Var(ep) ~ %

Therefore:

The confidence bounds on the growth potential failure intensity are as follows:

2 . C4
rp =fep+ 5 —{/fer C" +
2 04
ry =fgp + — + A/ Pgp C +T
_ P-a)2
where € T

The Crow bounds for the growth potential failure intensity are the same as the Fisher Matrix
bounds.

Bounds on Growth Potential MTBF

1
MTBFop, =

1
MTBFgp, =—
L

where r;, and r;, can be obtained from the equation given above for Bounds on Growth Poten-
tial Failure Intensity.
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The Crow bounds for the growth potential MTBF are the same as the Fisher Matrix bounds.

Confidence Bounds for Repairable Systems Analysis

In this appendix, we will present the two methods used in the Weibull++ software to estimate
the confidence bounds for Repairable Systems Analysis. The Fisher Matrix approach is based
on the Fisher Information Matrix and is commonly employed in the reliability field. The Crow
bounds were developed by Dr. Larry Crow.

Beta

The parameter 8 must be positive, thus In 8 is approximately treated as being normally dis-
tributed.

In(8) — n(8)
Var [ln(ﬁ)]

Bﬂ — Beiza \/ VaT(ﬁ)/}é

- N(0,1)

ZKq—qu
AL s (@ m(Ty) - 5§ 1m(S,)] - 25 By (o)

All variance can be calculated using the Fisher Information Matrix. p is the natural log-like-
lihood function.

K N,
A= Z[ (1n(3) +1n(8)) ~ X ~ 87) + (8~ 1), (i)

DY "

oAr X2
2 K
g\;‘ﬂ == [ m(r,) - ${1m(S,)]
2 K
ol AZ [T 0n(m))? — 571n(5,)"]
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Calculate the conditional maximum likelihood estimate of B :

3= ZKq=1 M,
EKq=1 EMi=1 ]n(XL:)

The Crow 2-sided (1 —a) 100% confidence bounds on g are:

X2

=G 2M
Br =B

-Xi—%ﬂM
Po=F o

Lambda

The parameter 5 must be positive, thus j, ) 1s approximately treated as being normally dis-
tributed. These bounds are based on:

In(}) — In()) - N(0,1)

Var [In(X)]
The approximate confidence bounds on ) are given as:
CB)\ _ Xe:I:z,, Var(A)/A

A==
where T

The variance calculation is the same the equations given in the confidence bounds on Beta.

Failure Terminated

The confidence bounds on ) for failure terminated data are calculated using:
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2
Xﬂ,zN
AL = ?{ s
2-) =1 Tq
2
Xi_2 9N
Ay = K2 7
2- E =1 T‘I

where:
e = total number of failures.
e g = number of systems.
* T; = end time for the ¢ system.

Time Terminated

The confidence bounds on ) for time terminated data are calculated using:

Xa oy
Ap =——2—
22Ty
Ay = X§—§,2N+2
2.2 Ty

where:

e n = total number of failures.

e K = number of systems.

* T, = end time for the ¢ system.

Cumulative Number of Failures

The cumulative number of failures, N(¢) . must be positive, thus In(N(t)) is approximately

treated as being normally distributed.

In(N(¢)) — In(N(£))
Var [ln N(t)]

~ N(0,1)

N(t) — ]v—(t)e:bza\/Var(N(t))/N(t)

where:
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N(t) = AP
oo (ON@®)\?. ON(t)\?. .
Var(N(t)) _(a—ﬂ) Var(B) + (T Var(A)
ON(t) 6N (t)) A
+2( a8 )( Y cov(B, A)
The variance calculation is the same as the calculations in the confidence bounds on Beta.
ON(t) <.
o8 =At’ In(t)
ON(t) . 4
P

The 2-sided confidence bounds on the cumulative number of failures are given by:

2
Xa
& aN
N(t)L = 22. S
2
Xi_a 2N+2
N(t)U = 22_ S
where:

e n = total number of failures across all systems. This is not the number of failures up to

time ¢ .

o ()

P

e ; = time at which calculations are being conducted.

Cumulative Failure Intensity

The cumulative failure intensity, A.(t) must be positive, thus InA.(t) is approximately treated as

being normally distributed.

In(Ac(£)) — In(A (1))
Var [ln(j\c ®)]

- N(0,1)
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The approximate confidence bounds on the cumulative failure intensity are then estimated
using:

OB = 3, (t)eV VerGe@)/A0
where:

Ae(t) = AP

and:

Var(e(t)) = ( 3?;;’ )2Var(ﬁ) + (a%t)) Var(3)

+2(5) (G2 eontd

The variance calculation is the same as the calculations in the confidence bounds on Beta.

O (t) _RB-1
Sa = In(r)
M :tB_l

oA

The 2-sided confidence bounds on the cumulative failure intensity are given by:

2
CFI, = g an
L=9t.8
2
CFLy — Xl—%,2N+2
U= "2.t.8

where:

o N = total number of failures across all systems. This is not the number of failures up to
time ¢ .

.S:@

e ; = time at which calculations are being conducted.
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Cumulative MTBF

The cumulative MTBF, m.(t) . must be positive, thus Inm,(¢) is approximately treated as being
normally distributed.

In(r(t)) — In(mc(¢))
Var [In(rh.(t))]

- N(0,1)

The approximate confidence bounds on the cumulative MTBF are then estimated from:
OB = 1, (£) =%V Varim@) /et

where:

1. 4
e (t) = Ktl_ﬂ

Var(f(t)) = ( a";"ﬁ(t) ) Var(h) + (6”;—;(”> Var(3)

12 (%5) (25) it

The variance calculation is the same as the calculations given in the confidence bounds on Beta.

Ome(t) _ _lag

B 5\t In(t)
Om(t) __ itl_ﬁ

oA 32

The 2-sided confidence bounds on the cumulative MTBF (CMTBF) are given by:

1
CMTBF;, = CFl,

1
CMTBFy = CFI,

where CFI; and CFI; are calculated using the process for the confidence bounds on cumu-
lative failure intensity.
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Instantaneous MTBF

The instantaneous MTBF, m;(t) . must be positive, thus Inm;(t) is approximately treated as

being normally distributed.

In(rh; (t)) — In(m;(2))
Var [In(rh; (t))]

- N(0,1)

The approximate confidence bounds on the instantaneous MTBF are then estimated from:
— i (£) 5V V)t
where:

_ 1
ABtA-1

Var(m(2)) = (Ma—iﬂ(t)) Var(d) + (6733(’5) ) Var()
)

(%) (3

The variance calculation is the same as the calculations given in the confidence bounds on Beta.

1 (t) =

>

o 323

Failure Terminated

For failure terminated data and the 2-sided confidence bounds on instantaneous MTBF
(IMTBF), consider the following equation:

—2 pn—2 n—1 1

) = 5 Z S () e
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n
G
Find the values p; and p, by finding the solution ( c

the lower and upper bounds, respectively.
If using the biased parameters, 8 and %, then the upper and lower confidence bounds are:

IMTBF;, =IMTBF - p,
IMTBFy =IMTBF - p,

where IMTBF = ABt ﬂ -1,

If using the unbiased parameters, 8 and X, then the upper and lower confidence bounds are:
IMTBF; =IMTBEF - (%) -py

IMTBFy =IMTBF - (%) - Py

where IMTBF =

_1
AP .
Time Terminated

Consider the following equation where I1(.) is the modified Bessel function of order one:

i 22-1

H(z|k) =

2571 (j — 1)!j\L (<)

Find the values II; and II, by finding the solution 5 to H(z|k) = § and H ($|k) =1- % in the
cases corresponding to the lower and upper bounds, respectively. Calculate I = <5 for each
case.

If using the biased parameters, B and &, then the upper and lower confidence bounds are:

IMTBF;, =IMTBF -1I;
IMTBFy =IMTBF -1l

IMTBF =

where ,\ﬂtﬂ -1,

If using the unbiased parameters, 8 and X, then the upper and lower confidence bounds are:
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IMTBF;, =IMTBF - (N _ 1) L

IMTBFy; =IMTBF - (N _ 1) I,

_ 1
IMTBF = 33~

where

Instantaneous Failure Intensity

The instantaneous failure intensity, A;(¢) . must be positive, thus In A;(¢) is approximately treated
as being normally distributed.

In(Ai() —In(\(#)
Var [ln(j\i ®)]

N(0,1)

The approximate confidence bounds on the instantaneous failure intensity are then estimated
from:

CB = Ay(t)eVVerti@)/%®

where Ai(t) = A8%7! and:

Var(Xi(t)) = ( 8);;) ) 2Va'r'(ﬂA) + (8?3;)(‘“) 2V(M'(X)

+2( %57 (T eowid N

The variance calculation is the same as the calculations in the confidence bounds on Beta.

oXi(t)

98
ox(t) 4 b1
o Pt

=AtP1 + 3BtP 1 In(t)

The 2-sided confidence bounds on the instantaneous failure intensity (IFI) are given by:

1
IMTBFy

1
IFly ~ IMTBF;

IFI; =
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where TMTBF; and IMTBF,, are calculated using the process presented for the confidence
bounds on the instantaneous MTBF.

Time Given Cumulative Failure Intensity

The time, 7. must be positive, thus |7 is approximately treated as being normally distributed.

In(T") — In(T)

- N(0,1)
Var [In T]

The confidence bounds on the time are given by:

CB = Te:tzaw/Var(T)/T

where:

Var(T) = (%)2Var(ﬁ) + (g)zvar(:\) +2 (;9—9;) (%) cov(B, \)

The variance calculation is the same as the calculations given in the confidence bounds on Beta.

o ( Ae(T) ) 1/(6-1)

A
1/(8-1)
o ()" ()
o8 1-B)°
T  (A(T)\/F Y 1
ﬁ:( p) ) A1 —B)

The 2-sided confidence bounds on time given cumulative failure intensity (CFI) are given by:

1
(o ()
A

Then estimate, the number of failures, p7, such that:

N = AP
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The lower and upper confidence bounds on time are then estimated using:

Xz%,2N
=5 CFT
o Xf—%,2N+2

U™ 2.CFI

Time Given Cumulative MTBF

The time, 7. must be positive, thus |, 7 is approximately treated as being normally distributed.

In(T) — In(T) )

— - N(0,1)
Var [In(T)]
The confidence bounds on the time are given by:

CB = Te:I:za Var(T)/T

where:

L T\ 2 . T\ 2 < aT\ (8T -
Var(T) = (6_,3) Var(B) + (a) Var(A) +2 (B_ﬂ) (a) cov(B, A)
The variance calculation is the same as the calculations in the confidence bounds on Beta.
T — (- mc)l/(l—ﬂ)

o _ (A-me)/ P In(A - m,)

0B 1-py
T (A- mc)l/(l—ﬁ)
A A1-P

The 2-sided confidence bounds on time given cumulative MTBF (CMTBF) are estimated using
the process for the confidence bounds on time given cumulative failure intensity (CFI) where

1
- CMTBF .

CFI
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Time Given Instantaneous MTBF

The time, 7. must be positive, thus |, 7 is approximately treated as being normally distributed.

In(T") — In(T)

—~ - N(0,1)
Var [In(T)]
The confidence bounds on the time are given by:

CB = Te:I:za Var(T)/T

where:

. T \? . aT\? < aT\ (8T -
Var(T) = (3_,3) Var(B) + (a) Var(A) +2 (6_,8) (a) cov(B, A)
The variance calculation is the same as the calculations in the confidence bounds on Beta.

T = (\8- MTBF,;)"/~?

1 1

—(\8- \1/(1-) n(Ag- AL
=(\8- MTBF,) [(1_5)21 (A8- MTBF,) + 5(1—,3)]

(8- MTBFi)l/(l_ﬁ)
a A(1-B)

SEERSIS

Failure Terminated

Calculate the constants p, and p, using procedures described for the confidence bounds on
instantaneous MTBEF. The lower and upper confidence bounds on time are then given by:

1
. ()\ﬂ-IMTBF)_l—ﬂ
i, =2

D

1
. (Aﬂ-IMTBF) 1-8
ty = +—"—
D2

Time Terminated
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Calculate the constants I1; and I1, using procedures described for the confidence bounds on
instantaneous MTBEF. The lower and upper confidence bounds on time are then given by:

1
R A\3-IMTBF\ 1-8
tr = H—l

1
(,\ﬁ : IMTBF) -8
v=—\—"—"

i
II,

Time Given Instantaneous Failure Intensity

These bounds are based on:

In(7") — In(T)

— ~ N(0,1)
Var [In(T)]

The confidence bounds on the time are given by:

CB = Te:I:za Var(T)/T

where:

Var(T) = (%)21@(3) + (5—3::)21@(:\)

12(5) ()t

The variance calculation is the same as the calculations given in the confidence bounds on Beta.

o ( Y (.T) ) 1/(8-1)

ar (@YY m(3F) 1

a8 _(A-ﬂ) [ (ﬁ—1)2+ﬂ(1—5)]
8T ([ N(T) 1/(8-1) 1

ﬁ‘(w) A(1-p)

PAGE 501



RELIABILITY GROWTH AND REPAIRABLE SYSTEM APPENDICES

The 2-sided confidence bounds on time given instantaneous failure intensity (IFI) are estim-
ated using the process for the confidence bounds on time given instantaneous MTBF where

1
IMTBF = IFT .

Reliability

These bounds are based on:

log it(R(t)) ~ N(0,1)

log it(R(t)) = ln{ 1 f (;)(t) }

The confidence bounds on reliability are given by:

CB= R(t)
R(t) + (1 — R(t))e= Vo) [FO0—2)]

Var(R(t)) = (g—lg)zvar(,é) + (g—f)zvar(;\) +2 (‘Z—g) (?9—1;) cov(B, A)

The variance calculation is the same as the calculations in the confidence bounds on Beta.

Z_ﬂ —ePra) 5] [)\tﬁ In(t) — A(t + d)‘§ In(t + d)]
OR  _5u+df—5f1 0.8 3

— oA =X [ _ 8
ax ¢ [t° — (t+d)"]

Failure Terminated

For failure terminated data, the 100( 1 _ , )% confidence interval on the current reliability at
time ; for a specified mission duration g is:

([R @], [2(@) é)

where:
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. R (d) —e [;\(t-l—d)ﬁ —;\tﬁ]

e p, and p, are obtained from the confidence bounds on instantaneous MTBF for failure ter-
minated data.

Time Terminated

For time terminated data, the 100( 1 _,, )% confidence interval on the current reliability at time
¢ for a specified mission duration g4 is:

1 1
(R@)™, (2@ ™)
where:
* R(d)=e [A+ay -3¢ ]

e II, and I, are obtained from the confidence bounds on instantaneous MTBF for time ter-
minated data.

Time Given Reliability and Mission Time

The time, ;. must be positive, thus 1,4 1s approximately treated as being normally distributed.

In(£) — In(t)
Var [hl(f)]

~ N(0,1)

The confidence bounds on time are calculated by using:

OB = iet\Vert
where:
Var(f) = (ﬁ)ZVar(B) + (ﬁ)ZVar(;\) +2 (ﬁ) (ﬁ) cov(B, })
9B F)) 88 ) \ ox
i 1is calculated numerically from:

R(d) = e~ AE+d)f =3¢’] ; d = mission time

The variance calculations are done by:
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o PmE) - +d) @ +d)
% Bl +af-pirt

3 (¢ +d)f

ox

5B(E +d)f T — e

Failure Terminated

For failure terminated data, the 2-sided confidence bounds on time given reliability and mission
time estimated by calculating:

1 1
(B, By) = (Rm R )

where p; and p, are obtained from the confidence bounds on instantaneous MTBF for failure
terminated data.

Let R = R; and solve numerically for¢; using g = e—[f\(t”1+d)’§ 58]

Let R = Ry and solve numerically for ¢, using g — o~ Eatdy -5tf]
Ift; <ty thenty, =¢ and gy =¢, . Ift; > ¢, theng, =¢, and ¢y =4, .
Time Terminated

For time terminated data, the 2-sided confidence bounds on time given reliability and mission
time estimated by calculating:

1 1
(R, By) = (Rﬁ_l,RH_z )

where II; and II, are obtained from the confidence bounds on instantaneous MTBF for time ter-
minated data.

Let R = Ry, and solve numerically for¢, using g — e—[?\(f1+d)‘§ -39

Let R = Ry and solve numerically for ¢, using g = e—[f\(fﬁd)‘§ 53]

Ift, <ty.theng, =¢; and¢y =¢, . If ¢, > ¢, . thent, =¢, and ¢y =14, .
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Mission Time Given Reliability and Time

The mission time, . must be positive, thus In(d) is approximately treated as being normally dis-
tributed.

In(d) — In(d)

— ~ N(0,1)
Var [In(d)]
The confidence bounds on mission time are given by using:

CB:d‘e:I:za Var(d)/d

where:

Var(d) = (S—ZYVM(B) + (g—f)ZVar(X) 42 (%t—ﬂd) (%) cov(B, )

Calculate § from:
1 1
d= [tﬁ - @] 4
A
The variance calculations are done by:

t+d
B

ad _[ tIn(t)
B | (t+d)

ad 1 - t+d)°
N 5p+d)f

In(¢ + J)] .

Failure Terminated

1 1
Step 1: Calculate (RlowervRupper) = (Rp1 asz ) .

Step 2: Let R = Riower and solve for d; such that:

1
dlz(tﬁ_%)ﬁ _¢
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Step 3: Let R= Rupper and solve fordy such that:

S

1
dy = (tﬁ_w)ﬂ _t
A
Step 4: If d; < dy . then djpyer = dy and dupper = da . If d; > dy . then djpye, = do and dugper = d1 .

Time Terminated

N N I S
Step 1: Calculate (Riower, Rupper) = (R™ , Rk ) |

Step 2: Let R = Ryouer and solve ford; using the same equation given for the failure terminated
data.

Step 3: Let R = Ruper and solve for dy using the same equation given for the failure terminated
data.

Step 4: Ifd]_ <ds. then diower = dy and dupper =ds . Ifdl >ds . then diower = da and dupper =d .

Reliability Growth Analysis Glossary

e "A" Mode: A failure mode for which a corrective action will not be implemented.

¢ Actual Growth Potential Factor: The failure intensity of the M modes (total number of
distinct unfixed BD modes) after corrective actions have been implemented for them, using
the actual values for the effectiveness factors. This metric is used in the Crow Extended -
Continuous Evaluation model.

e Actual Growth Potential Failure Intensity: The minimum attainable failure intensity
based on the current management strategy. This metric is used in the Crow Extended -
Continuous Evaluation model.

¢ Actual Growth Potential MTBF: The maximum attainable MTBF based on the current
management strategy. This metric is used in the Crow Extended - Continuous Evaluation
model.

e Actual Idealized Growth Curve: The reliability growth planning curve for the Crow exten-
ded model that takes into account the fix delay.
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e Actual Projected Failure Intensity: The projected failure intensity based on the current
management strategy. This metric is used in the Crow Extended - Continuous Evaluation
model.

¢ Actual Projected MTBF: The projected MTBF based on the current management strategy.

e Allowable Failures: Maximum number of failures that can occur during the demonstration
test and still pass the test. Used in the design of reliability tests for repairable systems.

e AMSAA: Army Materiel Systems Analysis Activity.

e Average Actual EF: An average of the effectiveness factors (EF) for the BD modes that
takes into account the point at which the corrective action will be implemented. If the fix is
going to be implemented at a later time or during another phase, then the EF value for the
mode at the current analysis point is set to zero. If the delayed fix is going to be imple-
mented at the current analysis point, then the EF value is set to the specified value for the
mode. This metric is used in the Crow Extended - Continuous Evaluation model.

e Average Fix Delay: The average test time required to incorporate corrective actions into
the configuration. A fix delay can be specified for each phase of the reliability growth plan.

e Average Nominal EF: An average of the effectiveness factors (EF) for the BD modes
assuming all fixes for the seen BD modes will be implemented.

¢ "BC" Mode: For the Crow Extended model, it is a failure mode for which a corrective
action will be implemented during the test. For the Crow Extended - Continuous Evaluation
model, it is a failure mode for which a corrective action will be implemented at the time of
failure.

¢ "BD" Mode: For the Crow Extended model, it is a failure mode for which a corrective
action will be delayed until the end of the test. For the Crow Extended - Continuous Evalu-
ation model, a failure mode for which a corrective action will be implemented at some point
in time after the failure time.

¢ BD Mode Failure Intensity: See Discovery Rate Failure Intensity.

e Beta: The shape parameter for the Crow-AMSAA (NHPP) and Crow Extended models.
Beta must be greater than zero.

¢ Chi-Squared GOF Test: A goodness-of-fit test that evaluates the hypothesis that the data
follows a non-homogeneous Poisson process (NHPP). This goodness-of-fit test is used in
grouped data types.
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e Common Beta Hypothesis Test: Tests the hypothesis that all systems in the data set have
similar values of beta.

¢ Cramer-von Mises: A goodness-of-fit test that evaluates the hypothesis that the data fol-
lows a non-homogeneous Poisson process (NHPP). This goodness-of-fit test is used for
non-grouped data types.

e Discovery Rate Beta: Indicates whether the interarrival times between unique BD modes
are getting larger or smaller. In most cases, we want this value to be less than 1 assuming
that most failures will be identified early on and that their inter-arrival times will become
larger as the test progresses.

¢ Discovery Rate Failure Intensity: The failure intensity of the unseen BD modes. This is
represented by h(t) .

e Discovery Rate MTBF: The rate at which the next new unique BD mode will be observed.
This is represented by the inverse of h(t) .

¢ Demonstrated/Achieved Failure Intensity: The Instantaneous failure intensity at the ter-
mination time.

¢ Demonstrated/Achieved MTBF: The Instantaneous MTBF at the termination time.

e Effectiveness Factor: The portion of the BD mode's failure intensity that is expected to be
removed based on the planned corrective action. This applies only to delayed fixes.

 Failure Intensity: The probability of failure within the next A() given that the system may
or may not have failed.

¢ Failure Intensity Modes Seen: The failure intensity for the failure modes that have been
seen during the test. This is calculated by subtracting the failure intensity of the modes that
have not been seen from the total system failure intensity.

e Failure Truncated: Indicates that the test was stopped at a failure time. A test can either be
failure truncated or time truncated.

e Goal MTBF: The MTBF requirement when determining a reliability growth plan.

¢ Growth Potential Design Margin (GPDM): A safety margin when setting target MTBF
values for the reliability growth plan. It is common for systems to degrade in terms of reli-
ability when a prototype product is going into full manufacturing. The degradation is due to
variations in material, processes, etc. Furthermore, the in-house reliability growth testing
usually overestimates the actual product reliability because the field usage conditions may
not be perfectly simulated during growth testing. Typical values for the GPDM are around
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1.2. Higher values yield less risk for the program, but require a more rigorous reliability
growth test plan. Lower values imply higher program risk, with less "safety margin."

e Growth Potential Failure Intensity: Minimum failure intensity that can be attained with
the current management strategy. The minimum failure intensity will be attained when all
unique BD modes have been observed and fixed. This metric is used in the Crow Extended
model.

e Growth Potential MTBF: Maximum MTBF that can be attained with the current man-
agement strategy. The maximum MTBF will be attained when all unique BD modes have
been observed and fixed.

e Growth Rate: Represents the rate at which the MTBF of the system is increasing. The
growth rate for the Crow-AMSAA (NHPP) model is equal to 1 — 8 and is therefore a value
greater than or equal to zero,but less than 1. For the Duane Model, the growth rate (,, ) is the
negative of the slope of the line on the cumulative failure intensity vs. time plot. A growth
rate that is equal to 1 implies an infinite MTBF growth.

 Homogeneous Poisson Process (HPP): A homogeneous process is equivalent to the widely
used Poisson distribution. In this scenario, the system's failure intensity is not affected by
age. Therefore, the expected number of failures associated with the system is accumulated
at a constant rate. It is a special case of the Crow-AMSAA (NHPP) model wheng=1.

o Initial Failure Intensity: The failure intensity inherent to the system prior to any testing.
e Initial MTBF: The MTBF inherent to the system prior to any testing.

e Integrated Reliability Growth Testing (IRGT): A process where reliability growth testing
is conducted as part of existing testing procedures. This is less expensive than conducting a
formal reliability growth test. IRGT is usually implemented at the same time as the basic
reliability tasks. The test conditions under IRGT are usually less than the actual customer
use conditions.

e Lambda: The scale parameter for the Crow-AMSAA (NHPP) and Crow Extended models.
Lambda must be greater than zero.

e Laplace Trend Test: Tests the hypothesis that a trend does not exist within the data. The
Laplace trend test can determine if the system is deteriorating, improving or if a trend does
not exist.

e Likelihood Value: The log-likelihood value returned by the likelihood function given the
estimated parameters. This value is returned when maximum likelihood estimation (MLE) is
used to estimate the parameters.
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e Management Strategy Ratio: Defines the portion of the system's failure intensity that will
be addressed by corrective actions. A management strategy ratio equal to 1 indicates a per-
fect management strategy. In this case, a corrective action will be implemented for every
mode that is seen. A typical value is 0.95, which indicates that 5% of the system's failure
intensity will not be addressed (i.e., 5% will be "A" Modes).

e Maturity Factor: The ratio of the initial MTBF to the final MTBF.
e MIL-HDBK-189: Military handbook for reliability growth management.

e Minimal Repair: This is a situation where the repair of a failed system is just enough to get
the system operational again (i.e., no renewal).

e MTBF Modes Seen: The inverse of the failure intensity for the modes that have been seen
during the test. See Failure Intensity Modes Seen.

e Nominal Growth Potential Factor: The failure intensity of the M modes (total number of
distinct unfixed BD modes) after corrective actions have been implemented for them, using
the nominal values for the effectiveness factors. This metric is used in the Crow Extended -
Continuous Evaluation model.

e Nominal Growth Potential Failure Intensity: The minimum attainable failure intensity if
all delayed corrective actions are implemented for the modes that have been seen, and
delayed corrective actions are also implemented for the unseen BD modes, assuming testing
would continue until all unseen BD modes are revealed. This metric is used in the Crow_
Extended - Continuous Evaluation model.

¢ Nominal Growth Potential MTBF: The maximum attainable MTBF if all delayed cor-
rective actions are implemented for the modes that have been seen, and delayed corrective
actions are also implemented for the unseen BD modes, assuming testing would continue
until all unseen BD modes are revealed. This metric is used in the Crow Extended - Continu-
ous Evaluation model.

e Nominal Idealized Growth Curve: The reliability growth planning curve for the Crow_
Extended model that does not take into account the fix delay. The nominal curve assumes
that all fixes are implemented instantaneously. Reliability growth is realized instantaneously
on this curve since there is not a delay associated with the implemented fixes.

e Nominal Projected Failure Intensity: The projected failure intensity assuming all delayed
fixes for the modes that have been seen are implemented.
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e Nominal Projected MTBF: The projected MTBF assuming all delayed fixes for the modes
that have been seen are implemented. This metric is used in the Crow Extended - Continu-
ous Evaluation model.

¢ Non-Homogeneous Poisson Process (NHPP): The NHPP is generally used to model the
reliability of a repairable system. An NHPP is an extension of the HPP process. The NHPP
allows for the system failure intensity to change with system age. Therefore, the expected
number of failures associated with the system is not accumulated at a constant rate.

e p ratio: The probability of not incorporating a corrective action by time 7.

e Planned Growth: MTBF or failure intensity specified during a phase for the Crow Exten-
ded model for reliability growth planning.

e Projected Failure Intensity: The estimated failure intensity that will be reached if the pro-
posed delayed corrective actions are implemented, with the specified effectiveness factors.
This metric is used in the Crow Extended model.

e Projected MTBF: The estimated MTBF that will be reached if the proposed delayed cor-
rective actions are implemented with the specified effectiveness factors. This metric is used
in the Crow Extended model.

e Reliability Growth: The positive improvement in a parameter or metric over a period of
time due to changes in the system's design or manufacturing process.

o Statistical Test for Effectiveness of Corrective Actions: A statistical test that can determ-
ine if the average failure intensity for phase 2 is statistically less than the average failure
intensity for phase 1. This test can also determine if the average failure intensity for phase 2
is statistically less than the demonstrated failure intensity at the end of phase 1. This test is
used with multi-phase data sets.

* Stochastic Process: A sequence of interdependent random events.

e Termination Time: In developmental testing, this is equal to the total accumulated test
time of all systems. For repairable systems, this is equal to the age of the oldest system.

¢ Test-Fix-Test: A testing procedure where all corrective actions are implemented during the
test.

¢ Test-Find-Test: A testing procedure where all corrective actions are delayed until the end
of the test.

e Test-Fix-Find-Test: A testing procedure where some corrective actions are implemented
during the test, while others are delayed until the end of the test.
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e Time Truncated: Indicates that the test was stopped after a specific amount of test time. A

test can either be failure truncated or time truncated.
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